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ABSTRACT: A major difficulty in experimental studies of protein folding is the lack of nonperturbing,
residue specific probes of folding. Here, we demonstrate the ability to resolve protein folding dynamics
at the level of a single residue using13Cd18O isotope-edited infrared spectroscopy. A single13Cd18O
isotopic label was incorporated into the backbone of the 36 residue, three-helix bundle villin headpiece
subdomain (HP36). The label was placed in a solvent protected region of the secondR-helix of the protein.
The 13Cd18O isotopic label shifted the carbonyl stretching frequency to 1572.1 cm-1 in the folded state,
well removed from the12Cd16O band of the unlabeled protein backbone. The unique IR signature of the
13Cd18O label was exploited to probe the equilibrium thermal unfolding transition using temperature-
dependent FTIR spectroscopy. The folding/unfolding dynamics were monitored using temperature-jump
(T-jump) IR spectroscopy. The equilibrium unfolding studies showed conformational changes suggestive
of a loss of helical structure in helix 2 prior to the global unfolding of the protein. T-jump relaxation
kinetics probing both the labeled site and the12Cd16O band were found to be biphasic with similar relaxation
rates. The slow relaxation phase (∼2 × 105 s-1) corresponds to the global folding transition. The location
of the label, a buried position in helix 2, provides an important probe of the origin of the fast relaxation
phase (∼107 s-1). This phase has significant amplitude for the labeled position even though it is well
protected from solvent in the folded structure. The fast phase likely represents a rapid pre-equilibrium
that involves solvent penetration around the label and possible partial unfolding of helix 2 prior to the
global unfolding transition. This work represents the first experimental study of ultrafast folding dynamics
with residue specific resolution.

A major difficulty in experimental studies of protein
folding, particularly for studies of rapidly folding proteins,
is the inability to probe folding dynamics at the level of an
individual residue in a nonperturbing fashion. Infrared
spectroscopy is an effective method for the study of protein
conformational and structural changes on all relevant time
scales, and high structural specificity can be achieved by
isotope-editing. For instance, nonperturbing isotope labels
can be incorporated into the amide carbonyl groups of the
peptide backbone. A13Cd16O label shifts the carbonyl
stretching frequency lower in energy than the corresponding
12Cd16O stretching frequency. Single13C isotopic labels have
been used successfully in peptide systems to obtain residue
specific information (1-6). When extended to proteins,
however, this approach suffers from overlap with the12Cd
16O band and from the natural abundance of13C. Since the
natural abundance of13C is about 1.07%, (7) this interference
becomes significant for larger proteins and can even be a

complicating factor for midsized and small proteins. A
potential solution to these problems is the use of the
nonperturbing13Cd18O isotopic label. The13Cd18O isotopic
label shifts the carbonyl stretching frequency farther away
from the12Cd16O band, and the low natural abundance (7)
(0.20%) of 18O gives a probability of 0.002% of having a
natural abundance13Cd18O bond in the protein (4, 8-10).
The methodology has, however, so far been restricted to
peptide systems and has not yet been applied to globular
proteins. Here, we test the use of this label for the first time
in a protein to follow the equilibrium and kinetics of folding
with single residue specificity.

The13Cd18O labeling will be most useful when the13Cd
18O group does not have any or has only minimal coupling
with neighboring 12Cd16O groups. In this case, residue
specific information can be obtained. 2D-IR experiments
have shown that some coupling does exist between a13Cd
18O oscillator and neighboring13Cd16O groups, however the
larger frequency difference13Cd18O and12Cd16O oscillators
should decrease this coupling (4-8). Therefore, the13Cd
18O label should be a probe of local structure, which we
verify in this study.

We incorporated a single13Cd18O label into the peptide
backbone of a 36 residue protein, the villin headpiece
subdomain (HP36). The villin headpiece subdomain is a
three-helix bundle, thermostable protein whose structure is
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shown in Figure 1. This single-domainR-helical protein has
been the subject of numerous experimental and computational
studies due to its small size and fast folding rate (11-31).
Previously, we observed two distinct relaxation kinetics
phases in T-jump1 IR studies of VHP (11). The slower
relaxation phase (∼2 × 105 s-1) was assigned to the global
folding/unfolding transition, whereas the faster relaxation
phase (∼107 s-1) was assigned to processes occurring within
either the folded basin (solvent relaxation) or the unfolded
basin (helix-coil relaxation) or both. By strategic placement
of the13Cd18O label at a buried helix position in the protein,
we have further explored the origin of the fast relaxation
phase. Temperature-dependent difference FTIR spectroscopy
was used to probe the thermal unfolding of the13Cd18O
labeled site relative to the rest of the protein. Protein folding
dynamics were followed by monitoring both the13Cd18O
stretching mode and the modes due to the unlabeled carbonyl
groups using IR T-jump spectroscopy. The results show that
a single13Cd18O label can be selectively detected in a 36
residue protein and that the signal-to-noise is more than
sufficient to probe both equilibrium thermal unfolding and
time-resolved folding dynamics. Furthermore, the data
provide evidence that the fast phase involves a relaxation of
helix 2 that occurs at a lower temperature than the global
melting of the protein. This study represents the first
experimental study of ultrafast folding dynamics with residue
specific resolution.

MATERIALS AND METHODS

Sample Preparation.The villin headpiece subdomain
(HP36) was prepared by solid-phase peptide synthesis using
standard FMOC protocols and purified via reverse phase
HPLC. The identity of the purified product was confirmed
by mass spectrometry. The C-terminus of the protein was
amidated, which does not alter the structure although it

slightly reduces the melting temperature. The13Cd18O label
was incorporated into the amide group of alanine 57
according to a previously reported method (32) with an
isotope incorporation yield of 99% for13C and 91% for18O.
The numbering system used here corresponds to that of the
full length villin headpiece. The first residue in the helical
subdomain is Leu-42. Many studies of the headpiece
subdomain have made use of recombinant protein which
includes an additional Met at the N-terminus. This Met,
which is the first residue in the construct used here, is
designated as Met-41 for consistency with previously
published studies. The protein was lyophilized from D2O
(Cambridge Isotope Laboratories) to allow deuterium-
hydrogen exchange of the amide protons to occur. The
protein was dissolved in a buffer containing 10 mM sodium
phosphate and 150 mM sodium chloride at a pH* of 5.8 in
D2O. pH* refers to the uncorrected (for D2O) pH-meter
reading at 25°C. The protein solutions were filtered to
remove any aggregates present and used without any further
purification. The protein solutions for the IR experiments
had a concentration of∼1 mM.

Equilibrium FTIR Temperature-Dependent Measurements.
Equilibrium FTIR temperature-dependent spectra were re-
corded on a Bio-Rad FTS-40A FTIR spectrometer equipped
with a liquid nitrogen cooled mercury cadmium telluride
(MCT) detector. The spectra were the result of 256 scans
recorded at a resolution of 2 cm-1. The proteins were
dissolved in D2O (instead of H2O) to remove solvent
interference in the amide I′ region (the prime indicates that
D2O is the solvent). A split IR cell composed of CaF2

windows was utilized with a path length of 100µm to record
the spectrum of both the reference (buffer in D2O) and the
sample (protein in the D2O buffer) side of the IR transmission
cell under identical conditions at each temperature. The
temperature of the IR cell was controlled by a water bath,
and the sample temperature was measured by a thermocouple
attached to the cell. The absorbance spectra of the protein
were determined from the negative logarithm of the ratio of
the single beam spectra of the sample to the reference side
of the IR split cell at each temperature. A two-point baseline
correction was utilized for the absorbance spectra. The
equilibrium thermal unfolding of the protein was found to
be reversible (absence of aggregation).

Time-ResolVed Temperature-Jump (T-Jump) IR Kinetic
Measurements.The time-resolved T-jump apparatus used to
measure the protein relaxation kinetics in this study has been
described previously (11). This method is a pump-probe
experiment where 1.91µm radiation is the pump beam that
initiates a rapid T-jump in the sample, thereby perturbing
the folding equilibrium. A CW lead salt IR diode laser (Laser
Components Instrument Group, Wilmington, MA, tunable
in the 1550-1650 cm-1 region) is used to probe structural
changes in the sample as the system relaxes to a new
equilibrium at the final temperature in response to the
T-jump. The changes in transmission of the IR probe beam
are detected by a fast (200 MHz) photovoltaic (PV) MCT
detector (Kolmar Technologies, Newburyport, MA). The 1.91
µm (10 ns fwhm Gaussian pulse width,∼20 mJ/pulse) pump
radiation is obtained from a H2 filled Raman shifter (1 stokes
shift) pumped by a 10 Hz repetition rate Q-switched DCR-4
Nd:YAG laser (Spectra Physics, Mountain View, CA) and
is absorbed by weak combination bands in the D2O solution.

1 Abbreviations: A57(13Cd18O) HP36, the helical subdomain of the
villin headpiece (HP36) with a13Cd18O isotopic label incorporated
into the peptide backbone amide group of A57; SASA, solvent
accessible surface area;Tm, the midpoint of the thermal unfolding
transition; T-jump, temperature-jump.

FIGURE 1: Structure of the villin headpiece subdomain (HP36)
(Protein Data Bank structure 1VII) highlighting the alanine residue
(A57) containing the amide13Cd18O isotopic label (A). The four
residues on either side of A57 are shown in a space-filling
representation (blue) to illustrate the solvent accessibility of the
carbonyl group of A57 shown in cyan (carbon atom) and red
(oxygen atom) (B). The sequence of the protein is MLSDED-
FKAVFGMTRSAFANLPLWKQQNLKKEKGLF with A57 in ital-
ics. The number of the first residue is 41 using the numbering
system from previous publications. The figure was generated using
the program VMD (38).
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This pump radiation was chosen due to its transmission
properties (87% pump radiation transmitted through 100µm
path length sample cell) that allow for nearly uniform heating
in the pump-probe overlap region and because most peptides
and proteins do not absorb at this wavelength. The same split
cell used for the equilibrium FTIR experiments was used
for the kinetic measurements with the reference D2O buffer
compartment serving as an internal thermometer to determine
the magnitude of the T-jump. The protein relaxation kinetic
traces were extracted by subtracting the change in absorbance
of the reference (D2O buffer) from the sample (protein in
D2O buffer) in response to the T-jump. The kinetic traces
were recorded from the nanosecond to tens of milliseconds
time regime with the thermal energy diffusing from the
pump-probe interaction volume in about 20 ms and were
fit to a biexponential function. The data analysis was
performed in IGOR Pro (Wavemetrics, Inc.).

RESULTS AND DISCUSSION

Structure of the Villin Headpiece Subdomain.The structure
of the villin headpiece subdomain (PDB 1VII) is shown in
Figure 1. The villin headpiece subdomain is a three-helix
bundle protein consisting of threeR-helices that pack to form
the hydrophobic core. The sequence of our 36 residue
construct (HP36) is MLSDEDFKAVFGMTRSAFANLPL-
WKQQNLKKEKGLF. The first residue is Met41, included
because prior studies of recombinant versions of the head-
piece helical subdomain included an additional N-terminal
Met. This residue is not found in the native intact headpiece.
The numbering system used here corresponds to that of the
full length villin headpiece. The first residue in the helical
subdomain is Leu-42. The NMR structure defines two short
helices consisting of residues D44-K48 and R55-F58,
respectively with a longer C-terminal helix consisting of
residues L63-E72 (19). Ala57 in the second helix was
chosen as the site for the incorporation of the13Cd18O label.
A57 is denoted in italics in the sequence and is highlighted
in the structure in Figure 1. This residue was selected since
it is in a predominately buried position in helix 2 and should
therefore report on core formation and breakup. Conversely,
this position should be relatively insensitive to solvent
rearrangements compared to the solvent exposed portions
of the native structure. Initially we investigated the use of
the simpler13Cd16O label, however, this label suffered from
the background absorbance of the13Cd16O natural abundance
and 12Cd16O stretching bands. Specifically, the13C label
alone shifts the A57 band from 1647 to 1610 cm-1, where
it is still partially obscured by the unlabeled amide I′ band.

Temperature-Dependent Equilibrium FTIR Spectroscopy.
The FTIR absorbance spectrum of A57(13Cd18O) HP36
shows an amide I′ band at 1645 cm-1 at 7 °C, which is
characteristic of a helical protein (data not shown). The
stretching frequency of the13Cd18O label is shifted lower
in energy relative to the unlabeled12Cd16O backbone and
is well resolved, which allows the structure and dynamics
of the labeled residue to be probed independently from the
bulk. Figure 2 shows the temperature-dependent equilibrium
difference FTIR spectra of A57(13Cd18O) HP36 from 7°C
to 86°C in ∼10 °C increments. The difference spectra allow
the temperature-dependence of the13Cd18O stretching mode
to be more easily viewed, compared to regular absorbance
spectra. The difference spectra are formed by subtracting the

lowest temperature absorbance spectrum from the spectra
recorded at higher temperatures. The difference spectra show
negative features in the range of 1604-1656 cm-1 and
positive features in the 1656-1740 cm-1 range that increase
in intensity with increasing temperature. These features are
due to the loss of secondary and tertiary structure with a
concomitant increase in disordered regions of the protein,
respectively. These two regions follow the12Cd16O groups
of the peptide backbone. The decrease in intensity in the
1604-1656 cm-1 region is composed primarily of two
overlapping bands centered at∼1632 and∼1646 cm-1

similar to what was observed with unlabeled HP36 (11).
These two components represent12Cd16O groups in helices
which are on the solvent exposed face (“solvated helix”) or
are protected from solvent (“buried helix”), respectively. The
∼1632 cm-1 component is composed of12Cd16O oscillators
that are hydrogen bonded both to amide groups in the helix
and to water molecules of the solvent, while the∼1646 cm-1

component is composed of helical12Cd16O groups buried
in the hydrophobic core (11, 33, 34). Regions of either
decreasing or increasing intensity as a function of increasing
temperature appear at 1559-1579 cm-1 and 1579-1604
cm-1, respectively in the difference FTIR spectra. These
regions probe the13Cd18O amide stretching mode of A57
as the protein thermally unfolds. The negative feature
centered at 1572.1 cm-1 follows the loss of secondary and
tertiary structure involving A57, while the positive region
is indicative of A57 involved in disordered structure.

The difference FTIR spectra of A57(13Cd18O) HP36
clearly show that a single13Cd18O isotopic label can be
detected in a 36 residue protein. The13Cd18O stretching
mode of A57 in the folded state occurs at 1572.1 cm-1 in
the temperature-dependent difference FTIR spectra. Mea-
surement of the position of the12Cd16O stretch for A57
would give insight into whether this carbonyl group is solvent
exposed, buried in the hydrophobic core, or in a position in
between these two extremes (11, 33-36). The unlabeled
stretching frequency can be determined by subtracting the
FTIR absorbance spectrum of A57(13Cd18O) HP36 from the
WT HP36 absorbance spectrum. Figure 3 shows that the
resulting difference spectrum at 25°C contains two promi-
nent peaks. The high level of13C (99%) and18O (91%)
incorporation into the A57 site produces a clean difference

FIGURE 2: Temperature-dependent difference FTIR spectra of A57-
(13Cd18O) HP36 from 7°C to 86°C in ∼10 °C increments. The
difference spectra are produced by subtracting the lowest temper-
ature absorbance spectrum from the higher temperature spectra. The
peak corresponding to the carbonyl stretch of the13Cd18O label
for residue A57 appears at 1572.1 cm-1 in the folded state.
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spectrum with only two major peaks. The negative peak at
1572 cm-1 is due to the13Cd18O stretching frequency, and
the positive peak at 1647 cm-1 is due to the carbonyl
stretching frequency of A57 in the unlabeled protein. Two
other minor peaks appear at 1594 and 1704 cm-1 in the
difference spectrum. These modes are due to the slight pH*
mismatch of the two samples (pH* 5.3 vs pH* 5.8) resulting
in a difference in the relative population of protonated vs
unprotonated carboxylate groups in amino acid side chains.
The 12Cd16O stretching frequency of a completely buried
carbonyl group in anR-helical protein have been shown to
be ∼1652 cm-1 while the band due to a solvent exposed
carbonyl group in a helix is found at∼1632 cm-1, respec-
tively (34). Therefore, the position of the unlabeled carbonyl
group of A57 in this protein suggests that this carbonyl group
is primarily in a buried site with little interaction with D2O.
This result is confirmed by solvent accessible surface area
(SASA) calculations using the software GETAREA (37)
(version 1.1). The SASA for the carbonyl group (sum of the
SASA for the carbon and oxygen atom of the carbonyl group)
for A57 is 2.1 Å2 using a probe radius of 1.4 Å. This value
is close to the SASA value of the carbonyl group of the
completely buried hydrophobic core residue F47 (0.0 Å2).
For comparison, the SASA of the carbonyl group of the
solvent exposed residue A49 is 19.2 Å2.

The observed isotope shift is consistent with a localized
(weakly coupled) CdO stretch for A57. If the CdO stretch
of A57 is treated as a local oscillator, the expected isotopic
shift between13Cd18O and12Cd16O is 77 cm-1 based upon
the difference in reduced mass of the two carbonyl groups.
The experimental and calculated isotopic shifts of the13Cd
18O group differ by only 2 cm-1, consistent with weak
coupling between A57 (13Cd18O) and other carbonyl groups
in the protein. The similar intensities of the two bands in
the difference spectrum are also evidence of weak coupling.
While strong coupling has been observed in other helical
systems, (4) the weak coupling observed in this case likely
results from the short length of helix 2 (a single turn) and
the large isotope shift of the double label which effectively
isolates this vibration. Consequently, we interpret the A57
(13Cd18O) stretch as a local mode that reports on the specific
structure and dynamics of this residue and its immediate
contacts.

The unfolding of the A57(13Cd18O) HP36 protein can be
followed either globally in the amide I′ region by following
the unlabeled12Cd16O stretching modes or locally using the
13Cd18O stretching mode of A57. Figure 4 shows the melting
profile at 1648.3 cm-1 (12Cd16O, triangles) and at 1572.1
cm-1 (13Cd18O, squares). The former frequency probes the
disruption of the hydrophobic core upon unfolding, while
the latter monitors local conformational changes of the13Cd
18O group of A57. The two temperature profiles are clearly
different with the 1572.1 cm-1 thermal unfolding transition
having a lowerTm (midpoint of the thermal unfolding
transition) relative to the melting profile at 1648.3 cm-1. The
difference in the melting behavior of the labeled and
unlabeled carbonyl groups was confirmed through a singular
value decomposition analysis of the temperature-dependent
FTIR spectra in Figure 2. The 1572.1 cm-1 melt curve begins
to level off at higher temperatures and displays a well-defined
post-transition baseline, unlike the 1648.3 cm-1 thermal
profile. Individual fits to the melt curves yield aTm of 63.7
°C at 1648.3 cm-1, while the 1572.1 cm-1 melt curve gives
a Tm of 45.5 °C. The lack of an isosbestic point in the
temperature-dependent difference FTIR spectra (Figure 2)
of this protein also suggests the presence of more than one
thermal unfolding transition. A quantitative thermodynamic
analysis of the melt would clearly require at least 3-states to
account for this behavior; however, such an analysis is
beyond the scope of this paper. The 1648.3 cm-1 melt
transition follows the sum of the conformation changes of
the 12Cd16O oscillators primarily in the hydrophobic core
upon unfolding and consequently reports on the global
unfolding of the protein. The 1572.1 cm-1 thermal profile,
however, gives site-specific information on the temperature-
induced conformation changes of the labeled carbonyl group
of residue 57. The lower transition temperature for the A57
site could be due to the partial or complete melting of
structure near A57 prior to complete global unfolding of the
protein. Temperature-dependent changes in solvation and
hydrogen bonding of the13Cd18O group of A57 with the
aqueous solvent might also contribute. Such effects could
result directly from conformational changes at A57 or from
side-chain conformational changes of neighboring residues
that shielded the13Cd18O group in the low-temperature
structure.

Time-ResolVed IR Temperature-Jump Spectroscopy.We
have followed the local folding and unfolding dynamics of
A57(13Cd18O) HP36 using T-jump IR spectroscopy. Figure

FIGURE 3: The difference spectrum produced by subtracting the
absorbance spectrum of A57(13Cd18O) HP36 (pH* 5.8) from the
absorbance spectrum of wild type HP36 (pH* 5.3) at 25°C. The
modes at 1572 and 1647 cm-1 are due to the13Cd18O and12Cd
16O carbonyl stretching frequencies of A57, respectively. The minor
spectral features at 1594 and 1704 cm-1 are due to the slight pH*
mismatch between the two samples.

FIGURE 4: Thermal unfolding transition of A57(13Cd18O) HP36
monitored at 1572.1 cm-1 (squares) and 1648.3 cm-1 (triangles).
The solid curves are the best fit to a two-state unfolding transition.
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5 shows the T-Jump IR relaxation kinetics monitored both
at 1573 cm-1 (short dashed trace) that probes the13Cd18O
isotopic label and at 1644 cm-1 (long dashed trace) that
follows the12Cd16O amide carbonyl groups. The magnitude
of the T-jump was 4°C for both probe frequencies with a
final temperature of 45°C. Both transients exhibit biphasic
relaxation kinetics and can be fit to biexponential functions
(solid traces). The observed relaxation rates derived from
the double exponential fits of the transient at 1573 cm-1 are
1.23× 107 s-1 and 1.99× 105 s-1 compared to 2.14× 107

s-1 and 2.16× 105 s-1 for the fit to the 1644 cm-1 transient.
The kinetic transient at 1644 cm-1 includes contributions
from both buried and solvated helix components due to the
overlap of the components at this frequency. Previous IR
and fluorescence T-jump studies of the villin headpiece
subdomain also showed biphasic relaxation kinetics (11, 12).
The slow (microsecond) process reports on the global folding
and unfolding of the protein (the rate-limiting step of crossing
the main barrier to folding), while the fast kinetic process is
likely due to relaxation in either the folded or the unfolded
free energy basin, or both. The fast relaxation rate is on a
time scale consistent with the re-equilibration of the helix-
coil transition (a characteristic rate observed for both model
peptides and other helical proteins), probably including
solvent rearrangement around the helices, in response to the
temperature change. The presence of two kinetic phases along
with the multiple transitions observed in the temperature-
dependent difference FTIR spectra can be accounted for by
relaxation of the protein in the folded and/or unfolded free
energy basins of the protein. The similarity in observed
microsecond relaxation times measured at both wavelengths
is expected for the folding of a protein with one dominant
activation energetic barrier along the folding pathway.

The relative amplitude of the fast phase is smaller for the
1573 cm-1 transient compared to the 1644 cm-1 transient.
If the fast phase were solely due to the solvated helix
relaxation, its amplitude should be greater at 1644 cm-1,
since this frequency has a significant contribution from the
solvated helix band. Significant amplitude is observed for
the fast phase of the transient monitored at 1573 cm-1,
however, despite the position of the13Cd18O label in a
predominantly buried site in the native structure. The
equilibrium melt curves (Figure 4) provide some insight on

the origin of the fast phase observed at 1573 cm-1. The final
temperature of the T-jump (45°C) is near theTm of the
unfolding transition monitored at the labeled position, which
is considerably lower than the global melt monitored at the
unlabeled amide I band. Temperature-induced A57 confor-
mational changes might decrease the structural integrity of
helix 2, resulting in the observation of the helix-coil
equilibrium at this final T-jump temperature. Alternatively,
conformational changes either in A57 or in the side-chains
of neighboring residues that shield the labeled group from
solvent might occur resulting in increased hydration of A57.
This increased hydration would result in an increase in the
amplitude of a fast phase caused by temperature-induced
solvent reorganization around the protein such as solvent
hydrogen bonding to the13Cd18O group. Regardless of which
mechanism predominates, the equilibrium and kinetic mea-
surements of the A5713Cd18O group both suggest a complex
folding mechanism that is not strictly two-state. Both
measurements are consistent with a temperature-induced
change in environment of the13Cd18O group resulting in a
more solvent-exposed residue and a loss of local structure
probed at A57 prior to the global unfolding of the protein.
Isotope-edited experiments involving additional sites could
yield further insight into whether the fast observed relaxation
phase is due to relaxation in the folded basin or has
contributions from relaxation of residual helical structure in
the unfolded basin. Along these lines it is worth noting that
previous studies have provided indirect evidence for signifi-
cant structure in the unfolded state of HP36 including partial
helical structure involving the two short N-terminal helices.

CONCLUSIONS

The results presented here demonstrate for the first time
the ability of isotope-edited infrared spectroscopy to provide
single residue specificity in equilibrium and kinetics mea-
surements of protein folding. Since an isotope label can be
incorporated selectively and without perturbing the structure
or the dynamics, it offers the ultimate noninvasive probe of
folding dynamics. Furthermore, isotope-editing is a com-
pletely general method since single13Cd18O isotopic labels
can be readily incorporated into small to midsize proteins
using standard solid-phase peptide synthesis protocols. Labels
can be incorporated into larger domains using either peptide
ligation methods or expressed protein ligation. In comparison,
NMR relaxation is the only competitive technique that can
yield site specific information about folding kinetics without
the addition of perturbing labels. The NMR method, while
very powerful, does suffer from the limitation that it is
conducted at equilibrium. It can be experimentally difficult
to fit protein NMR relaxation data to multistage transitions.
In addition, the NMR relaxation method requires a unique
resonance that by chance is well isolated from any other
interfering peaks over the entire range of the folding
transition. Generally only one such resonance can be found
for a given protein, if any at all. Larger proteins are not
usually accessible to this approach, due to the increase in
spectral congestion. In contrast, the isotope-edited infrared
approach does not share any of these limitations. First, the
T-jump relaxation method directly probes folding kinetics
in real time, so that complex kinetics are resolved directly.
Second, the number of available probes is only limited by
the synthetic difficulties of incorporating the isotopic labels,

FIGURE 5: Temperature-jump relaxation kinetics monitored at 1573
cm-1 (short dashed) and 1644 cm-1 (long dashed) for A57(13Cd
18O) HP36 in response to a T-jump from 41°C to 45°C. The kinetic
traces at 1573 and 1644 cm-1 are the result of 16 000 or 10 000
laser shots, respectively. The kinetic traces are fit with a biexpo-
nential function (solid curves).
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so that in principle almost any backbone position can be
labeled. Commercially available amino acids with the13Cd
O label include Ala, Gln, Glu, Gly, Ile, Leu, Lys, Met, Phe,
Ser, and Val, and others are available through custom
synthesis. Finally, the technique is not limited by the number
of amino acids in the protein since the isotope shift and hence
the resolution of the labeled peak are independent of protein
size.

In the present study, a single13Cd18O isotopic label was
sufficient to probe the equilibrium unfolding and the folding
kinetics of HP36 with high selectivity and high sensitivity.
The results provide new insight into the folding of this model
helical protein. The observation of a distinct thermal unfold-
ing transition for the A57 site reveals the surprising
complexity of the folding of this protein despite its small
size and simple topology. This separate transition cannot be
detected by conventional CD, fluorescence, or IR monitored
unfolding studies. The unique melting behavior of the labeled
structure is correlated with significant amplitude of a fast
phase in the T-jump kinetics. This fast phase is attributed to
the increase in solvent accessibility of the A57 site at the
final temperature of the T-jump. Thus, the fast phase likely
represents a rapid pre-equilibrium that involves solvent
penetration around the label and possible partial unfolding
of helix 2 prior to the global unfolding transition.
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