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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.

ChemPhysChem 2016, 17, 1273 – 1280 www.chemphyschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1278

Articles



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.

ChemPhysChem 2016, 17, 1273 – 1280 www.chemphyschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1279

Articles



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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