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ABSTRACT The thermal unfolding of a series of 6-, 10-, and 14-mer cyclic B-hairpin peptides was studied to gain insight into
the mechanism of formation of this important secondary structure. The thermodynamics of the transition were characterized
using temperature dependent Fourier transform infrared spectroscopy. Thermodynamic data were analyzed using a two-state
model which indicates increasing cooperativity along the series. The relaxation kinetics of the peptides in response to a laser
induced temperature jump were probed using time-resolved infrared spectroscopy. Single exponential relaxation kinetics were
observed and fit with a two-state model. The folding rate determined for these cyclic peptides is accelerated by some two orders
of magnitude over the rate of a linear peptide that forms a B-hairpin. This observation supports the argument that the rate
limiting step in the linear system is either stabilization of compact collapsed structures or rearrangement of collapsed structures
over a barrier to achieve the native interstrand registry. Small activation energies for folding of these peptides obtained from an
Arrhenius analysis of the rates imply a primarily entropic barrier, hence an organized transition state having specific stabilizing

interactions.

INTRODUCTION

Small peptide models have proven to be invaluable
experimental systems for studying the fundamental pro-
cesses of protein folding (reviewed in Callender et al., 1998;
Eaton et al., 1998). Many of the essential elements of protein
folding, including hydrophobic collapse, hydrogen bond
formation, and side-chain packing have been observed in the
folding of peptide models (Espinosa and Gellman, 2000;
Krantz et al., 2000; Ramirez-Alvarado et al., 1999; Syud
et al, 2001). Studies of helical peptides have been
particularly successful in elucidating the dynamics of helix
nucleation and propagation, and helix-helix interactions.
(Werner et al., 2002; Williams et al., 1996) The study of
B-structures has been more difficult due to the scarcity of
suitable model systems. Some of the problems associated
with B-sheet peptide models include their tendency to be
large, prone to aggregate, not very stable, and low in sec-
ondary structure content.

Significant breakthroughs have been made recently in the
design of stable and soluble peptides with 3-turn and 3-sheet
structures (Griffiths-Jones et al., 1999; Jager et al., 2001;
Kortemme et al., 1998; Schenck and Gellman, 1998; Smith
and Regan, 1997). The dynamics of folding of one such
system, the 16-residue C-terminal SB-hairpin fragment of
protein G, have been studied by Mufioz et al. (1997, 1998).
They observed apparent two-state relaxation kinetics of the
B-hairpin structure using laser induced temperature jump
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(T-jump) and time-resolved fluorescence measurements of
the native Trp in this fragment. The relaxation kinetics were
analyzed using a statistical mechanical kinetic zipper model.
Using this model, they calculate a folding lifetime of 6 us for
the hairpin. This is substantially slower than the folding
lifetimes of ~200 ns reported for similarly sized helical
peptides under similar conditions (Werner et al., 2002;
Williams et al., 1996). The slower rate is rationalized within
the kinetic zipper model by assuming that the hydrogen bond
propagation rate is the same in both instances, which implies
that the nucleation of a stable turn is much slower than helix
nucleation. Mufioz et al. postulate that hairpin nucleation is
slow because it requires a cooperative stabilization by
hydrophobic side chain interactions.

The folding of the B-hairpin fragment of protein G has
also been studied using Langevin simulations of minimal
off-lattice models (Klimov and Thirumalai, 2000) and all
atom molecular dynamics (Pande and Rokhsar, 1999) and
multicanonical Monte Carlo simulations (Dinner et al.,
1999). These studies find that the hairpin folds via discrete
intermediates, or through a hierarchy of structural changes
involving hydrophobic collapse, hydrogen bond formation,
and side chain ordering. The model of Muiioz et al. suggests
that folding nucleates at the turn, followed by a zipping of the
structure. The hydrophobic core is formed subsequent to the
turn, and stabilizes the structure. In contrast, the simulations
of Dinner et al. predict that hydrophobic collapse and
rearrangement to produce a native-like topology is the key
initial step, followed by hydrogen bond formation. Thus,
formation of a collapsed, native-like topology serves as
a nucleating event, with hydrogen bonds propagating out-
ward from the hydrophobic core. These models predict fun-
damentally different roles for the formation of the turn versus
the hydrophobic core in the folding mechanism of this
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B-hairpin structure. In either case, hydrogen bond formation
is seen as a fast propagation step that follows the nucleat-
ing event. The relative importance of hydrophobic interac-
tions versus turn formation in facilitating chain collapse and
formation of the native topology remains unresolved. The
rate of hydrogen bond propagation and how it compares to
that in helical systems is also not known.

We have explored the dynamics of B-turn formation and
hydrogen bond propagation within a series of 6-, 10-, and 14-
mer cyclic B-hairpin analogs of Gramicidin S (GS) using
equilibrium Fourier transform infrared (FTIR) spectroscopy
and T-jump relaxation probed by time-resolved infrared (IR)
spectroscopy. Cyclic peptides have gained increasing
attention in recent years as a result of their antimicrobial
properties and membrane permeation capabilities (Fernan-
dez-Lopez et al.,, 2001). GS is one such cyclic peptide
[cyclo(-Val-Orn-Leu-p-Phe-Pro-),] having antibiotic prop-
erties and an amphipathic nature. Studies of the sequence-
dependent biophysical properties of GS analogs have been
used to examine the effects of hydrophobicity, amphipa-
thicity, and B-hairpin turn propensity (Gibbs et al., 2002;
Jelokhani-Niaraki et al., 2000, 2001; Kondejewski et al.,
2002; Mclnnes et al., 2000) These studies provide useful
insight into the antimicrobial and hemolytic activities of GS.
What is lacking, however, is an understanding of the
structural dynamics that are critical to the biological activity
of GS.

The cyclic 6-, 10-, and 14-mer B-hairpin peptides are
excellent model systems because a study of length de-
pendence of the dynamics is possible, with the number of
intramolecular hydrogen bonds increasing from two to four
to six along the series. Additionally, these peptides are
sterically constrained in their search of conformational
space, and consequently, turn formation and hydrogen bond
propagation can be measured separately from chain diffusion
(collapse) processes. The solution structures of the 6-, 10-,
and 14-mer peptides have been solved by NMR (Gibbs et al.,
1998). They form stable antiparallel B-hairpin structures,
bordered by two type II' B-turns. We have modeled the
relaxation behavior of these peptides using a two-state
model, from which we extract folding rates and activation
parameters.

MATERIALS AND METHODS
Peptides

Synthesis of the cyclic B-hairpin peptides was performed by Gibbs et al.
(1998) with the first and last residues in the sequence linked in the
cyclization. The sequences of the peptides used in these studies are as
follows, where Tyr residues are of D stereochemistry:

6-mer : KYPKYP
[ —
10-mer : VKLYPVKLYP
[ —|
14-mer : VKLKVYPLKVKLYP.
L
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The samples were purified by reverse phase high-performance liquid
chromatography (HPLC) and deuterium exchanged by repeated lyophiliza-
tion from D,0. Trifluoroacetic acid, which was used in the HPLC
purification, was present as an impurity in all samples. Samples were
dissolved in D,0 (99.9%, Sigma), and final concentrations were found to be
in the range of 1-4 mM as determined by the UV absorption of Tyr at
274 nm.

Infrared spectroscopy

The equilibrium melting behavior of the cyclic peptides was studied using
FTIR spectroscopy. FTIR spectra were collected on a Biorad (Boston, MA)
FTS-40 interferometer using a temperature controlled IR cell. The IR cell
contained both the sample and a D,O reference solution with trifluoroacetic
acid between CaF, windows with a 100 um spacer. The cell is translated
laterally under computer control to acquire matching sample and reference
single beam spectra, and the protein absorption spectrum is computed as
—log(Isamp/Irer). It is critical to match the sample and reference solutions as
closely as possible, particularly with regard to H,O content, because of the
overlap of the temperature-dependent spectrum of HOD with the protein
spectrum in the region of interest. Temperature-dependent spectra in the
amide I’ (the prime indicates the deuterated amide group) region from 1600—
1700 cm™! were baseline corrected using a linear baseline to account for the
small differences in the broad HOD absorption. The baseline corrections
required were typically smaller than 1 mOD, or less than 1% of the observed
protein signal.

T-jump relaxation measurements

The T-jump relaxation apparatus has been described previously (Williams
et al., 1996). Briefly, a laser induced T-jump is used to rapidly shift the
folding/unfolding equilibrium, and the relaxation kinetics are measured
using time-resolved infrared spectroscopy. The T-jump perturbation
generated by a laser heating pulse is faster than the molecular dynamics of
interest. The T-jump pulse is generated by Raman shifting a Q-switched
Nd:YAG (DCR-4, Spectra Physics, Mountain View, CA) fundamental at
1064 nm in H, gas (1-Stokes shift), producing a 10-ns pulse at 1.91 wm. The
near infrared wavelength is partially absorbed by the D,O (¢ ~ 6 cm ™', or
87% transmittance in a 100-um path length cell), and the absorbed energy is
rapidly thermalized within the irradiated volume. The magnitude of the
T-jump produced depends on the per pulse energy and the focus of the laser,
typically 40 mJ and 1-mm spot diameter, respectively, which yields an 11°C
T-jump. The mid-IR probe beam is a continuous wave lead-salt diode laser
(Laser Components, Olching, Germany) with a tunable output range of
1600—1700 cm™". The probe beam is focused to a 50 um (1/e* diameter)
spot at the center of the heated volume. Probing only the center of the heated
volume ensures a uniform temperature distribution in the probe volume by
avoiding the temperature gradient produced on the wings of the Gaussian
pump beam (Wray et al., 2002). The transient transmission of the probe
beam through the sample is measured using a fast (100 MHz) photovoltaic
MCT IR detector/preamplifier (Kolmar Technologies, Newburyport, MA).
Transient signals are digitized and signal averaged using a Tektronics
digitizer (7612D, Beaverton, OR). Instrument control and data collection are
accomplished using a LabVIEW computer program.

Very high dynamic range is achieved in these transient IR measurements
using a simple procedure to measure the total transmitted intensity of the
probe beam independently from the transient change in the transmission due
to the T-jump. The detector and amplifier are DC coupled to maximize the
bandwidth of the measurement (to cover the range from 100 MHz-1 Hz).
The amplitude of the transmitted probe beam (Iy) is measured using an
optical chopper, and the DC offset of the detector preamplifier is adjusted to
null the DC signal. The transient signal (AI) is then measured in the presence
of the pump beam, and the transient absorbance is computed as:

AA = —log|(l, +1)/L]. (1)
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In this way, the full dynamic range of the detector, amplifier, and digitizer is
exploited to measure the transient signal. Measurements of the transient
absorbance for both the sample and the reference were collected from 10~°
to 10~" s, and relaxation times were obtained using a deconvolution process
described below.

Analysis of kinetics data

Accurate determination of the peptide relaxation Kkinetics requires
deconvolution of the instrument response function from the observed
kinetics. Very accurate 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 using IGOR (Wave-
Metrics, Inc., Lake Oswego, OR), the observed sample relaxation kinetics
are fit as a function of the instrument response convolved with an expo-
nential decay. The instrument response function for the system is taken to
be the derivative of the reference trace, normalized to have an integral of 1 at
the maximum of the reference trace. Normalizing the instrument response is
necessary so that amplitudes represent changes in absorbance. The decay
function used is an exponential decay with the formula (A X exp(—kT)),
where A and k are the change in absorbance and the rate, respectively. The
reported relaxation rates represent an average of at least seven separate trials,
and the reported uncertainties represent the standard deviation of the average
values.

RESULTS
Equilibrium FTIR studies

All three cyclic peptides adopt B-hairpin (folded) structures
in solution at room temperature (Gibbs et al., 1998). We have
studied the temperature induced unfolding in the range from
1°C to 85°C using FTIR spectroscopy. We focus on the
amide I’ spectral region because this vibrational mode is an
established indicator of secondary structure (Arrondo et al.,
1996; Susi and Byler, 1986). This broad, multicomponent
band contains contributions from the entire polypeptide
backbone, which in this case adopts either a 3-sheet, B-turn,
or disordered conformation. The absorption spectra as
a function of temperature for the 6-, 10-, and 14-mer are
shown in Figs. 1 A, 2 A, and 3 A, respectively. The amide I’
maximum at room temperature is similar to that previously
reported for GS in D,O (Lewis et al., 1999), with a peak
maximum at 1632 cm™'. The changes with temperature are
highlighted in the difference spectra for each peptide, in Figs.
1 B, 2 B, and 3 B, respectively. These difference spectra are
generated by subtraction of the lowest temperature spectrum
from each of the absorbance spectra at higher temperatures.
The amide I' envelopes of all three peptides were si-
multaneously deconvolved using a multi-Gaussian global
fitting routine in IGOR (WaveMetrics). The number of
subcomponents and their frequencies was determined from
the second derivative of the absorbance spectra. The fre-
quencies and peak areas from the global fit are reported in
Table 1.

The deconvolution analysis reveals three components of
the amide I’ band at 10°C, centered near 1625, 1636, and
1658 cm ™! (Table 1). All three of these spectral components
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FIGURE | Temperature-dependent FTIR spectra for the 6-mer cyclic
peptide, 3.4 mM in D,O, minimal salt. (A) Absorbance spectra in the amide
I’ region; the temperatures of the individual traces range from 2°C to 85°C
from top to bottom with ~10°C intervals. (B) Difference spectra obtained by
subtracting the spectrum at 2°C from the spectra at higher temperatures.

decrease in intensity with increasing temperature. These
components of amide I' arise from the folded structure,
which is highly populated at low temperature, and are
therefore due to the B-turn and antiparallel 3-sheet backbone
conformations present in the folded state. We assign the peak
at ~1625 cm™' to the B-turns on the basis of its low
frequency (characteristic of B-turns) and constant inten-
sity across the series (all three peptides contain two type II'
B-turns). Two peaks are observed for the B-sheet, consistent
with the structure that contains inward and outward directed
C=0 groups, i.e., intra- and intermolecular (to water)
hydrogen bonding, respectively. We assign the peak at
~1636 cm™' to the inward directed C=0 groups (intra-
molecular H-bonding) and the peak at ~1658 cm™' to the
outward directed C=0 groups (intermolecular H-bonding to
water). There are several lines of evidence that support these
assignments. First, the peak at 1658 cm™' is similar in
frequency to that observed for disordered polypeptide and
therefore is most likely indicative of the C=0 groups which
are intermolecularly H-bonded to water. Second, the peak at
1658 cm ™' is always smaller than the 1636 cm ™' peak and
altogether absent in the 6-mer. This absence of a peak for
intermolecularly H-bonded carbonyl groups in the 6-mer is
reasonable, since both of the sheet residues in this peptide
exhibit intramolecular H-bonding. In contrast, the 10-mer
will have 4 intra- and 2 intermolecular H-bonds, and the
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FIGURE 2 Temperature-dependent FTIR spectra for the 10-mer cyclic
peptide, 2.9 mM in D,0, minimal salt. (A) Absorbance spectra in the amide
I' region; the temperatures of the individual traces range from 1°C to 85°C
from top to bottom with ~10°C intervals. (B) Difference spectra obtained by
subtracting the spectrum at 1°C from the spectra at higher temperatures.

14-mer will have 6 intra- and 4 intermolecular H-bonds.
Consequently, the intermolecular H-bonding band is ex-
pected to be weaker than the intramolecular H-bonding band,
and both bands should increase in intensity along the series,
which is what is observed. Finally, these assignments are
supported by the observed ratio of B-sheet/B-turn, which is
0.6, 1.6, and 2.6 for the 6-, 10-, and 14-mer, respectively,
compared to the expected values of 0.5, 1.5, and 2.5.

A single broad component centered at 1660 cm ™' grows
in with increasing temperature. The difference spectra for the
10- and 14-mer show the growth of this broad positive
absorbance overlapped with the loss of the narrower high
frequency B-sheet band near 1658 cm ' (of negligible
intensity in the 6-mer). The frequency and breadth of the
1660 cm ™' peak are characteristic of disordered polypeptide
structure (Dyer et al., 1998; Werner et al., 2002; Williams
et al., 1996). The FTIR spectra therefore provide clear
evidence for the loss of folded conformation with increasing
temperature.

The FTIR spectra of the 6-mer and 10-mer are con-
centration independent, and lack the amide I' signature of
aggregation (sharp peaks at 1615 and 1681 cm™' (Colley
et al., 2000; Zurdo et al., 2001)), evidence that these peptides
are monomers in the concentration range of our experiments
(1-4 mM). In contrast, the FTIR spectra of the 14-mer
contain an aggregation signature (sharp peaks at 1615 and
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FIGURE 3 Temperature-dependent FTIR spectra for the 14-mer cyclic
peptide, 2.4 mM in D,0, minimal salt. (A) Absorbance spectra in the amide
I’ region; the temperatures of the individual traces range from 2°C to 83°C
from top to bottom with ~10°C intervals. (B) Difference spectra obtained by
subtracting the spectrum at 2°C from the spectra at higher temperatures.

1681 cm™' seen in Fig. 3 B). The amplitudes of these
features are concentration dependent and increase with time,
especially at elevated temperatures. In addition, aggregation
of the 14-mer peptide at concentrations above 70 uM was
reported in a previous study (Jelokhani-Niaraki et al., 2001).
Despite the presence of aggregated peptide, it is possible to
monitor the monomer independently, via its distinct amide I’
bands. Thus it is possible to follow the unfolding of the
monomer with increasing temperature, without interference
from the aggregated peptide. The very weak temperature
dependence of the aggregation peaks suggests that the

TABLE 1 Cyclic peptide amide I’ frequencies,* band areas*
and assignments

Assignment B-turn B-sheet (in) B-sheet (out)
6-mer
Frequency (em™h 1623 1637 1657
Area 1.87 1.11 0.11
10-mer
Frequency (cm™') 1625 1636 1658
Area 1.81 247 0.44
14-mer
Frequency (em™) 1624 1635 1655
Area 1.90 3.53 1.32

*Derived from deconvolution analysis of FTIR spectrum at 10°C.
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aggregated form of the peptide is very stable over this
temperature range, and does not contribute substantially to
the monomer folding/unfolding equilibrium. Finally, the
data for the 14-mer reported here were obtained under
conditions where the maximum concentration of aggregated
peptide was 11% of the total, estimated from the intensity of
the aggregation peaks relative to the monomer peaks.
Melting curves derived from the temperature dependent IR
absorbance for the three cyclic peptides are shown in Fig. 4.
The solid lines represent fits to a two-state equilibrium model:

A+ Ap X 107 TAT
= 1+ 107 Tw/AT

; 2

where A; and A¢are the extrapolated absorbance values at the
two endpoints of the transition, Ty, is the transition midpoint,
and AT represents the overall temperature range of the
transition. The T,, and AT values from the two-state model fits
are listed in Table 2. The melting transition for the 6-mer is so
broad that it cannot be uniquely fit using the two-state model
over the range of experimentally accessible temperatures.
Consequently, the thermodynamic parameters derived for the
6-mer melting transition are not very reliable. They do reflect
the general trend along the series, however, and hence are
included for comparative purposes. The transition becomes
increasingly sharper (smaller AT) as the peptide length
increases. This trend reveals the increasing cooperativity
along the series. Thermodynamic parameters derived from
avan’t Hoff analysis are also summarized in Table 2. The free
energy of unfolding of these peptides is linear with
temperature over an 80°C temperature range. The thermody-
namic parameters reveal that the stability of the peptides
increases with increasing peptide length. The substantial
enthalpy gain is nearly counterbalanced by the unfavorable
entropic cost of folding for both the 10-mer and 14-mer.

0.10 — —

0.08

IR Absorbance

0.06

Temperature (°C)

FIGURE 4 FTIR melt curves for the 6-mer (@), 10-mer (W), and 14-mer
(A) cyclic peptides obtained by plotting the change in IR intensity at the peak
maximum of the B-turn band at 1621 cm™!, 1619 em™!, and 1624 cm’l,
respectively, versus temperature. The solid lines are fits to a two-state model
(Eq. 2).
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TABLE 2 Cyclic peptide thermodynamic parameters of folding

T (°C) AT(°C) AH; (kJ/mol)  AS; (J/mol-K)
6-mer* 37 387 —10 -31
10-mer 505 = 037 1394 + 124  —29.1 + 04 —898 = 14
14-mer 71.0 =23 84.1 =50 —483 £ 0.5 —1404 = 1.8

*The breadth of the transition in this case precludes a unique fit; included
for comparative purposes only.

tStandard deviations are reported. Thermodynamic parameters are derived
from a two-state model and a van’t Hoff analysis.

Temperature-jump relaxation kinetics

The relaxation kinetics of the F—U transition following
a laser induced T-jump were probed using time-resolved
infrared spectroscopy in the amide I' band. Fig. 5 displays
the relaxation kinetics for the three peptides following a
T-jump from 40°C to 51°C. A progressively slower relaxa-
tion time is clearly observed along the series for T-jumps to
the same final temperature. The data are well fit by a single
exponential decay in each case. All of the relaxation kinetics
observed for these cyclic peptides are single exponentials,
regardless of concentration, starting temperature, or magni-
tude of the T-jump. Furthermore, the equilibrium changes in
the FTIR spectra as a function of temperature are best
modeled in terms of two states (folded and unfolded
structures), as discussed above. We have therefore analyzed
the relaxation kinetics using a two-state model, for which the
observed relaxation rate is the sum of the folding and
unfolding rates, and the equilibrium constant is the ratio of
these rates. The relaxation rates for all three peptides (Table
3) are close to the instrument response (response time = 28
ns, k = 3.6 X 107 sfl). Nevertheless, deconvolution of the
instrument response from the observed relaxation kinetics is
possible because the instrument response is very accurately
determined for every relaxation measurement by the re-

lll!lll!lI'IlIT

0.0
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T T TT T 7T 7T 71T 7

2.0
2.4
28
0 100 200  300x10°
Time (s)

FIGURE 5 T-jump relaxation kinetics monitored in the amide I' spectral
region (1625 cm™') following a jump from 40°C to 51°C. A single
exponential fit is overlaid on each kinetics trace. The amplitudes are
normalized to the 6-mer amplitude at long time (10 us) to aid comparison of
the relaxation times.
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ference response. The observed relaxation rates are repro-
ducibly resolved from the measured instrument response
using the deconvolution procedure described above (in
Methods). Folding and unfolding rates (Table 3) were
extracted from the observed relaxation rates using the
equilibrium constant determined from the static FTIR data.

A second set of kinetics experiments with the 10-mer and
14-mer peptides examined the dependence of the relaxation
rates on the final temperature following a T-jump. The
magnitude of the T-jump was kept constant while varying
the initial temperature to produce a different final temper-
ature within the range of the melting transition. Folding and
unfolding rates were determined using the equilibrium
constant at the final temperature. An Arrhenius plot of the
folding and unfolding rates versus temperature yielded the
activation parameters summarized in Table 3. The limited
temperature range of our measurements led to a level of
uncertainty in the Arrhenius plots which precluded an ac-
curate determination of AS*.

DISCUSSION

Simple peptide models provide a framework for explor-
ing the fundamental processes of protein folding, including
chain collapse and hydrogen bond formation. We have
explored these processes in a unique series of cyclic peptides
that form B-hairpin structures. Tying the ends of the peptide
together dramatically influences the folding behavior
compared to linear analogs that form a B-hairpin.

The equilibrium structures and melting behavior of these
peptides have been studied using temperature dependent
FTIR spectroscopy. At room temperature, all three peptides
are strongly folded, having characteristic B-turn and 3-sheet
components of the amide I' band (Table 1). These bands
are reduced in intensity and a new band corresponding to
disordered polypeptide grows in as the temperature is in-
creased. The frequency and bandwidth of the disordered
polypeptide band is essentially identical to what we have
observed for noncyclic peptides and for proteins (Gilman-
shin et al., 1997; Williams et al., 1996). The increase in
frequency of the amide I’ mode upon unfolding is consistent
with loss of strong intramolecular hydrogen bonding.

A previous study reported minimal temperature-depen-
dent changes for the 10-mer peptide in the far-UV-CD
(Jelokhani-Niaraki et al., 2001). The interpretation of the 10-
mer result was that no significant conformational changes

3879

occurred in the temperature range studied between 5 and
85°C. The problem with this interpretation is that CD spectra
of cyclic peptides are not well characterized in general.
Furthermore, these cyclic B-hairpin structures have an
unusual CD spectrum that more closely resembles that
expected for an a-helix than for a -sheet. Finally, the CD
spectrum for unfolded cyclic peptides is not known. Large
differences are observed between the CD spectra of B-hair-
pin forming (6-, 10-, and 14-mer) and non-B-hairpin forming
peptides (8-, 12-, and 16-mer) (Gibbs et al., 1998). However,
it is unlikely that the unfolded structures of the 6-, 10-, and
14-mer resemble the structures of the 8-, 12-, and 16-mer due
to the periodicity dependence of accessible conformations.
The cyclic systems obviously cannot access extended con-
formations that would give the characteristic CD spectrum of
a disordered polypeptide. Therefore, it is possible that the
CD spectrum of the unfolded 10-mer may closely resemble
that of the folded state, accounting for the small changes
observed in the temperature dependent CD data. In contrast,
the IR data offer definitive proof that the intramolecular H-
bonding of the B-hairpin structure is lost with increasing
temperature. Furthermore, the amide I’ peak of the unfolded
state is characteristic of a disordered polypeptide H-bonded
to water. Clearly, changes in the backbone conformation, in
addition to loss of the B-hairpin H-bonding, are necessary to
accommodate intermolecular interactions with water mole-
cules.

Further insight into the nature of the thermally induced
transition is provided by thermodynamic characterization. A
van’t Hoff analysis reveals a linear dependence of the free
energy of folding over a very wide temperature range (1°C to
85°C). Both the stability of the folded structure and the
cooperativity of the transition (measured by the transition
width) increase along the series. The thermodynamic pa-
rameters for folding of the 14-mer (Table 2) are remarkably
close to those found previously for the GB1 B-hairpin (AH =
—48.5kJmol !, AS = —163 Tmol ' K™ !). The entropy loss
of folding of the cyclic peptide is only slightly smaller than
that of the noncyclic peptide. This is somewhat surprising
given the restriction in conformational entropy imposed by
the cyclization of the structure. This result suggests that the
entropy change is dominated by side chain rather than the
backbone motions.

The T-jump relaxation kinetics observed for the cyclic
B-hairpin structures are remarkably fast. All three cyclic
peptides exhibit relaxation rates about two orders of mag-

TABLE 3 Kinetic parameters from T-jump measurements of the cyclic peptides

kops X 107 (s7H1S ke X 107 (s7h ko X 107 (s AH{* (kJ/mol)! AH,* (kJ/mol)?
6-mer 24 =04 1.0 =02 14 =02 - -
10-mer 15 %02 0.7 = 0.1 0.7 = 0.1 —17 £2 9+ 10
14-mer 1.1+ 0.1 0.8 = 0.1 0.3 = 0.03 —20%6 23 *6

tStandard deviations are reported.
“Relaxation rates measured at Ty = 51°C.
¥ Activation parameters are derived from Arrhenius plots.
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nitude greater than that observed for the B-hairpin of pro-
tein G under similar conditions (Mufioz et al., 1997). This
rate acceleration occurs in both the folding and unfolding
steps, and appears to be a consequence of cyclization.
Obviously, the cyclic peptides are constrained to adopt
compact structures even in the unfolded state. An estimate of
the rate at which a linear polypeptide samples such compact
conformations can be obtained from measurements of the
rate of contact of the ends of a polypeptide (Lapidus et al.,
2000). A flexible peptide of 16 residues is predicted to have
an end-to-end contact rate of ~10’ s_l, which provides
an upper limit for the rate at which GB1 samples com-
pact conformations. The folding rate of GB1 is much slower
(105 sfl), indicating that either the residence times in such
conformations are small until specific stabilizing interactions
are made, or that collapsed structures are quickly stabilized
but with the wrong registry and must rearrange over a barrier
to reach the correct fold. In contrast, the structure of the
cyclic peptides precludes the collapse process as a rate-
limiting step. In addition, the barrier to rearrangement of the
compact, unfolded conformations must be small in this case.

An important feature of the folding rates of this series of
cyclic peptides is that they are essentially constant with
peptide length (Table 3). The unfolding rate, in contrast,
shows a clear decrease along the series. These results suggest
that the free energies of the unfolded state and the transition
state do not change along the series, but rather the free
energy of the folded state is decreased, to yield an
increasingly stable folded structure, and a decreasing rate
of unfolding. The estimated propagation time (i.e., the rate of
making or breaking a single H-bond in a nucleated structure)
in a B-hairpin is 1 ns ! (Munioz et al., 1997). In addition, the
disruption of B-sheet H-bonds in response to a T-jump has
been reported to occur on a 1-5 ns timescale in ribonuclease
A (Phillips et al., 1995). If the macroscopic folding rate were
sensitive to this propagation rate, we would expect it to scale
with the number of H bonds in the structure, which it does
not. On the other hand, if the rate were dominated by the
folding of the turn structure, it should remain constant since
all three peptides have the same type II' B-turns. We
conclude that the folding rate is dominated by turn
formation.

The temperature dependence of the folding rates yields
a negative enthalpy of activation of folding for both the 10-
mer and 14-mer. Negative activation enthalpies are unusual
in chemical reactions because energy is required to partially
break covalent bonds in the transition state. Outer-sphere
transition metal electron transfer reactions having large
negative enthalpies of reaction have been shown to exhibit
negative activation enthalpies (Cramer and Meyer, 1974;
Marcus and Sutin, 1975). This observation has been ra-
tionalized within Marcus electron transfer theory as due to
more energetic states of the activated complex in this case
(highly negative enthalpy of reaction) being less reactive
than the less energetic ones (Marcus and Sutin, 1975). The
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molecular basis for the observation of negative activation
enthalpies in protein folding reactions, however, is less clear.
Negative activation enthalpies have been observed in the
kinetics of the folding of many proteins, including RnaseA,
lysozyme, chymotrypsin inhibitor 2, and barnase (Chen et al.,
1989; Hagerman and Baldwin, 1976; Oliveberg et al., 1995).
This behavior has been attributed to the difference in heat
capacity between the unfolded and transition states (ACIﬁ),
due to the formation of native-like hydrophobic interactions
in the transition state (Chen et al., 1989; Oliveberg et al.,
1995). The free energy of activation of the reaction is
temperature dependent because of the change in heat
capacity between the ground (unfolded) state and the
transition state. It has a minimum value as a function of
temperature, at which the folding rate reaches its maximum,
then begins to decrease again. Thus, the folding rate exhibits
a parabolic dependence on temperature, yielding an apparent
negative activation enthalpy at higher temperatures.

Negative activation energies have also been observed for
the folding of small peptide models, although the reason for
this is less clear than for the protein examples cited above
(Lednev et al., 1999; Muiioz et al., 1997; Werner et al.,
2002). The characteristic parabolic behavior of the Eyring
plot produced by ACp:F is not observed for any of these
peptide models, including the cyclic B-hairpin structures in
the present study. This is not surprising since the folding of
these structures does not involve substantial burial of hydro-
phobic side chains (with the possible exception of the linear
B-hairpin structure studied by Mufioz et al., which also
exhibits some curvature in the Arrhenius plot). This implies
that the transition state is stabilized by other interactions,
such as the formation of intramolecular H-bonds. Our results
also imply a substantial entropic barrier to folding, which
leads to a positive free energy of activation. The cyclic nature
of these peptides restricts the accessible conformations of the
polypeptide to relatively compact structures. Consequently,
the entropic barrier must arise from limited peptide backbone
degrees of freedom, loss of side chain mobility, and changes
in solvation of the transition state.

In summary, the cyclic peptides studied in this work
provide new insight into the mechanism of B-hairpin for-
mation. The folding rate of these cyclic peptides is signifi-
cantly accelerated over the rate of a linear peptide that forms a
B-hairpin. The folding of the cyclic peptides involves both
formation of the turn and the requisite cross-strand in-
teractions. These events occur on the tens-of-ns time scale,
two orders of magnitude faster than the linear GB1 system.
This observation supports the argument that the rate-limiting
step in the linear system is either stabilization of compact
collapsed structures or rearrangement of collapsed structures
over a barrier to achieve the native intrastrand registry.
Lastly, a negative value for the activation energy for folding
implies a transition state barrier that is primarily entropic in
nature, and therefore corroborates the idea of an organized
transition state. While the specific structural origin of these
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effects is not revealed in these experiments, it is likely due to
the presence of stabilizing native cross-strand interactions in
the transition state, including hydrogen bonds and hydro-
phobic contacts.
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