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Abstract  

A series of closely related peptide sequences that form triple-strand structures were 

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 carried out using CD and FTIR 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 were studied with 

infrared detected temperature-jump relaxation methods and revealed a high 

sensitivity to the presence and the location of the aromatic crosslinks. 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. Using 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.  
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INTRODUCTION 

β-sheets are essential elements of protein secondary structure and have become a 

prime focus for study of initial steps in protein misfolding. Experimental study of 

sheets is impaired by their non-sequential 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.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 labs 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 multi-strand 

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 
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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 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, 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 microsecond),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 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 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 temperature-dependent 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.  
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METHODS 

The peptides used in this study are modelled after the sequence design principles 

developed by Gellman and coworkers for their DPro-Gly stabilized hairpins,7,24 with 

additional stabilization 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): 1W-2Y-3L has a Trp-Tyr interaction between strand 1 (Trp) 

and 2 (Tyr) with a Leu on strand 3, while 1L-2Y-3W interchanges the Leu und 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 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. 
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Table 1: Sequences of the studied three-stranded and two-stranded peptides.  

Type Peptidea Sequenceb Side Chain Variation 
strand 1- turn 1 strand 2 turn 2 - strand 3 

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 

a Nomenclature used emphasizes the strand on which the interacting/exchanged hydrophobic group is 
located 
b Strand 2 is the same for all variants, the amino acids interchanged in the strands 1 and 3 are 
underlined; residues responsible for the nomenclature are marked bold 
c The 2-stranded peptides are the constituent hairpins of the three-stranded ones 

 

 

 

Scheme 1: Generic layout of the three-stranded sheet model. 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 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. 

 

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 
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characterized with MALDI mass spectroscopy. 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 

about 6 mg/mL concentration (~2-3 mM). 1-D 1H-NMR and 2-D 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 2-D NOESY were acquired 

(mixing times = 80 and 300 ms) with 12 ppm sweep widths, 2048x1024 complex 

points in t2 x t1 and 16 scans per increment. 2-D 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 (SI). 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 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 
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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 oC in steps of 5 oC. 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 oC from 5 to 80 oC by scanning emission 

from 300 to 500 nm with excitation at 270 nm. 

IR and 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 pathlength. IR 

and VCD spectra for the same samples were acquired on a Bruker Vertex 80 FTIR 

with a 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 labs 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 FTIR spectrum, 128 scans with a spectral resolution of 4 cm-1 were 

averaged at each temperature. Thermal variation of the IR spectra was carried out 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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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 bandshape 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 bandshape and frequency shifts. The fits were 

made to a sigmoidal equation with flat baselines (for details see SI) 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 ∆H). 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 SI.  

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 
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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 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 homogenous heating. The spot size of 

the excitation beam is about 2 mm in diameter. In order 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 ∆T ~ 8 °C was used, but a smaller jump was 

needed to obtain the lowest final temperatures of about 5 °C.  

To monitor the relaxation dynamics, the single wavelength emission of the QCL 

(Daylight Solutions Inc., U.S.A.), with a tunable range between 1715 cm-1 and 

1580 cm-1, was used as a 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, U.S.A.) 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, Germany). 

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 around 2000 

transients were averaged to reduce noise. To exclude distorted transients caused by 

cavitation effects,37 a self-developed software filter (MATLAB2010, The MathWorks, 
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U.S.A.) 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 up to 1.2 ms using a 

mono-exponential 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 which 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-like relation 𝑘 =

𝐴 exp �− 𝐸𝑎
𝑅𝑇
� to represent relative thermal dependences. The measured transients, 

and thus the derived relaxation rates, have a reproducibility error which can be 

estimated from repeated measurements. For transients with large absorbance 

changes, the error is about ± 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-
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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. None-the-less all three peptides had 

structures showing the essential elements of a three-stranded anti-parallel sheet with 

two β-turns as can be seen in Fig. 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 (SI). The 1I-2Y-3L had 

significantly more assignable NOEs than the other two, including 50 more long-range 
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NOEs. The derived structures had very similar deviations from ideal bond lengths 

and angles and low 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 Fig. 1b. 

 

Figure 1: NMR structures of the 3-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). 10 solution structures are overlayed 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 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-
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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.  

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 Fig. 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. 
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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 (Fig. S2, SI). 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 (Fig.1) for 1L-2Y-3W. The 1W-2Y-3L CD reflects, but is not exactly the same as 

and is weaker than what we have 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 
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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, SI. 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 (Fig. 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 non-aromatic linked 

hairpins. 

Considering the fluorescence spectra, the peptides which 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 

they offer little insight into folding or stability, and will not be discussed further. 
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Equilibrium IR. The IR spectra of all the three-stranded variants (see Fig. S4, SI) 

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 bandshape 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 2nd 

component of the SVD with a sigmoidal function (results of which are illustrated in 

Fig. 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 2nd 
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, SI). 

 

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 
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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 (Fig. S5 and S6, SI) 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 about 20 °C lower for the C-terminal 

hairpins than for the N-terminal ones (see Fig. S7-S9 and Table S10, SI).  

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 
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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 have been 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 Fig. 3 for 1I-2Y-3L as an example. The data, after correction for solvent dynamics, 

were fit well to a mono-exponential function for each of the three-stranded variants, 

however for some of the two-strand hairpins (N-terminal sequences) a bi-exponential 

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-DPro turn amide (green) and at 1632 cm-1 for the 
β-sheet structure (blue). The inset shows 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 DPro-Gly turns which promote hairpin 

formation7, 42 and inhibit total unfolding of the structure. These peptides exhibit quite 

fast relaxation times, less than 4 µs. Fig. 4a summarizes the relaxation times, plotted 

against the final temperature, for the three-stranded variants as measured at 



21 
 

~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 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).  

Table 2: Selected relaxation time constants probed at ~1630 cm-1 and ~1612 cm-1 
obtained from fits to the Arrhenius relationship. 

Peptide 
𝝉 [µs]a at ~1630 cm-1 𝝉 [µs]a at ~1612 cm-1 

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) - - 
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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 absorbance changes at low temperatures 

 

A similar pattern is observed for the temperature dependence of the Xxx–DPro 

dynamics measured at 1612 cm-1 (see Fig. 4b). At high temperatures 𝜏 again is 

around 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 cm-1 and 1612 cm-1 do indicate some influence of the 

turn dynamics on the overall relaxation process.  

 

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 squares), 1L-2Y-
3W (red triangles) and 1I-2Y-3L (black hexagons) 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. 

 

As compared to the equilibrium data from CD and IR, the dynamic behaviors of the 

constituent hairpins show different sequence variation dependencies that provide 
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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 Fig. 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-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. 

 

However, the N-terminal hairpins, 1W-2Y, 1L-2Y, 1I-2Y, had more complex 

behaviors, and their rates could be better determined with a bi-exponential fit 

(TableS11). For these, the fast components, 𝜏1 , had values (Table 2) somewhat 
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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 (Fig. 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 squares), 1L-2Y (red triangles) and 1I-2Y (black hexagons) in a temperature 
range of Tfinal = 5 - 50 °C. Shown are values for the fast component 𝝉𝟏 of a bi-
exponential fit of the respective transients. The absorbance changes of 1L-2Y at final 
temperatures < 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 Fig. 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 
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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, Fig. 6). Therefore we consider 1L-2Y as an outlier 

and do not evaluate this 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 (Table S3 and S10, SI). 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 
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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 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 Fig. 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.  
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Consistent with the three-strand data, all the component hairpins have IR spectra 

suggestive of at least partial β-strand formation (Fig. S5 and S6, SI). For the N-

terminal hairpins with no aromatic contacts (1I-2Y, 1L-2Y) the low temperature CD 

data (Fig. S2, SI) are in line with this, but the C-terminal variant (2Y-3L) is less clear. 

The other two hairpins (1W-2Y, 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 (Figs. S5 and S6, SI). 

Our preliminary 1-D 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 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, SI). The presence or absence of aromatic cross-strand 

interactions does not seem to impact the Tm significantly, in consideration of the error 

limits, neither among the N-terminal hairpins, nor among the C-terminal ones. 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 
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alignment of the third strand with the first two, a problem that would not affect 

hairpins. One should 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 Fig. 7, particularly if the outlier points for 1L-2Y are 

eliminated.  

These Arrhenius plots (Fig. 7 and Fig. S12, SI) 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 a quantitative determination of the 
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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 

 

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 hexagons) and its constituting hairpins 2Y-3L (red triangles) and 
1W-2Y (blue squares). b) 1L-2Y-3W (black hexagons) and its constituting hairpins 
2Y-3W (red triangles) and 1L-2Y (blue squares). 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 hexagons) and 
its constituting hairpins 2Y-3L (red triangles) and 1I-2Y (blue squares). 
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Variation of dynamics: dependence on both presence 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. Fig. 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 interactions.11, 35 One factor in the impact of aromatics 

on rates is displacement of solvent molecules in order 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 (2 residues) in 1W-2Y-3L than for 1L-2Y-3W (3 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 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 slow-down 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) (Fig. 5) the relaxation is also slower (at lower temperatures) for the hairpin 

with a cross-strand aromatic interaction. For the N-terminal hairpins (Fig. 6) we also 
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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 (Fig. 4a) with that of 

the Xxx-DPro link, which can sense the turn region (Fig. 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 (Fig.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 vs. 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 



32 
 

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 mechanism 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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