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Abstract: The helix-coil transition of a syntheticR-helical peptide (theD-Arg peptide), Ac-YGG(KAAAA)3-
CO-D-Arg-CONH2, was studied by static far-UV circular dichroism (CD) and time-resolved infrared spectroscopy
coupled with the laser-induced temperature-jump technique for rapid relaxation initiation. Equilibrium thermal
unfolding measurements of theD-Arg peptide monitored by CD spectroscopy reveal an apparent two-state
helix-coil transition, with a thermal melting temperature around 10°C. Time-resolved infrared (IR)
measurements following a laser-induced temperature jump, however, reveal biphasic (or multiphasic) relaxation
kinetics. The fast phase rises within the 20 ns response time of the detection system. The slow phase has a
decay lifetime of∼140 ns at 300 K and exhibits monotonic temperature dependence with an apparent activation
energy around 15.5 kcal/mol.

Introduction

The R-helix is a common structural motif in proteins.
Understanding its folding mechanism is therefore important for
understanding how large proteins fold. The helix-coil transition
has been studied extensively in the past,1 including recent
theoretical2 and experimental3 efforts, as well as studies involv-
ing the laser-induced temperature-jump (T-jump) method.4-7

Although a detailed mechanism of the helix-coil transition has
begun to emerge, controversy still exists. Williams et al.4

measured a relaxation time of 160 ns for an Ala-based peptide
(the Fs peptide that has a sequence of (A)5-(AAARA) 3-ANH2)
following a T-jump from 9.3 to 27.4°C, by monitoring the
amide I′ IR absorbance of the peptide backbone. Using a
fluorescent probe (MABA) attached at the N-terminus of the

Fs peptide, however, Thompson et al.5 observed a much faster
relaxation process, with a maximum relaxation time of∼20 ns
near the midpoint of the thermal melting transition (∼303 K).
They attributed this faster relaxation to rapid unzipping/zipping
of the helix ends in response to theT-jump. Using a “kinetic
zipper” model, they have also calculated the decay of the
average helix content and their results indicate that a slower
rate should account for the transition between the helix-
containing and nonhelix-containing structural ensembles, due
to the energy barrier associated with the nucleation process.
Their simulations also show that both the fast and slow rates
depend only weakly on temperature and exhibit a minimum
around the thermal melting midpoint. Recently, the same
authors6 reported the observation of a slower relaxation process
(220 ns at 300 K) in a 21-residue helical peptide, Ac-WAAAH+-
(AAAR+A)3A-NH2, with a tryptophan residue in position 1 to
serve as the fluorescent probe. This relaxation is temperature
dependent and has an apparent activation energy of∼8 kcal/
mol. Using UV resonance Raman as a probe, Lednev et al.7

also observed a single exponential relaxation process that is
weakly temperature dependent for the Fs peptide, following a
laser-induced 3-nsT-jump. Unexpectedly, they found that the
coil to helix transition has a negative activation energy,Ea )
-1 kcal/mol, by decomposing the observed relaxation rates into
refolding and unfolding rates using a two-state model.8,23
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In this work we report the study of the helix-coil transition
in a synthetic 19-residue Ala-based helical peptide using laser-
inducedT-jump and time-resolved infrared spectroscopy. We
found that the relaxation kinetics of the peptide following a
T-jump can be described by a biexponential function, as
suggested by the “kinetic zipper” model,5 and the two relaxation
rates are well separated in time at 20°C. Surprisingly, the slow
relaxation process has a large yet simple Arrhenius temperature
dependence, contradicting some previous results and a theoreti-
cal model.5,7

Experimental Section

Materials. A standard Fmoc-protocol9 employing Pal resin10 was
used for peptide synthesis. All samples were purified to homogeneity
and characterized by electrospray-ionization mass spectroscopy. For
samples used in the infrared experiments, the residual trifluoroacetic
acid (TFA) from peptide synthesis, which absorbs at 1672 cm-1 in the
IR and overlaps with the peptide amide I′ band, was removed by
lyophilization against DCl. For both equilibrium and time-resolved IR
experiments, the peptide was dissolved directly in D2O and the final
concentration was 2-4 mg/mL.

Equilibrium Infrared and CD Measurements. CD data were
collected on an AVIV 62DS spectropolarimeter using a 1 mmquartz
cell. The peptide concentration used in the CD measurements was 290
µM, determined by the optical density of tyrosine at 276 nm using
ε276 ) 1450 cm-1 M-1. Mean residue ellipticity was calculated using
the equationθ222 ) (θobs/10lc)/r, whereθobs is the ellipticity measured
at 222 nm in millidegrees,l is the optical path length (cm),c is the
concentration of the peptide (M), andr is the number of residues. FTIR
spectra were collected on a Nicolet Magna-IR 860 spectrometer using
1 cm-1 resolution. A split sample cell with 52µm Teflon spacer and
Ca2F windows was employed to allow the separate measurements of
the sample and reference (D2O) under identical conditions. Temperature
regulation was controlled by a water bath (Haake K30) with(0.2 °C
precision. In addition, to correct for slow instrument drift, a computer-
controlled translation stage was used to move both the sample and
reference side in and out of the IR beam alternately, and each time a
spectrum corresponding to an average of 8 scans was collected. The
final result was usually an average of 32 such spectra, both for the
sample and the reference.

Time-Resolved T-Jump Infrared Measurements. The laser-
inducedT-jump11 infrared setup used in this study is similar to that
reported by Williams et al.4 Briefly, the 3 ns, 10 mJ, 1.9µm, and 10

Hz T-jump pulse was generated via Raman shifting the Nd:YAG
fundamental, 1064 nm (Coherent Infinity 15-30), in H2 gas pressurized
at 750 psi. AT-jump of 10-15 °C can be obtained routinely in an
approximately 80 nL laser interaction volume (1 mm spot size× 0.1
mm path length). The magnitude of theT-jump was calibrated using
the D2O absorbance change at the corresponding probing frequency.12

A CW lead salts infrared diode laser (Laser Analytics) serves as the
probe, which is tunable from 1550 to 1800 cm-1. Transient absorbance
changes of the probe induced by theT-jump pulses were detected by
a 50 MHz MCT detector (Kolmar Technologies). Digitization of the
signal was accomplished by a Tektronix TDS 3052 digital oscilloscope.
As in the static FTIR measurements, a sample cell with dual compart-
ments and a 100µm path length was used to allow the separate
measurements of the sample and reference (D2O) under identical
conditions. The D2O measurements provide the information for both
T-jump calibration4 and background subtraction. The D2O IR absorption
spectrum is temperature dependent near the amide I′ absorption band
region, thus quantitative subtraction of the reference spectrum at each
temperature is essential.

Results and Discussion

The R-helical peptide used in this study was based on a
derivative of a poly-Ala helix originally described by Marqusee
and Baldwin13 with a capping group,D-Arg, incorporated at
the C-terminus. We have demonstrated that theD-Arg carboxa-
mide auxiliary is an efficient C-capping residue with∆∆Gc

0 )
-1.2 kcal/mol.14 The peptide has the following sequence: Ac-
YGG(KAAAA) 3-CO-D-Arg-CONH2 (the D-Arg peptide).

Far-UV CD spectra (data not shown) of the D-Arg peptide
at low temperatures show typical features associated with
R-helices. As observed for other small peptides,4-7 the thermal
unfolding of theD-Arg peptide measured by the CD signal at
222 nm extends over a broad temperature range and was
modeled by an apparent two-state helix-coil transition to allow
comparison of our results with those of others who applied this
approximation (Figure 1). Specifically, the mean residue ellip-
ticities at 222 nm,θ222, which are linearly related to mean helix
content, were fitted by the following equation

whereKeq is the equilibrium constant for unfolding andθH and
θC are the baseline ellipticities of both the helix and the random
coil. In the fitting, the values ofθH andθC were evaluated using
the following expressions given by Luo and Baldwin15
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Figure 1. Mean residue ellipticities (filled circles) of theD-Arg peptide
at 222 nm as a function of temperature. Fitting these data to an apparent
two-state model (solid line) yields a thermal melting temperature of
10 °C. The fraction of the helical peptide at each temperature was
calculated according to Luo and Baldwin15 equations withNR ) 15.

θ222 ) (θH - θC)/(1 + Keq) + θC (1)
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whereT is the temperature in Celsius andNR is the helical chain
length in residues. The temperature-dependent equilibrium
constant,Keq, was calculated using following equations16

whereTm is the thermal melting temperature and∆H, ∆S, and
∆Cp are the enthalpy, entropy, and heat capacity changes,
respectively. The best fit (Figure 1) yields the following
thermodynamic parameters:17 Tm ) 10 °C, ∆H ) 7.8 kcal/mol,
∆S ) 27.5 cal/(mol K), and∆Cp ) 0.

Compared to the Fs peptide, theD-Arg peptide is less stable,
presumably due to the shorter helix forming segment as well
as Lys residue at the N-terminus whose positive charge interacts
unfavorably with the helix dipole moment.

Temperature-dependent infrared spectra in the amide I′ region
(Figure 2a) show that the solvated helix in D2O has an amide
I′ absorbance centered at∼1636 cm-1. The amide I′ IR
absorbance is due mainly to the CdO stretch vibration. Its
sensitivity to conformation renders it a good structural reporter.18

As indicated by the FTIR difference spectra (Figure 2b), the
amide I′ band loses intensity as temperature increases, with the
concurrent formation of a new spectral feature at higher energy.
The negative feature, centered around 1632 cm-1, is due to the
loss of helical structures, and the positive feature, centered at

∼1665 cm-1, corresponds to the formation of random coil
conformations. The relaxation kinetics following aT-jump, due
to the loss of the helical structure or the formation of the random
coil, can be studied by probing the corresponding spectral
features.

The relaxation kinetics following aT-jump (Figure 3) show
two well-resolved phases that can be described by a biexpo-
nential function. These results are consistent with Thompson
and co-worker’s simulations5 based on a “kinetic zipper” model
for the helix-coil transition. This model suggests that the fast
phase is associated with the redistribution of the helix lengths
and proceeds in several nanoseconds, in agreement with our
results (Figure 3). The fast component rises instantaneously and
is therefore estimated to be faster than 20 ns (the response time
of the infrared detector), and the slow component has a lifetime
of 140 ns at 27°C, in good agreement with the 160 ns obtained
by Williams et al.4 When temperature decreases to 4°C, the
slow relaxation time increases to ca. 1.4µs, which agrees well
with the 4µs exchange lifetime of a helix-forming peptide at 5
°C observed by Nesmelova et al.19 in a 13C NMR relaxation
experiment. They attribute this exchange mainly to the helical
peptide folding-unfolding.

In contrast to the Schwarz model,20 the slow component has
a fairly large and monotonic temperature dependence (Figure
4). This model essentially suggests a chevron-type temperature
dependence for the slow relaxation rate that exhibits a minimum
near the thermal melting temperature. Since the lowest tem-
perature measured in this study is ca. 4°C, whereas the thermal
melting temperature of theD-Arg peptide is 10°C, it is unlikely
that we have only observed the linear part of a chevron curve.

Figure 2. (a) Equilibrium FTIR spectra of theD-Arg peptide in D2O
solution measured at 4.1, 23.9, and 51.3°C, respectively. The
equilibrium FTIR spectra of theD-Arg peptide were found to be fully
reversible as a function of temperature, indicating that no peptide
aggregation occurs at the concentration used and to the highest
temperature, 70°C. (b) Difference FTIR spectra generated by subtract-
ing the spectrum collected at 4.1°C from the spectra collected at 23.9
and 51.3°C, respectively.

θC ) 2220- 53T (2a)

θH ) (-44000+ 250T)(1 - 3/NR) (2b)

Keq ) exp(-∆G/RT) (3)

∆G ) ∆H + ∆Cp(T - Tm) - T[∆S+ ∆Cp ln(T/Tm)] (4)

Figure 3. Representative relaxation traces corresponding to different
final temperatures and probing frequencies. The amplitude of theT-jump
was∼10 °C for each case. The data collected at higher temperatures
were scaled, as indicated in the plot, to reflect the difference between
two relaxations obtained at the same frequency but different final
temperatures. The solid lines are fits to the following function,
OD(t) ) A[1 - B exp(-t/τ)], convolved with the instrument response
function that was determined by the response of the detection system
to the 3 ns pump pulse. HereA is the full amplitude of the signal and
B is the relative amplitude of the slow phase, which has a lifetimeτ.
For all the data measured, the relative amplitude of the slow phase
varies between 62 and 78%, without systematic trend. For the data
presented here, the relative amplitudes of the slow phase are as
follows: B(32.9 °C) ) 76%,B(12.6 °C) ) 62%,B(37.6 °C) ) 69%,
and B(17.6 °C) ) 71%. O and 4 are the equilibrium amplitudes
obtained from the equilibrium FTIR spectra corresponding to the same
initial and final temperatures as those used for the two kinetic traces
probed at 1658 cm-1. Note that the equilibrium amplitudes have been
scaled to reflect the sample conditions (path length and concentration)
as well as the scaling factor used for the kinetics data.
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Although the current result is consistent with other studies,6,7,19

the observed apparent activation energy for the slow phase is
roughly twice the value measured for other peptides. Such a
big difference is unlikely due to the result of uncertainties in
different experiments. One possible explanation is that this
difference is simply representative of the difference between
peptides used. For example, in a recent all-atom Monte Carlo
simulation, Shimada et al.21 suggested that the slow phase
observed for the Fs peptide is due to the slow incorporation of
the Arg residue, which has a greater entropic penalty, into the
growing helix. Differences in the number and position of Lys
residues might similarly affect the stability and kinetics of helix
formation of theD-Arg peptide. Recent studies by Scheraga and
co-workers22 have also shown that residues with long polar or
charged side chains, such as Lys, have a large effect on the
stability of helix conformations.

The refolding rate constants corresponding to the slow phase
may be calculated by using the equilibrium constants obtained
from CD measurements as well as a two-state model.23 Such
an analysis yields an activation energy of 11.3 kcal/mol for helix
formation, in contrast to the-l kcal/mol refolding activation
energy reported by Lednev et al.7 However, one should note
that this type of analysis is only valid for real two-state
processes, whereas the thermal unfolding of helical peptides is
multi-state, not two-state, as suggested by this work and other
studies.26

More studies need to be carried out to identify the origin of
the fast relaxation process and its temperature dependence. If
this fast phase corresponds to the∼20 ns relaxation process
observed by Thompson et al. through an N-terminal fluorescent
probe in the Fs peptide,5 we should be able to resolve this
component directly with a faster infrared detector.24 As sug-
gested by Thompson et al., the slow relaxation process may
involve the initial nucleation steps. If so, the fairly large
activation energy for this process suggests that the energy barrier
for the coil to helix transition is not purely entropic and the
solvent may play an important role in controlling the helix-

coil transition rates.6 For example, Kramers’ theory suggests
that in the high friction limit the reaction rate is inversely
proportional to the solvent viscosity. The reciprocal dependence
of the rate constant on the solvent viscosity would produce an
additional apparent activation energy of approximately 4.5 kcal/
mol,25 due to the temperature dependence of the solvent (D2O)
viscosity.

A recent stopped-flow CD study of helix-coil transition by
Clarke et al.26 suggests that the nucleation process may be much
slower than previously thought, on the millisecond time scale.
Using a 16-residue peptide (the AK16 peptide), Ac-YGA-
AKAAAAKAAAAKA-NH 2, they observed a folding rate
constant of 15 s-1 at 0 °C. Clearly, this rate is considerably
slower than that measured in this work or by the13C NMR
relaxation method.19 Although the longest time probed in our
study is only ca. 2µs, the good agreement between the relaxation
amplitude and the equilibrium amplitude (Figure 3) indicates
that there are no kinetic events present on longer time scales.

Clearly, the multiexponential relaxation kinetics show that
the helix-coil transition is not a two-state process. Deviations
from single-exponential kinetics could be due to reaction
intermediates or multiple reaction pathways or both. With a
conformation probe that reports only on average helix content,
such as IR, it is difficult to distinguish these possibilities. A
site-specific conformation probe, such as13C labeled amino acids
(see below), should provide better insights into the understanding
of the helix-coil transition. The amide I absorbance is sensitive
to isotopic substitution.27 Peptides with13C labeled amino acids
at strategically important positions would provide unique model
systems to study the helix-coil transition.27 When coupled with
theT-jump method, this isotope-editing technique can potentially
reveal detailed information at the single residue level regarding
the nucleation and propagation steps along the helix folding
pathways. Such studies are currently underway.

It is worth noting that a recent all-atom computer simulation
carried out by Elmer and Pande28 as well as an experimental
study done by Yang et al.29 on nonbiological helices show that
the nonbiological helix-coil transition also exhibits nonexpo-
nential relaxation kinetics, in agreement with what we observed
in this study and also demonstrating the complex nature of
folding even for simple synthetic structure-forming oligomers.

Conclusion

We have studied the temperature dependence of the helix-
coil transition of theD-Arg peptide, Ac-YGG(KAAAA)3-CO-
D-Arg-CONH2. Its relaxation kinetics following aT-jump are
nonexponential, indicating that the helix-coil transition is not
a two-state process. The slow component, which has a relaxation
time constant ca. 140 ns at 300 K, exhibits a linear temperature
dependence that gives rise to an apparent activation energy of
15.5 kcal/mol.
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Figure 4. Arrenhius plot of the slow relaxation rates measured at 1632
(filled circles) and 1658 cm-1 (open circles). Linear regression to these
data (solid line) yields an apparent activation energy of 15.5 kcal/mol.
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