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A series of two-dimensional infrared vibrational echo experiments performed on nitrile-labeled villin headpiece [HP35-ðCNÞ2 ] is
described. HP35 is a small peptide composed of three alpha helices
in the folded configuration. The dynamics of the folded HP35-ðCNÞ2
are compared to that of the guanidine-induced unfolded peptide,
as well as the nitrile-functionalized phenylalanine (PheCN), which
is used to differentiate the peptide dynamic contributions to the
observables from those of the water solvent. Because the viscosity
of solvent has a significant effect on fast dynamics, the viscosity
of the solvent is held constant by adding glycerol. For the folded
peptide, the addition of glycerol to the water solvent causes observable slowing of the peptide’s dynamics. Holding the viscosity
constant as GuHCl is added, the dynamics of unfolded peptide
are much faster than those of the folded peptide, and they are very
similar to that of PheCN. These observations indicate that the local
environment of the nitrile in the unfolded peptide resembles that
of PheCN, and the dynamics probed by the CN are dominated
by the fluctuations of the solvent molecules, in contrast to the
observations on the folded peptide.
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he structure of proteins, both folded and unfolded, are inherently dynamic in nature. A protein is constantly undergoing
interconversions among a range of structures separated by relatively low energy barriers. Fast conformational sampling can give
rise to protein structural evolution on slower time scales. Many
experimental and theoretical studies have focused on the native
structure due to the relevance of the native state protein to its
biological functions, but also because of difficulties associated
with characterizing proteins under unfolding conditions, where
they can exist in heterogeneous distributions of many conformations (1, 2). Properties of the unfolded state are also significant
because they play important roles in folding and stability, transport across membranes, and proteolysis and protein turnover (1).
Unfolded proteins have dynamics that are different from the
native protein, and the differences in dynamics can shed light on
the relationship between the native and the unfolded protein.
An attractive target for studying differences between the
folded and unfolded structures is the villin headpiece 35 (HP35),
a peptide chain composed of 35 amino acids found in a chicken
villin as a small subdomain. HP35 folds fast (∼1 μs) compared to
large proteins, allowing tractable folding/unfolding simulations.
Consequently, it has served as a model system in a number of
computational folding studies (3–5), as well as a variety of experimental studies (6–8). NMR and X-ray diffraction studies have
indicated that wild-type HP35 folds into three alpha helices
(Fig. 1), which encase the hydrophobic core composed of three
phenylalanines (9, 10).
In this paper, the results of a series of ultrafast 2D IR vibrational echo experiments on nitrile-incorporated HP35 are presented. Two CN-functionalized phenylalanines were inserted
into the hydrophobic core of the peptide where they will be sensitive to peptide dynamics. The ultrafast dynamics of the folded
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Fig. 1. The NMR structure of wild-type HP35 (PDB ID code 1VII). The phenylalanine residues functionalized with CN (F47 and F58) are shown.

peptide were compared to those of the chemically induced
unfolded peptide. In addition, the dynamics of a single amino
acid, the nitrile-functionalized phenylalanine (PheCN), were
investigated. The amino acid is used to distinguish between
dynamics sensed by CN arising from the peptide chain motions
versus those of the solvent. The peptide was unfolded using
guanidinium hydrochloride (GuHCl). The addition of GuHCl
increases the viscosity of the solvent. Therefore, the experiments
have been viscosity-controlled; that is, glycerol was added to the
solutions, and the amount of glycerol was reduced as GuHCl was
added to keep the viscosity constant. The dynamics of HP35 in
water versus the water/glycerol solution shows that the viscosity
has a substantial effect on the rates of peptide structural motions.
The dynamics of HP35 in water as shown by the nitrile 2D IR
spectral evolution are much slower than those of PheCN, demonstrating that the nitrile probe is reporting on the structural
dynamics of the folded protein rather than on the solvent. The
dynamics of the PheCN slow when glycerol is added, but are still
much faster than HP35 in the water/glycerol solution. Unfolding
the peptide with GuHCl, confirmed by CD measurements, results
in time-dependent 2D IR spectra that are very similar to those
of the PheCN in the same solvent. This result suggests that
unfolding moves the nitrile group from the interior of the folded
peptide to the solvent-exposed exterior.
The availability of ultrafast mid-IR laser systems has enabled
the application of various time-resolved techniques to biological
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Fig. 2. (A) CD spectra collected at several GuHCl concentrations, showing
signals characteristic of alpha helices at ∼220 nm. (B) GuHCl titration curve
obtained from CD data, monitored at 222 nm.
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observation, as the phenylalanine residues on which the probes
are bound are packed closely together in the hydrophobic core.
When the peptide is unfolded in 6 M of GuHCl, there is a single somewhat narrower (FWHM 13.0 cm−1 ) band, shifted slightly
to a lower frequency compared to the folded peptide. This obser-
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B. Fourier-Transform Infrared Spectroscopy. Fig. 3 shows the IR absorption spectra of the CN stretching modes of the HP35-ðCNÞ2
peptide (A) and PheCN (B) in the different solvents. The CN
stretching modes of HP35-ðCNÞ2 and PheCN are single bands
between 2;234 and 2;236 cm−1 , which is consistent with other
aromatic nitriles (31). In this region of the mid-IR, a water combination (bending and libration) mode occurs; adding GuHCl
and glycerol has a beneficial effect of reducing the sloping
background. For the folded HP35-ðCNÞ2 in pH 5.0 sodium acetate buffer (0 M GuHCl curve in Fig. 3A), the CN stretching mode
is a single band at 2;234.5 cm−1 with the FWHM of 13.6 cm−1 .
Although there are two nitrile probes in each HP35-ðCNÞ2 peptide, the FTIR spectra show only one Gaussian band in the native
state (0 M GuHCl). That a single band is observed despite the
presence of two CN probes indicates that the CN environments
are very similar. The NMR structure (Fig. 1) is consistent with this
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Results and Discussions
A. Circular Dichroism Spectroscopy. To monitor the GuHCl-induced
unfolding of HP35-ðCNÞ2 , CD spectroscopy was performed on
the peptide with varying concentrations of GuHCl. Because the
hydrophobic core enclosed by the three alpha helices is believed
to play an essential role in the stability of the peptide, it is possible
that the incorporation of the nitrile groups into the phenylalanines modifies the native structure. Indeed, the presence of one
nitrile group in one phenylalanine (F58) makes the peptide
(HP35-P) less stable to urea denaturation (7) when compared to
the wild type under similar conditions (29). At 0 M GuHCl, circular dichroism spectra of HP35-ðCNÞ2 show a negative signal at
∼220 nm characteristic for alpha helices, suggesting HP35-like
folding (see Fig. 2A). Fig. 2B shows the GuHCl concentrationdependent CD data at 222 nm. Compared to the wild-type peptide, however, the data suggest that HP35-ðCNÞ2 is destabilized,
with the transition GuHCl concentration shifting below 4 M (30).
The much more gradually increasing sigmoidal profile of unfolding suggests a considerable reduction in cooperativity. For the
infrared experiments, GuHCl concentrations of 0, 4, and 6 M
were used; judged by the CD spectra, HP35-ðCNÞ2 is expected
to be folded at 0 M GuHCl and nearly completely unfolded at
4 and 6 M.
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molecules on very fast time scales that are inaccessible by other
means. In particular, 2D IR vibrational echo spectroscopy has
proven to be useful in gaining insights into proteins’ dynamic
nature, which is intimately involved in their functions that occur
on much longer time scales (11, 12). Applications of 2D IR spectroscopy in biology include the study of protein dynamics, structure, folding and unfolding, and enzymatic specificities (13–19).
These studies provide information on the structure and dynamics
of proteins and provide a connection between experimental
observations and molecular dynamic simulations in the important
subnanosecond time regime (20–22). The nitrile group is a vibrational probe that has been the focus of recent investigations,
mainly in time-independent vibrational studies. For time-dependent studies, nitrile can produce reasonable signals, and it is
sensitive to the electric field (23). CN is very useful because it
can be inserted into many biological molecules via molecular
engineering techniques (24, 25). These techniques include the
in vivo genetic incorporation of unnatural amino acids developed
by Schultz et al., which allows the introduction of CN probes
virtually anywhere in a protein (26). Two 2D IR studies have
been performed on biological systems using CN as the probe. One
study involved HIV reverse transcriptase using a bound substrate
containing a CN group (27). The other studied nitrile-labeled
HP35 in its native state in water (28). Here we extend the use of
nitrile as a probe of dynamics to investigate the effects of unfolding and viscosity on dynamics.
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Fig. 3. Normalized FT IR spectra of (A) HP35-ðCNÞ2 and (B) PheCN at various
GuHCl concentrations. See Table 1 for the summary of FTIR fit parameters.
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vation implies that the environments around the two CN probes
are still essentially the same. The FTIR spectrum of PheCN
(Fig. 3B) shows a similar shift to a lower frequency in a 6 M
GuHCl solution when compared to 0 M GuHCl, but the linewidth remains unchanged. It can be inferred, therefore, that the
increased ionic content due to GuHCl causes the shift in frequency, but the unfolding of the peptide is responsible the small
change in linewidth.
At denaturing GuHCl concentrations, the viscosity of solvent is
significantly increased (32). Because viscosity of the solvent can
affect the fast dynamics of the molecules of interest (33), it was
controlled by adjusting the glycerol content in each sample. The
addition of glycerol to the 0 M GuHCl solutions had no significant effect on the FTIR spectra.
Peptide concentration studies showed that caution has to be
taken to avoid the appearance of a shoulder due to aggregation
of the peptide when the concentration is too high. In the work
by Urbanek et al. (28), the HP35 phenylalanine (F58) is labeled
with CN (HP35-P). However, the spectrum in water-buffer solution consisted of two bands, one at 2;234.5 cm−1 and another at
2;228.7 cm−1 , in contrast to the 0 M spectrum shown in Fig. 3A.
The authors speculated that the bands corresponded to two conformational states of HP35-P in which the CN senses either a hydrophobic or a hydrophilic environment, respectively. According
to our observations, however, the lower frequency band is most
likely due to aggregation of peptide. Aggregation is discussed
further in SI Text including IR spectra that show that the appearance of the second band is a consequence of high concentration.
C. Two-Dimensional Infrared Vibrational Echo Spectroscopy. In the 2D
IR experiments (34), the mid-IR pulses are split into multiple
beams, three of which are crossed at the sample. The delay time
between pulses 1 and 2 is τ and between pulses 2 and 3 is T w . The
vibrational echo signal is emitted following the third pulse at a
time ≤τ in a unique direction. The vibrational echo is combined
with another pulse, called the local oscillator, which provides
heterodyne detection and phase information. The heterodyned
vibrational echo signal is then dispersed by a monochromator
and detected by a 32-element mercury–cadmium–telluride detector. Each element of the detector records an interferogram that
yields the ωm (vertical axis) in the 2D spectrum. Scanning τ produces a time domain interferogram at each ωm . These interferograms are Fourier transformed and yield the ωτ (horizontal) axis
of the 2D spectrum. In the experiments, τ is scanned for fixed T w
to produce a 2D IR spectrum. T w is then changed, and τ is again
scanned to give another 2D IR spectrum. The change in the spectra with T w provides the dynamic information.
The theory, analysis, and interpretation of 2D IR vibrational
echo spectroscopy used here have been presented in full detail
previously (35–37). As the time T w is increased, the peptides have
more time to sample different structural configurations. As a
peptide’s structure evolves, the frequency of the CN stretch
changes within the distribution of frequencies reflected by the inhomogeneously broadened absorption spectrum. This frequency
evolution is called spectral diffusion, and it is directly related to
the conformational fluctuations of the peptide. Simulations of
myoglobin-CO have shown that inhomogeneous broadening and
spectral diffusion are caused by the Stark effect (38, 39). Structural fluctuations of the protein and the solvent produce a timedependent electric field at the vibrational reporter, which is CO
for myoglobin-CO and CN in the present case. The structural
dynamics induced time evolution of the electric field produces
spectral diffusion. The time dependence of the spectral diffusion
was extracted from the 2D IR spectra using the center line slope
(CLS) formalism (35, 36). The CLS method quantifies the timedependent changes in two-dimensional line shapes and is used
to obtain the frequency–frequency correlation function (FFCF).
The CLS is a normalized function that is closely related to the
3580 ∣
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FFCF. Its decay times are the same as those in the FFCF. The
difference between 1 and the value of the CLS at T w ¼ 0 is related to the homogeneous component. Combining the CLS
with the linear absorption spectrum yields the full FFCF. The
FFCF is the direct connection between the experimental observables and the details of the dynamics and structure of the system.
The FFCF for proteins have been calculated using molecular
dynamics simulations (21, 22).
The multiexponential form of the FFCF, CðtÞ, was used to
model the FFCF (35–37):
CðtÞ ¼

n

∑

Δ2i e−t∕τi þ Δ2s :

i¼1

For the ith dynamical process, Δi is the range of CN frequencies sampled due to fluctuations of the CN environment, and τi
is the time constant of these fluctuations. The static term Δs
represents the contribution to the CN frequency distribution that
arises from peptide structural interconversions that are so slow
that they fall outside the experimental time window, which is
limited by the vibrational lifetime. This form of the FFCF has
been widely used and found applicable in studies of the structural
dynamics of proteins (22, 37, 40, 41). In this study, the functional
form of two exponential terms, one of which is motionally narrowed, plus the static term were sufficient to describe the FFCF
obtained from fittng the CLS data. If Δi τi < 1, the dynamics
are motionally narrowed and contribute to the homogeneous
linewidth. The motionally narrowed dynamics are characterized
by T 2 ¼ 1∕Δ2 τ, where T 2 is the pure dephasing time. The
total homogeneous dephasing time, T 2 , is determined by
1
1
1
1
T 2 ¼ T 2 þ 2T 1 þ 3T or . T 1 is the vibrational lifetime (4.5 ps), which
was measured independently by pump–probe spectroscopy, and
T or is the orientational relaxation time. T or was omitted because
it is so long for both the peptide and PheCN that it makes a negligible contribution. The pure dephasing linewidth is Γ ¼ 1∕πT 2 .
Fig. 4 displays a few of the 2D IR spectra of HP35-ðCNÞ2 and
PheCN in different solvents at short T w (0.4 ps). Greater elongation of a spectrum along the diagonal reflects greater inhomogeneity of the dynamic line at the particular T w . By comparing

Fig. 4. Two-dimensional IR spectra of (A) native HP35-ðCNÞ2 in water;
(B) native HP35-ðCNÞ2 in water/glycerol solution (viscosity—2.7 cP); (C) unfolded in 6 M GuHCl (viscosity—2.7 cP); (D) PheCN in water/glycerol solution
(viscosity—2.7 cP), all at the waiting time T w ¼ 0.4 ps.
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Fig. 5. CLS data (points) and exponential fits (solid curves) for (A) HP35ðCNÞ2 in water/glycerol solution (diamonds; viscosity—2.7 cP), in water
(filled circles; viscosity—1 cP), and PheCN in water (squares; viscosity—1 cP);
(B) HP35-ðCNÞ2 in water/glycerol solution with 0 M GuHCl (diamonds; viscosity
—2.7 cP), HP35-ðCNÞ2 with 6 M GuHCl (squares; viscosity—2.7 cP), PheCN in
water/glycerol solution, 0 M GuHCl (filled circles; viscosity—2.7 cP), and
PheCN in with 6 M GuHCl (open circles; viscosity—2.7 cP).
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SI Text, the differences probably arise from aggregation in the
HP35-P sample, which led to fitting the 2D IR spectra assuming
the existence of two conformational states of the peptide. Structural differences between HP35-P and HP35-ðCNÞ2 might also
account for the differences. However, in both cases, the CNs
are in the interiors of the folded peptide.
When glycerol is added to the solution bringing the viscosity
to 2.7 cP, the dynamics of the peptide slow further (top curve
of Fig. 5A). In Table 2, data for experiments with glycerol but
no GuHCl are listed as 0 M. The main changes upon the addition
of glycerol are an increase in the pure dephasing time, T 2 , and a
large increase in the static component. The decrease in Δ1 and
the increase in Δs show that a portion of the fluctuations of
structures that make up the inhomogeneous absorption line
have slowed. However, within experimental error, τ1 does not
change. This is consistent with observations on much larger globular heme proteins, such as myoglobin-CO and hemoglobin-CO,
which display weak dependences of the fast dephasing times on
viscosity (42).
As discussed above, glycerol was added as necessary to keep
the viscosity constant as GuHCl was added. For fixed viscosity,
the concentration of glycerol itself does not seem to alter the
dynamics, as the CLS data for unfolded HP35-ðCNÞ2 are the
same whether it is in 4 M GuHCl/14% glycerol or 6 M GuHCl/
10% glycerol solvent (both have the viscosity of 2.7 cP).
Fig. 5B shows the effect of unfolding the peptide on the
dynamics sensed by the CN probe. The top curve of Fig. 5B
(diamonds) is the same as the top curve in Fig. 5A. Upon addition
of 6 M GuHCl, with the viscosity held constant, the decay
(squares) becomes much faster. From Table 2 it is seen that unfolding the peptide results in a faster pure dephasing time, almost
a factor of 2 decrease in the decay time constant, τ1 , and a smaller
static component, Δs . Thus, unfolding has a major influence on
the dynamics sensed by the CN probe. Within experimental error,
the dynamics are the same for the peptide in 4 and 6 M GuHCl
(see Table 2). The large change in the dynamics in going from the
folded peptide to the unfolded peptide is in contrast to the linear
absorption spectrum, which shows very little change (see Fig. 3A).
Fig. 5B also shows the CLS curves for PheCN in 0 M (filled
circles) and 6 M GuHCl (open circles). These solutions have
the same viscosities. Within experimental error the data for
PheCN in 4 M GuHCl is the same (see Table 2). The PheCN dynamics do not depend on the GuHCl concentration but depend
strongly on the viscosity as can be seen by comparing the PheCN
data in Fig. 5 A and B and in Table 2. Of particular note is that
the HP35 data in 6 M GuHCl and the PheCN data of the same

PheCN – 0 M GuHCl
PheCN – 6 M GuHCl
0

Center (cm−1 )

[GuHCl] (M)

Table 2. FFCF parameters for HP35-ðCNÞ2 and PheCN
Sample

Γ (cm−1 )

HP35 water
HP35 0 M
HP35 4 M
HP35 6 M
PheCN water
PheCN 0 M
PheCN 4 M
PheCN 6 M

4.4
2.8
5.1
4.8
5.8
4.7
3.9
4.4

±
±
±
±
±
±
±
±

0.4
0.3
0.3
0.3
0.1
0.1
0.2
0.2

T 2 (ps)
2.4
3.8
2.1
2.2
1.8
2.3
2.7
2.4
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±
±
±
±
±
±
±
±

0.2
0.4
0.1
0.1
0.1
0.1
0.1
0.1

Δ1 (cm−1 )
3.9
3.0
3.0
3.1
2.0
3.1
3.2
3.2

±
±
±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
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τ1 (ps)
4.1
3.7
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2.9
2.3
2.4

±
±
±
±
±
±
±
±

0.8
0.7
0.7
0.4
0.2
0.5
0.3
0.3
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2.2
3.8
2.6
2.6

±
±
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±
2.1 ±
2.3 ±
2.1 ±
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Figs. 4 A and B, the native peptide in water and in water/glycerol,
respectively, it is clear that the increase in viscosity by the addition
of glycerol significantly changes the dynamics. Fig. 4C is the peptide with 6 M GuHCl and the same viscosity as used for the data
in Fig. 4B. The change in the spectrum is obvious and indicates
that the dynamics reported by the CN spectral diffusion are much
faster. The CD data (Fig. 2B) show that the peptide is denatured
at this GuHCl concentration. Fig. 4D is the data for the single
amino acid, PheCN, in water/glycerol solution with the same viscosity as the solutions used for Fig. 4 B and C. The spectrum in
Fig. 4D is very similar to that in Fig. 4C.
The corresponding CLS data and fits are shown in Fig. 5. The
FFCF parameters obtained from the fits to the CLS data and the
linear absorption spectra are given in Table 2. Fig. 5A shows a
comparison of the folded peptide in water (filled circles), in
water/glycerol (diamonds), which increases the viscosity, and
the CN labeled amino acid, PheCN, in water (squares). First,
comparing the peptide in water to PheCN in water shows that
the dynamics experienced by the CNs in the core of the peptide
are much slower than those of the CN when it is bound to a single
amino acid and exposed to the water solvent. The curves are
borne out by the FFCF parameters in Table 2. Compared to
HP35 in water, the FFCF of PheCN in water has a much shorter
decay constant τ1 and no static component; that is, Δs ¼ 0. The
FFCF of HP35 has a longer decay constant and a significant static
component, which means that there are slower dynamics outside
of the experimental time window of ∼10 ps. These results are
consistent with the CNs on HP35 being buried in the hydrophobic
core of the peptide, with dynamics determined mainly by the
motions of the peptide. These FFCF values in Table 2 for
HP35-ðCNÞ2 are not the same as those of HP35-P obtained
by Urbanek et al. (28). As mentioned above and discussed in

viscosity, both shown in Fig. 5B, are very similar although not
identical. Within the experimental errors, the only significant difference is that the peptide has a larger static component.
Because CN is exposed completely to the solvent in PheCN,
its spectral diffusion is expected to be dominated by that of the
solvent. For PheCN in water, there is a single decay constant of
2.1 ps and no static component, which is quite close to the slowest
time constant of bulk water spectral diffusion (43). When glycerol
is added, the dynamics slow, almost certainly due to the increased
viscosity.
The fact that the CLS data and the FFCF parameters for the
unfolded HP35-ðCNÞ2 in 6 M GuHCl reported by the CN probes
are very similar to those of PheCN in the same solvent indicates
that dynamics are also dominated by those of the solvent. This
observation suggests that the phenylalanine residues that were
enclosed by the peptide in a hydrophobic core and, therefore,
protected from direct interaction with the solvent, become exposed to the solvent following denaturation. However, the larger
value of Δs for the HP35 shows that the peptide structure still
plays a role in determining the dynamics possibly by partially
blocking some access of the solvent to the CN tagged side group.
These results are consistent with the unfolded protein assuming a
random coil structure as indicated by simulations of HP35 (44).
That the dynamics of HP35-ðCNÞ2 become faster when it is
unfolded with GuHCl is in contrast to the findings of a study
using 2D IR spectroscopy of CO-bound cytochrome (cyt) c.
When a thermophilic mutant of cyt c, Ht-M61A, was denatured
by GuHCl, the dynamics slowed down significantly (41). In
particular, the static component Δs increased upon unfolding by
almost a factor of three. Also, the homogeneous component Γ
was decreased by half. The reduction in cyt c dynamics is attributed to the protein assuming a compact, molten globular state in
which the heme-bound CO, the vibrational probe, is still encased
by the residual structures of the protein. Indeed, there is an abundance of experimental and theoretical evidences for residual
secondary and tertiary structures extant in unfolded cytochrome
c (1, 45). It is clear from 2D IR experiments that HP35-ðCNÞ2
behaves differently from cyt c when it unfolds.

verified by CD measurements. The viscosities of the solutions
with GuHCl were kept constant by using glycerol as a cosolvent
with water. Unfolding the peptide resulted in a substantial
increase in the rates of the fast dynamics. The dynamics of the
unfolded peptide were very similar but not identical to those of
PheCN in the same solvent, suggesting that the peptide CNs
become solvent exposed when the protein unfolds.
Materials and Methods
Sample Preparation. The cyano-incorporated villin headpiece 35 (HP35-ðCNÞ2 )
was synthesized using a solid-phase peptide synthesizer via Fmoc protecting
group based chemistry at Stanford University School of Medicine Protein
and Nucleic Acid Facility. The amino acid sequence of the peptide was
L42 SDEDFCN KAVFGMTRSAFCN ANLPLWKQQNLKKEKGLF76 , where FCN denotes
para-cyano-L-phenylalanine. The peptide was purified by high-performance
liquid chromatography and its purity was checked by electrospray ionization
mass spectrometry. PheCN for the optical experiments was obtained from
Peptech and used without further purification.
For the optical experiments, samples were dissolved in 50 mM sodium
acetate, pH 5.0, with varying concentration of GuHCl. The concentration
of GuHCl was checked with calibrated refractive index measurements (46).
To control for the effects of the solvent viscosity, glycerol was added to each
solvent such that the final viscosity of glycerol-GuHCl-buffer mixture was
2.7 cP (see SI Text). For the IR experiments, the final sample concentrations
were approximately 16 mM and 120 mM for HP35-ðCNÞ2 and PheCN, respectively, and the path length used was 50 μm.
CD Spectroscopy. CD spectra were measured in the far UV region (200–
250 nm, Jasco J810) at 0.5-nm resolution. A 2-mm path length quartz cell
was used. The concentration of HP35-ðCNÞ2 sample was approximately
25 μM in various concentrations of GuHCl and glycerol, all in sodium acetate
buffer (pH 5.0). The unfolding of the peptide was monitored at 222 nm.
FTIR Spectroscopy. Absorption spectra were obtained with Nicolet 6700 FT IR
spectrometer (Thermo Scientific) with 1-cm−1 resolution. The CN stretch band
occurred at ∼2;235 cm−1 , where the solvent background absorbance ranged
from 0.3 to 0.8 at path length 50 μm depending on the GuHCl and glycerol
content, and the CN absorbance intensities were approximately 0.012
and 0.05 for HP35-ðCNÞ2 and PheCN, respectively. The spectra of solvents
were also collected for background subtraction, after which baselines were
corrected with linear fits to the sloping baseline.

Concluding Remarks
In this work, nitriles bound to HP35 were used as vibrational
probes to measure fast dynamics of the peptide in its folded
and unfolded configurations and to examine the influence of
solvent viscosity. The comparison between the dynamics of the
peptide and nitrile-functionalized phenylalanine permitted the
dynamics arising from the peptide chain and those from the solvent to be separated. It was shown that an increase in viscosity
made a substantial change in the dynamics of the folded peptide.
GuHCl was used to unfold the peptide, and the unfolding was

2D IR Vibrational Echo Spectroscopy. The experimental setup and methods of
2D IR vibrational echo spectroscopy are described in detail elsewhere (34, 37).
For these experiments, 160 fs-wide mid-IR pulses output from an optical parametric amplifier with spectrum (FWHM 90 cm−1 ) centered at 2;235 cm−1
were used. The energy of each excitation pulse was about 1.2 μJ. The spot
size in the sample was ∼120 μm.
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