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ABSTRACT: Fast relaxation kinetics studies of the B-domain of staphylococcal protein A were performed
to characterize the folding and unfolding of this small three-helix bundle protein. The relaxation kinetics
were initiated using a laser-induced temperature jump and probed using time-resolved infrared spectroscopy.
The kinetics monitored within the amide I′ absorbance of the polypeptide backbone exhibit two distinct
kinetics phases with nanosecond and microsecond relaxation times. The fast kinetics relaxation time is
close to the diffusion limits placed on protein folding reactions. The fast kinetics phase is dominated by
the relaxation of the solvated helix (ν ) 1632 cm-1), which reports on the fast relaxation of the individual
helices. The slow kinetics phase follows the cooperative relaxation of the native helical bundle core that
is monitored by both solvated (ν ) 1632 cm-1) and buried helical IR bands (ν ) 1652 cm-1). The folding
rates of the slow kinetics phase calculated over an extended temperature range indicate that the core
formation of this protein follows a pathway that is energetically downhill. The unfolding rates are much
more strongly temperature-dependent indicating an activated process with a large energy barrier. These
results provide significant insight into the primary process of protein folding and suggest that fast formation
of helices can drive the folding of helical proteins.

Understanding the fundamental principles of protein fold-
ing requires the integration of experimental and theoretical
approaches. The discovery of fast folding proteins that fold
within microseconds (1-6), advances in ultrafast experi-
mental techniques (7-10), progress in developing theoretical
models for interpreting and predicting experimental results
(5, 11-15), and the ever-increasing processing power of
computers are converging to make this goal attainable.
Toward this end, the small size (58 residues) and simple
three-helix-bundle topology of the B-domain of staphylo-
coccal protein A (BdpA)1 make it an ideal model for protein
folding studies.

Because of its simplicity as well as its fast folding
dynamics, the folding of BdpA has been scrutinized in
numerous simulation studies using simplified lattice (16),
off-lattice (17-21), atomically detailed folding (22-26) and
unfolding models (27), and finally, more coarse-grained
microdomain entities to represent helices (4, 28). In most of
these cases, depending on the specific details of the model,
the predicted folding mechanism is either one that corre-
sponds to a diffusion-collision model that is dependent on

fast initial formation of the helices or a mechanism charac-
terized by hydrophobic collapse with concurrent or sequential
formation of helices. These differing views on the folding
mechanism of BdpA clearly require further experimental
studies to resolve.

Until recently, experimental kinetic studies of BdpA were
limited by the millisecond and longer time constraints of
conventional stopped-flow techniques (29). Using stopped-
flow H/D pulsed exchange labeling and NMR spectroscopy,
Bai et al. found that the folding of BdpA was essentially
complete within the 6 ms dead time of their instrument, and
no intermediates were detected (29). Dynamic NMR line
shape analysis done by Myers and Oas revealed that the
folding of BdpA occurs on the microsecond time scale (4).
The rate extrapolated to 0 M guanidine hydrochloride was
8 µs at 37°C. This makes it one of the fastest folding proteins
yet discovered.

Using helical propensities of each of the three helices
derived from experimental studies of peptide fragments of
BdpA (29), Myers and Oas were able to show that a high
helical content of the denatured state in conjunction with a
diffusion-collision model can predict the folding rate of
BdpA to the correct order of magnitude (4). The diffusion-
collision model, developed by Karplus and Weaver, treats a
protein as a collection of microdomains composed of
secondary structure elements (i.e., the individual helices of
the three-helix bundle) (30). The folded conformations of
these microdomains (secondary structure elements) are
assumed to be populated transiently in the denatured state.
The microdomains diffuse and collide with one another, and
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the probability that they will coalesce into the native structure
is directly related to the transient population of the folded
conformation of the microdomains. From this diffusion-
collision model, Myers and Oas concluded that the preor-
ganization of nascent helix structures in the unfolded
ensemble leads to the fast folding of BdpA. While this model
presupposes fast formation of the individual helices of BdpA,
this event was not observed experimentally.

Previous temperature jump studies on small helical pep-
tides and helical proteins such as apomyoglobin provide a
basis for understanding helix dynamics in proteins (8, 31-
35). These studies, from our group and several others, report
helix relaxation lifetimes between 100 and 300 ns (8, 31,
33-36). The results demonstrate that helix formation can
occur fast enough to be a key event at early times in the
protein-folding process and that helices are capable of
forming before long-range tertiary contacts are made. On
the basis of these helical model studies, if fast helix formation
occurs in BdpA, it is expected to occur on the submicro-
second time scale.

To probe these early events, a laser-induced temperature
jump and infrared (IR) spectroscopy method was used to
perturb the BdpA folding equilibrium and follow the
relaxation dynamics of this protein (7, 8). The amide I
absorbance (1610-1680 cm-1), arising primarily from the
CdO stretching of the polypeptide backbone, has well-
established sensitivity to secondary structure and can also
provide information on the tertiary structure of proteins (32,
37, 38). Protein folding can involve structural changes as
seen in changes in polypeptide backbone conformation, in
hydrogen bonding, and in the solvation of the secondary
structures, all of which can be probed by IR spectroscopy.
The combination of laser-inducedT-jump techniques for fast
initiation of folding/unfolding events and IR spectroscopic
approach for probing structural changes provide the time
resolution and structure specificity necessary for determining
early protein folding events (7, 8).

MATERIALS AND METHODS

Protein Preparation. The plasmid containing the clone of
wild-type BdpA was expressed inEscherichia coliBL21
(DE3) strain and purified as described previously (4). Typical
yield was 50 mg/L pure protein. Protein purity was checked
with SDS-PAGE. The purified protein was repeatedly
lyophilized from D2O (Cambridge Isotope Laboratories) to
allow for complete exchange of amide protons. The protein
was resuspended into a final buffer of 25 mM potassium
phosphate, 50 mM NaCl at pH* 6.75 in D2O. The protein
sample was then filtered to remove aggregates and used
without further purification. The pH* is the uncorrected (for
D2O) pH-meter reading at 25°C. Sample concentrations of
the protein solution used in the IR experiments were 2-4
mg/mL based on an extinction coefficient for tyrosine of
1455 M-1 cm-1 at 276 nm (39).

Infrared Spectroscopy and Temperature-Jump Generation.
Temperature-dependent Fourier transform infrared (FTIR)
spectra were obtained using a Bio-Rad model FTS-40A FTIR
spectrometer. For both static and time-resolved measure-
ments, a thermostated, dual-compartment sample cell with
CaF2 windows and a 100µm Teflon spacer was employed
to allow the separate measurements of sample and reference
spectra under identical conditions. The absorbance at each

temperature was computed using a single beam D2O refer-
ence background obtained at the same temperature. The FTIR
transmission spectra of the sample were recorded at a series
of increasing temperatures. The equilibrium FTIR spectra
were found to be fully reversible indicating the absence of
aggregation at these concentrations.

The method developed in our group for studying fast
protein folding dynamics has been described elsewhere (8,
31). Our general approach to the rapid initiation and
characterization of folding and unfolding reactions is to use
a short-pulsed, laser-inducedT-jump to shift the equilibrium
between the folded and unfolded ensemble of states and to
use a structure-specific IR absorbance probe to follow the
secondary and tertiary structural changes. The probe for the
IR measurements is a widely tunable (from 1600 to 1700
cm-1) CW lead salt infrared diode laser (Laser Analytics,
Laser Components Instrument Group, Inc., Wilmington MA).
The source for the temperature jump is an injection-seeded,
Q-switched DCR-4 Nd:YAG laser (Spectra Physics, Moun-
tainview CA) and Raman shifter (one Stokes shift in H2 gas)
to produce the pump radiation at 2µm (10 ns fwhm Gaussian
pulse width). The wavelength of the pump pulse corresponds
to the peak of a weak D2O near-IR absorption band (ε )
10.1 cm-1 at 2 µm) and was chosen because 80% of the
light is transmitted through the 100µm path length cells used
in the studies. The high transmission ensures a nearly uniform
temperature profile in the approximately 250 pL (50µm ×
50 µm × 100µm) probe-laser interaction volume. The laser
energy is absorbed by water (D2O), and the temperature of
the volume of water reaches its maximum value within∼20
ns (twice the fwhm of the pump pulse) since temperature
thermalization and diffusion within water occur on subnano-
second time scales. The diffusion of heat out of the
interaction volume takes about 20 ms in our cells. The size
of the T-jump was calibrated using the change in D2O
absorbance with temperature, which acts as an internal
thermometer in the range of 1632-1700 cm-1 (31). The
T-jump was determined to within 2°C.

The transient absorption of the probe beam in the sample
is monitored using a fast (50 MHz) HgCdTe IR detector
(Kolmar, Newburyport, MA), and the digitization of the
detector signal is performed by a Tektronix 7612D digitizer
(Beaverton, OR). The net instrument response time (a
convolution of the heating and detector response times) is
∼23 ns. Transient changes in the absorbance of the protein
or solvent system were averaged for 3000-5000 laser shots
at 10 Hz. The D2O buffered reference measurements provide
information needed for both background subtraction and
T-jump calibration.

Analysis of the Fast Kinetics Data.Analysis of the protein
relaxation kinetics at the earlier nanosecond time scales was
carried out by deconvolving the instrument response from
the observed kinetics. Deconvolution of the instrument
response is possible because it is determined concurrently
with each sample measurement under the exact same
conditions. Using a macro created in IGOR (Wavemetrics
Inc., Lake Oswego OR), we fit the observed sample
relaxation kinetics as a function of the instrument response
convolved with an exponential decay. The instrument
response function for the system is taken to be the derivative
of the reference trace, normalized to have an integral function
of one at the maximum of the reference trace. Normalizing
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the instrument response is necessary so that amplitudes
represent changes in absorbance. The decay function used
is an exponential decay function with the formula (A exp-
(-kT)), whereA andk are the change in absorbance and the
rate, respectively.

RESULTS

The thermal equilibrium unfolding of BdpA was followed
using FTIR spectroscopy, and the structural changes were
monitored at the amide I′ region (Figure 1A, the prime
denotes the frequencies of the deuterated amide group). The
amide I′ absorption envelope is centered around 1646 cm-1

at low temperatures but broadens and shifts to higher
frequency as the temperature increases (Figure 1A). Due to
considerable overlap of the structural components in the raw
absorbance spectra, identifying the equilibrium changes of
the various structural components is difficult. Resolution
enhancement of the equilibrium FTIR spectra (at 29.8 and

72.5 °C) via second-derivative analysis reveals four major
amide I′ subcomponents at 1632, 1652, 1665, and 1678 cm-1

(Figure 1B). Difference spectra were generated by subtracting
the spectrum at 20.6°C from the spectrum at each temper-
ature to show the equilibrium changes of these various
subcomponents upon thermal denaturation (Figure 1C). As
the temperature is increased, the troughs at 1632, 1652, and
1678 cm-1 deepen, with the concomitant growth of a broad
peak centered between 1665 and 1675 cm-1. These observa-
tions serve as a guide for band assignments.

Previous peptide model and protein studies in D2O have
shown that disordered structures generally exhibit a broad
amide I′ absorbance centered between 1665 and 1675 cm-1

(31, 40, 41) and that the band near 1678 cm-1 arises from
the turn structures (37, 42). The characteristic frequency
range for a native helix protected from solvent by the tertiary
fold (“buried” helix) is 1650-1655 cm-1 (37, 42, 43). In
the absence of protection by tertiary structure, the helix
backbone experiences a greater exposure to water and
exhibits a “red” shift to lower frequencies (1630 to 1640
cm-1) (31, 38, 44, 45). In their defining experiment, Manas
and co-workers separately labeled the amide carbonyl groups
of exposed alanines and buried leucines of the dimeric
R-helical coiled-coil GCN4-P1′ with 13C and showed that
the lower frequency shifts of the13C alanines (1585 cm-1)
compared to13C leucines (1606 cm-1) permitted the distinc-
tion betweenR-helical regions that were solvent-exposed
from those that were buried (45). Therefore, the lower
frequency helical structure is labeled “solvated”. Because
the environment of the helices in BdpA is similar to that of
the coiled-coil GCN4-P1′, the two troughs in the difference
spectra (Figure 1C) near 1632 and 1652 cm-1 are assigned
to the solvated and buried helix, respectively. The broad peak
at 1668 cm-1 and the trough at 1678 cm-1 are attributed to
the disordered and turn structures, respectively.

The temperature-dependent FTIR absorbances of BdpA
demonstrate the sensitivity of the amide I′ CdO stretches
to the conformational changes that take place during the
unfolding of this protein. The disappearance of the solvated
helix (signal at 1632 cm-1) and buried helix contributions
(signal at 1652 cm-1) and the appearance of the disordered
structure contribution (signal at 1668 cm-1) can be followed
in the melting curves of Figure 2. Both the buried helix and
solvated helix exhibit a cooperative melting transition near
73.3( 1 °C. This transition midpoint temperature is similar
to that observed with far-UV CD measurements (signal at
222 nm, Tm ) 72.5 ( 0.1 °C). The enthalpic (∆H) and
entropic (∆S) contributions from the melt of the buried helix
derived from a two-state transition analysis are shown in
Table 1. The Gibbs free energies (∆G) for this process are
also calculated at the various temperatures indicated to allow
for comparison with other experimental results (4, 29). While
the melting curves of these two structural components show
sigmoidal transitions near the same temperature range, their
overall melting behaviors differ. The thermal denaturation
of the buried helix appears cooperative with an apparent two-
state transition. In contrast, the melting of the solvated helix
shows a cooperative transition convolved with a broad,
underlying transition. Clearly there is more than one process
occurring in the melting of the solvated helix component of
BdpA. We have performed a more complete analysis of this
melt below, by taking into account the kinetics results for

FIGURE 1: FTIR absorbance spectra (A) of BdpA in D2O buffered
solution (4 mg/mL in 25 mM sodium phosphate, 50 mM NaCl,
uncorrected pH*) 6.75) in the region of the amide I′ band, as a
function of temperature from 20.6 to 90.4°C. The absorbance at
each temperature is computed using a single beam D2O background
obtained at the same temperature. The arrow indicates the direction
of increasing temperature, from 20.6 to 90.4°C. Panel B shows
the second-derivative spectra at 29.8 (solid line) and 72.5°C (dashed
line). The major structural components of amide I′ are observed
near 1632, 1652, 1665, and 1678 cm-1. Panel C shows the FTIR
difference spectra of BdpA. The difference spectra are generated
by subtracting the spectrum at 20.6°C from the spectrum at each
temperature. The arrows indicate direction of increasing tempera-
ture. The primary difference peaks occur near 1632, 1652, and 1668
cm-1.
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the solvated helix component. The melting curve of the
disordered structure (signal at 1668 cm-1) shows contribu-
tions from the melts of both the solvated and buried helices.
It is clear from these results that the folding and unfolding
of BdpA is not a simple two-state process. These equilibrium
temperature-dependent observations also serve as a guide for
the T-jump kinetics experiments.

The relaxation kinetics of BdpA were initiated by a laser-
inducedT-jump, and the kinetics were probed in the amide
I′ region in a series of jumps sampling temperatures along
the unfolding transition. We explored a range of final
temperatures from strongly folding to strongly unfolding
conditions. Figure 3 shows the transient IR absorbance of
the two vibrational frequencies corresponding to the helical
structures (solvated helix, 1632 cm-1, and buried helix, 1652
cm-1) with temperature jumps starting from the folded region
(60.0 °C) to near the transition midpoint (73.1°C). To
accurately determine the kinetics at the earlier time scale,
the instrument response was deconvolved from the observed
fast relaxation using the deconvolution procedure described
in Materials and Methods. By resolving the fast relaxation
kinetics with the deconvolution procedure, two kinetics
phases, separated by 2 orders of magnitude in time, can be
deduced from these transient responses. The transient at 1632
cm-1 has contributions from both the fast kinetics phase
(57%) and the slow kinetics phase (43%) with relaxation
times of 90( 10 ns and 9.7( 1 µs, respectively. The

transient at 1652 cm-1 is dominated by the slow kinetics
phase (92%) but still has a small contribution from the fast
phase (8%). The relaxation times for the fast and slow
kinetics phases are 200( 50 ns and 8.6( 1 µs. The
experimental apparatus can detect structural changes beyond
several milliseconds, and yet no slower processes were
observed, indicating that the relaxation of BdpA is complete
within the 9-10 µs time.

A more complete analysis of the equilibrium melt is
possible using the relaxation kinetics results to help decon-
volve the two observed transitions. Although the thermal melt
of the buried helix component shows only a single, narrow
transition and the kinetics of this component are dominated
by the slow relaxation phase, a small amplitude fast phase
is also observed with this structural probe. This result
suggests that another process is occurring on this fast time
scale despite the absence of an intermediate in the equilib-
rium melt (Figures 2 and 3). The detection of this intermedi-
ate can be better resolved when the thermal melt of the
solvated helix component is compared with the corresponding
kinetics results (Figures 2 and 3). The amplitudes of each
kinetics phase follow the different parts of this equilibrium
melt. The amplitude of the fast kinetics phase follows the
broad part of the melt, whereas the amplitude of the slow
kinetics phase follows the narrow part. Therefore, we can
use the fast kinetics phase amplitude to deconvolve the broad
underlying component of the melt from the narrow compo-
nent. In Figure 4, the amplitude contributions of the fast
relaxation kinetics at the various temperature jumps are
shown mapped onto the equilibrium melt of the solvated
helix. When these fast kinetics amplitude contributions at
the higher temperatures are extrapolated to the lower
temperature region, a relatively broad and noncooperative
transition is revealed. This transition was fit to a broad
sigmoid function and aTm near 58( 5 °C was determined.
The melting transition of this broad contribution shows
similar characteristics to those previously observed with short
helical peptides (31).

FIGURE 2: Thermal denaturation of BdpA monitored at 1632 (b,
solvated helix), 1652 (9, buried helix), and 1668 cm-1 (/,
disordered structure). The 1652 cm-1 fit is based on a two-state
model with a melting temperature (Tm) of 73.3 ( 1 °C, a value
that is close to that observed in the far-UV CD (222 nm) thermal
denaturation curve. The 1632 cm-1 fit shows a convolution of the
single, narrow and broad, underlying functions, which suggests that
at least two processes are occurring in the unfolding of BdpA. The
narrow part of the transition at 1632 cm-1 shows aTm similar to
that observed for the 1652 cm-1 melt.

Table 1: Equilibrium Thermodynamic Parameters for Folding of
BdpA

buried helix
1652 cm-1 Bai et al.29 Myers and Oas4

Tm (°C) 73.3( 1 72.5( 0.1
∆H (kcal mol-1) -46.8( 1 -50.4( 0.2
∆S(cal mol-1 K-1) -135.1( 3
∆G (kcal mol-1), 20°C -7.2( 1 -7.0( 1
∆G (kcal mol-1), 37°C -4.9( 1 -4.3( 0.2

FIGURE 3: Transient IR responses forT-jumps from 60.0 to 73.1
°C at 1632 and 1652 cm-1. The D2O background responses have
been subtracted from these data. Two kinetics phases are clearly
present in both transient responses. The fit to a biexponential
function convolved with the instrument response at 1632 cm-1,
shown by the solid line, yields 90( 10 ns (57%) and 9.7( 1 µs
(43%) for the two lifetimes. The 1652 cm-1 transient is dominated
by the slow kinetics phase with a relaxation time of 8.6( 1 µs
(92%). A small fast kinetics phase is also present with relaxation
time of 200( 50 ns (8%).
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The simplest kinetics model that can account for the two
relaxation times observed requires three structural ensembles
of BdpA. Therefore, we have modeled the folding and
unfolding of BdpA as a simple three-state reaction:

where U, I, and F represent the unfolded, intermediate, and
folded ensembles. Although theT-jump rapidly changes the
equilibrium conditions in the direction of the unfolded state,
because of the position of the equilibrium, the rates that are
measured have contributions from both folding and unfolding
kinetics (32). The microscopic folding and unfolding rates
were calculated based on the assumption thatkobs1 . kobs2:

wherekobs1andkobs2are the observed fast and slow relaxation
rates,k1 andk-1 are the microscopic folding and unfolding
rates for the fast process, andk2 andk-2 are the microscopic
folding and unfolding rates for the slower process. These
relationships show that the equilibration of the slow process
(I T F) is coupled to the rapid equilibration of the fast
relaxation process (UT I). Because the 1652 cm-1 com-
ponent (buried helix) follows the global unfolding of BdpA
(Figure 2), the equilibrium constant (KT) derived from this
melt was taken to reflect the overall unfolding of BdpA.KT

is also the product of the individual steps,KT ) Keq1Keq2.
The equilibrium constant of the fast relaxation,Keq1, was
approximated from the extrapolation of the broad component
of the solvated helix as presented in Figure 4. Therefore the
equilibrium constant derived for the slower process was
calculated from the ratio ofKT/Keq1.

An Arrhenius plot of the observed relaxation kinetics of
the two processes, as well as the respective calculated folding
and unfolding rates, is shown in Figure 5. The enthalpies
(∆Hq) and entropies (∆Sq) of activation for folding and
unfolding of both of these process are shown in Table 2.
The activation parameters are calculated according to transi-
tion state theory:

The determination of the activation entropy requires an
estimate of the preexponential factor,k0. A recent study of
the end-to-end contact rates in polypeptides found a limiting
rate for minimum loop formation (i.e., formation ofi, i + 3
interactions) of 2× 108 s-1 (46). Krieger et al. postulate
that this rate is a fundamental property of polypeptide chains
and represents a reasonable preexponential factor for folding
reactions. The Gibbs free energies of activation (∆Gq) are
also calculated at the various temperatures and shown in
Table 2. The folding rate (kf ) 120 000 s-1) and unfolding
rate (ku ) 68 s-1) of BdpA at 37°C reported from Myers
and Oas from their NMR experiments (4) are also shown in
the Arrhenius plots.

DISCUSSION

The global folding of BdpA has been reported to be very
fast (extrapolatedτf ) 8 µs at 37°C) as determined from

FIGURE 4: Broad transition extrapolation of the solvated helix
equilibrium melt. The amplitude contributions of the fast relaxation
kinetics at the variousT-jumps (crosshatched circles) are shown
mapped onto the thermal equilibrium melt of the solvated helix
(closed circles). The amplitudes of the fast kinetics contributions
are extrapolated back to the lower temperature region. A relatively
broad and noncooperative transition is observed with a melting
temperature near 58( 5 °C.

U {\}

kobs1
k1

k-1
I {\}

kobs2
k2

k-2
F

kobs1) k1 + k-1

kobs2) k2( k1

k1 + k-1
) + k-2

FIGURE 5: Temperature dependence of the fast relaxation (b) and
slow relaxation kinetics (9) monitored at 1632 cm-1. The 1/T axis
represents the final temperatures reached during theT-jump. The
microscopic folding (O) and unfolding rates (×) from the fast
relaxation process and the folding (0) and unfolding rates (/) from
the slower relaxation process were calculated from a three-state
folding model. The activation parameters derived from these plots
are given in Table 2. The folding and unfolding rates of BdpA (2)
reported from Myers and Oas (4) are also shown on the Arrhenius
plots.

Table 2: Kinetics Parameters for Folding and Unfolding of BdpA

∆H‡

kcal mol-1
∆S‡

cal mol-1 K-1

∆G‡

kcal mol-1,
20 °C

∆G‡

kcal mol-1,
37 °C

k1 -2.1( 2 -14.2( 5.8 2.1( 2 2.3( 2
k-1 6.1( 2 10.3( 5.3 3.1( 2 2.9( 2
k2 -2.7( 1.8 -23.2( 5.2 4.1( 1.8 4.5( 1.8
k-2 34.9( 1.6 85.1( 4.6 10.0( 1.6 8.5( 1.6

k ) k0 exp(∆Sq

R ) exp(-∆Hq

RT )
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NMR relaxation dynamics (4). Thus BdpA is one of the
fastest folding proteins discovered to date. In the present
study, in addition to observing similar microsecond folding
times, a much faster process is also evident that precedes
the formation of the tertiary helical bundle.

Since the amide I′ mode is due primarily to the polypeptide
carbonyl (CdO) stretching vibration, it reports on secondary
structure conformations and can also provide information on
the tertiary structure of proteins. For BdpA, two types of
helices can be clearly distinguished within the amide I′
absorbance band; these helices have been identified as the
buried helix (helix protected from solvent by the tertiary fold)
and the solvated helix (helix interacting with solvent in the
absence of protection by tertiary structure). Therefore, the
buried helix is mainly reporting on the hydrophobic side of
the helical bundle whereas the solvated helix is reporting
on the hydrophilic side of the helical bundle as well as the
individual helices.

We first consider the relaxation kinetics and melting
behavior of BdpA monitored at the buried helix component.
The melting behavior of the buried helix component shows
a single cooperative transition with aTm near 73.3°C and
relaxation times that are dominated by a microsecond
relaxation phase (τobs ) 8.6µs at 73.1°C). Since the buried
helix band tracks the formation of the helical bundle core,
this relaxation phase corresponds to the formation of the
tertiary fold. While the presence of an intermediate is not
evident from the thermal equilibrium melt, the detection of
a small amplitude fast kinetics phase suggests that there is a
short-lived intermediate. This short-lived intermediate be-
comes more pronounced when the relaxation dynamics and
the thermal equilibrium unfolding of BdpA are tracked with
the solvated helix band. We attribute the relaxation of this
short-lived intermediate to the helix-coil transition for two
reasons: (1) the solvated helix band has a weakly cooperative
melting behavior that is similar to that observed with the
melting of helical peptide models (31, 35), and (2) the fast
relaxation shows the characteristic lifetime observed in
peptide models and helical proteins. Helix relaxation lifetimes
obtained from temperature jump studies on peptide models
from our group and several others are between 100 and 300
ns (8, 31, 33-36). These lifetimes are insensitive to helix
length and composition. In addition,T-jump studies of two
helical proteins, apomyoglobin (32, 47) and the villin
headpiece subdomain (6), report similar fast nanosecond
relaxation lifetimes. In both of these cases, the fast relaxation
lifetimes were attributed to the helix-coil transition.

The observation of two relaxation processes requires at
least three states to describe the folding and unfolding
reactions of BdpA. The simplest kinetics model that allows
us to incorporate all of these observations is the following:

where U represents the unfolded ensemble and I represents
the ensemble with nascent helices, but with no packed core.
F represents the folded three-helix-bundle ensemble. The
indicated relaxation times reflect experimental data taken near
the midpoint of the global unfolding transition (73.1°C).
The U to I transition corresponds to the fast formation of
individual helices, whereas the I to F transition represents
the packing of the helices together to form the three-helix

bundle. Thus the first step is dominated by the fast
(characteristic) rate of formation of the individual helices,
whereas the second step reflects the slow process of diffusing
the helices together, squeezing out the water, and packing
the side chains together. It is only in the second step that
the solvent-protected helix is formed and thus the observed
kinetics monitored at the buried helix wavelength are
dominated by the slow process.

In this model of the folding of BdpA, fast formation of
individual helices precedes the formation of the tertiary
helical bundle. Numerous studies by our group and several
others have shown that helices can certainly form fast enough
to precede formation of long-range tertiary contacts (8, 31,
33-36). Relaxation of the solvated helix in both peptides
and proteins has a characteristic rate (∼107 s-1). The
microsecond relaxation time observed for BdpA is similar
to the lifetime observed for the cooperative packing of the
side chains of the individual helices in apomyoglobin and
the villin headpiece subdomain (6, 32, 48). This model is
fully consistent with the diffusion-collision mechanism for
the folding of BdpA as postulated in experimental and
theoretical studies (4, 28). Myers and Oas predicted the
folding rate of BdpA in good agreement with experiment
using a diffusion-collision model that featured a significant
helical content in the denatured state, based on the results
of Bai et al. (4, 29). A similar diffusion-collision analysis
carried out by Islam and co-workers also predicted the fast
folding rate of BdpA that was dependent on a high helical
content in the unfolded state (28). Therefore, while both of
these studies project that the fast formation of BdpA depends
on nascent formation of the helices, we provide direct
evidence for this diffusion-collision model by detecting fast
helix formation that precedes the formation of long-range
tertiary contacts.

We tested the validity of the three-state model by simulat-
ing the time-dependent concentrations of U, I, and F using
the coupled differential equations that describe the three-
state reaction. While the simulated relaxation rates reproduce
the experimental rates within experimental error, the pre-
dicted amplitude of the fast kinetics phase relative to the
slow kinetics phase is consistently smaller than what we
observe experimentally. A quantitative comparison of the
amplitudes of the IR transients with the simulated concentra-
tions was not possible, because the overlapping IR bands
result in contributions from all three species (U, I, and F) at
each probe wavelength. Nevertheless, probe wavelengths
could be selected for which one species is dominant (e.g., I
dominates at 1632 cm-1) for comparison to the simulated
time-dependent concentration of this species. Comparison
of the time-dependent concentration of I to the IR transient
at 1632 cm-1 showed a distinctly larger amplitude of the
observed fast component than what is predicted by the model.
A plausible explanation for this discrepancy is another helix-
coil transition that is off-pathway and hence is not being
accounted for in our simple diffusion-collision model. Such
an off-pathway transition likely involves a peripheral part
of the structure that does not affect the three-helix core, such
as the N-terminal “tail” structure of the protein. The NMR
structure of BdpA shows that the N-terminal sequence is
somewhat flexible and disordered; hence it may form a
transient helical structure that undergoes a fast helix-coil
(off-pathway) transition (49).

U {\}
τR1 ) 90 ns

I {\}
τR2 ) 9 µs

F
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The folding and unfolding rates of the fast and slow
kinetics phases derived from the three-state model exhibit
linear Arrhenius behavior over an extended temperature
range. The Arrhenius-type behavior and negative activation
enthalpy observed for the formation of individual helices of
BdpA have been observed for other small helical peptide
systems (35, 50, 51). A small barrier to unfolding is also
observed in these systems (35, 50, 51). The folding and
unfolding rates of the helical bundle core calculated over an
extended temperature range also exhibit linear Arrhenius
behavior. Nonlinear Arrhenius behavior is sometimes ob-
served in protein folding; for example, Rnase A, lysozyme,
chymotrypsin inhibitor, and barnase all exhibit a parabolic
dependence of lnk on reciprocal temperature, which has been
attributed to the difference in heat capacity between the
unfolded and transition states (∆Cp

q) (52-54). The∆Cp
q term

likely originates from the large decrease in exposure of
hydrophobic surfaces to water on going from the unfolded
state to the transition state. In the case of BdpA, however,
the linearity of the Arrhenius behavior translates into a small
or zero∆Cp

q value, suggesting that the folding reaction does
not involve significant burial of hydrophobic residues in the
transition state. This observation supports the diffusion-
collision model because the transition state in this model
consists of folded but solvated individual helices and
therefore does not likely have much buried hydrophobic
surface area. The activation parameters derived from the
Arrhenius analysis (Table 2) yield further insight into the
folding mechanism. The formation of the helices and the
helical bundle core of BdpA follow a pathway that is
enthalpically downhill with primarily an entropic barrier.
Both steps exhibit substantial entropic barriers as expected
for the loss of configurational entropy that occurs in the helix
nucleation and helix-helix association processes. The un-
folding rates are much more strongly temperature-dependent
indicating that the unfolding of BdpA is an activated process
with a large enthalpic barrier.

These results provide significant insight into the primary
processes of protein folding and suggest that kinetic traps
are not expected to dominate the folding time for fast-folding
helical proteins. In addition, this is the first direct observation
of fast helix formation supporting a diffusion-collision
folding mechanism.
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