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Abstract

The nucleation event in a-helix formation is a fundamental process in protein folding. However,
determining how quickly it takes place based on measurements of the relaxation dynamics of
helical peptides is difficult because such relaxations invariably contain contributions from various
structural transitions such as, from helical to non-helical states and helical to partial-helical
conformations. Herein we measure the temperature-jump (T-jump) relaxation kinetics of three
model peptides that fold into a single-turn a-helix, using time-resolved infrared spectroscopy,
aiming to provide a direct assessment of the helix nucleation rate. The a-helical structure of these
peptides is stabilized by a covalent cross-linker formed between the sidechains of two residues at
the i and i+4 positions. If we assume that this cross-linker mimics the structural constraint arising
from a strong sidechain-sidechain interaction (e.g., a salt-bridge) in proteins, these peptides would
represent good models for studying the nucleation process of an a-helix in a protein environment.
Indeed, we find that the T-jump induced relaxation rate of these peptides is approximately (0.6
us)~ 1 at room temperature, which is slower than that of commonly studied alanine-based helical
peptides but faster than that of a naturally occurring a-helix whose folded state is stabilized by a
series of sidechain-sidechain interactions. Taken together, our results put an upper limit of about 1
us for the helix nucleation time at 20 °C and suggest that the subsequent propagation steps occur
with a time constant of about 240 ns.
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INTRODUCTION

The helix-coil transition is a fundamental event in protein folding. As such, numerous
studies have been devoted to investigating the dynamics and mechanism of monomeric a-
helix folding in solution.1-13 Though apparently one of the simplest folding processes, helix
formation proceeds through a complex mechanism thought to consist of, at the very least, a
nucleation step followed by a series of propagation events along the remaining length of the
chain.14-21 However, previous kinetic studies of the helix-coil transition using temperature-
jump (T-jump) methods were performed on a-helices that consisted of several helical turns,
making it difficult to dissect the key kinetic events in helix folding, due to the fact that a T-
jump induced relaxation process often involves re-equilibration between several
conformations, for example, between the helical and non-helical subensembles and between
different helical states. Thus, in order to directly assess the nucleation rate in helix formation
it is desirable to study the relaxation kinetics of short peptides that fold into a single a-
helical turn.
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It is well known that the stability of monomeric a-helices depends strongly on the number of
consecutively repeating o-helical units.22-28 This can be illustrated by expressing the
standard free energy for helix formation in terms of helix length:
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Where the penalty of —2AH?, . arises from the inability of peptide groups at the end of the

res

helix to form stabilizing i to i+4 hydrogen bonds, requiring a minimum helix length n to

compensate and provide an overall stabilizing AG, ;.. As such, very short a-helices can only
be stabilized by an external constrain that is positioned to bias the peptide backbone towards
the folded state through, for example, cyclization.2? Recently, Fairlie and coworkers3031
demonstrated such a strategy and showed that a series of pentapeptides can adopt a stable,
single-turn helical conformation in water when locked into a 20-membered macrocycle
through the formation of a sidechain (i) to sidechain (i+4) linkage (Figure 1). For instance,
the pentapeptide Ac-KARAD-NH, was shown to be highly helical in aqueous solution when
the Lys and Asp sidechains are acetamized to form an amide bond3! (the corresponding
cyclic peptide is hereafter referred to as cyc-KARAD). Interestingly, the helical structure of
cyc-KARAD was found to be stable even in the presence of 8 M guanidinium chloride but
unfolds at high temperatures, suggesting a potential desolvation effect of the cross-linker.
Thus, cyc-KARAD constitutes an interesting model for studying the kinetics of helix
nucleation via temperature perturbation methods. In addition, such cyclic peptides may have
an added advantage as they are akin to those containing a photo-switchable linker,32:33
which have been proposed as models of helical segments in proteins because the linker
provides constraints likely to be present in globular proteins.?1:32-35 Herein, we study the
relaxation kinetics of three cyclic peptides (i.e., cyc-KARAD, cyc-RKAAAD, and cyc-
RKMAAD) using a T-jump infrared technique®® and also perform molecular dynamics
(MD) simulations to show such constrained pentapetides indeed adopt an a-helical
conformation at low temperatures. Our results show that the T-jump induced relaxation rate
of these peptides is slower than that of (unconstrained) alanine-based helical peptides, but is
faster than that of a naturally occurring a-helix that is known to be stabilized by sidechain-
sidechain salt bridges. We also find that substitution of a bulkier sidechain into the sequence
slightly slows down the relaxation kinetics. Additionally, we employ a sequential kinetic
model and the relaxation rate of these cyclic peptides to estimate the timescale of helix
propagation.

MATERIALS AND METHODS
Peptide Samples

Peptides (i.e., Ac-KARAD-NH,, Ac-RKAAAD-NH,, and Ac-RKMAAD-NH,) were
synthesized using standard Fmoc-protocols on a PS3 automated peptide synthesizer (Protein
Technologies, MA). Cyclization of the Lys and Asp sidechains was accomplished using the
method of Shepherd et al.31 All peptide products were purified to homogeneity by reverse-
phase high performance liquid chromatography and then lyophilized. Multiple rounds of
lyophilization were then carried out to remove the residual trifluoroacetic acid (TFA) from
peptide synthesis and to ensure amide H/D exchange. Peptide solutions used in both CD and
IR measurements were prepared by directly dissolving lyophilized peptide solids in 10 mM
(CD) or 20 mM (IR) phosphate buffer (pH* 7) at concentrations of about 0.35 and 11.7 mM,
respectively.
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Circular Dichroism (CD) and Fourier Transform Infrared (FTIR) Measurements

CD measurements were carried out on an Aviv 62A DS circular dichroism spectrometer
(Aviv Associate, NJ) using a 1 mm sample cuvette. FTIR spectra were collected on a
Magna-IR 860 spectrometer (Nicolet, WI) using a two-compartment CaF, sample cell with
an optical pathlength of 52 um. Temperature control and other details of the FTIR setup
have been described previously.®

Infrared T-jump Apparatus

The time-resolved T-jump IR apparatus is the same as that described elsewhere? except that
in the current study a continuous wave quantum cascade laser (Daylight Solutions, CA)
served as the IR probe. The probing frequency was 1640 cm™1 and the T-jump was in the
range of 3-11 °C.

Molecular Dynamics (MD) Simulation

MD simulations were carried out using the NAnoscale Molecular Dynamics (NAMD)
program (version 2.5 b1)36 and the CHARMM22 force field.3” The peptide of interest was
immersed in 1932 TIP3P water molecules38 in a 40 A cubic box. Following an initial 1 ns
equilibration run at 298 K and 1 atm in the NPT ensemble, a productive run at 298 K in the
NVT ensemble was carried out. During the simulation, temperature (298 K) was controlled
by Langevin dynamics and the pressure (1 atm) was maintained by the Nosé-Hoover
Langevin piston pressure control method. In addition, periodic boundary conditions were
used to reduce edge effects. Nonbonded interactions with a cut-off of 12 A were calculated
every time step (2 fs) and full electrostatic interactions were calculated every two time steps.
The SHAKE algorithm was employed to constrain all bonds involving the hydrogen atom to
their equilibrium values and the full electrostatics were calculated every second step using
the particle-mesh Ewald (PME) method.39:40

RESULTS

Equilibrium CD and FTIR measurements

As shown (Figure 2), the far-UV CD spectra of the three cyclic peptides at 2.0 °C exhibit
two minima at approximately 206 and 218 nm, respectively. These data are consistent with
those reported by Shepherd et al.3! and indicate that these peptides predominantly adopt an
a-helical conformation at low temperatures. It is well known that the characteristic CD
spectral minima of exceptionally short a-helices are blue-shifted with respect to the typical
values (i.e., 208 and 222 nm) observed for longer o-helices.#! In addition, the CD spectra of
these peptides measured at 70 °C (Figure 2) are characteristic of disordered or random
structures,*? indicating that their a-helical conformations unfold at high temperatures.
However, similar to those observed for other monomeric a-helices the CD thermal unfolding
transition of these peptides (e.g., that presented in the inset of Figure 1 for cyc-KARAD) is
broad, due to a relatively small enthalpy change upon folding for such systems.

As shown (Figure 3), the FTIR spectra (in the amide I’ region) of cyc-KARAD and cyc-
RKAAAD consist of three resolvable bands. The two minor bands, centered at about 1590
and 1610 cm™1, respectively, can be assigned to v(CN3Hs5") and v,5(CN3Hs™) of the Arg
sidechain,*3 whereas the major band arises from the amide carbonyl groups. As shown
(Figure 4), the FTIR difference spectra of cyc-KARAD, which were generated by
subtracting the spectrum collected at 6.5 °C from those obtained at higher temperatures,
exhibit a dominant negative feature centered at 1640 cm~1 and a positive feature centered at
about 1668 cm™1. Because the latter is widely accepted as an indication of the formation of
disordered peptide conformations,** these temperature-induced spectral changes, which are
consistent with the CD results, indicate that the a-helical population decreases with
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increasing temperature and can be used to probe the conformational relaxation kinetics of
the peptide. Moreover, since fully solvated a-helices typically yield difference IR spectra
with a negative band centered at about 1630 cm~1 upon thermal denaturation,? this result
suggests that the helical amides of these cyclic peptides are less solvated presumably due to
the shielding effect of the sidechain-sidechain cross-linker, similar to the desolvation effect
of long charged sidechains (e.g., Arg and Lys).4%46 In addition, desolvation has also been
shown to increase the stability of a-helices.4”#8 Another possibility is, as has been
suggested by transition dipole coupling theories,*349:50 that this relative blue-shift is due to
the very short helical length of the cyclic peptide.

T-jump induced relaxation kinetics

Based on the FTIR results, the T-jump induced relaxation kinetics for these peptides were
probed at 1640 cm™1, where the folded helical conformation absorbs. As shown (Figure 5),
the T-jump induced relaxation proceeds in two distinct and well-separated phases, in
agreement with our previous studies on alanine-based peptides.”-9-11 The fast phase is fully
developed within the response time of the IR detector and thus is not time resolved.
According to our earlier interpretation, this unresolved kinetic phase likely arises from a
temperature-induced shift of the amide I’ band.? The slow phase, which is well-resolved
below approximately 45 °C, is attributed to a conformational redistribution process between
helical and non-helical conformations in response to the T-jump. While non-exponential
relaxation kinetics have been observed for alanine-based peptides® and photo-switchable
peptides,33:35 in the current case the T-jump-induced conformational relaxation can be
modeled satisfactorily with a single-exponential function convoluted with a 20 ns instrument
response function (Figure 5). However, similar to those observed for other helical
peptides, 1! the relaxation rate constants obtained here exhibit Arrhenius temperature
dependence with an apparent activation energy of about 12.4 + 0.5, 10.9 £ 0.7, and 10.6 +
0.3 kcal/mol for cyc-RKAAAD, cyc-KARAD, and cyc-RKMAAD, respectively (Figure 6).

MD simulations

To further confirm that these cyclic peptides fold into an a-helical conformation at low
temperatures, we performed two sets of MD simulations (A and B) of Ac-AARAA-NH,
with a starting structure having the typical backbone dihedral angles of an a-helix (i.e., ¢ =
—58° and y = —47°).52 Simulation A was carried out at 298 K for 60 ns, whereas simulation
B was run at 298 K first for 20 ns and then at 308 K for 10 ns followed by a production run
298 K for 30 ns. In addition, following the work of Paoli et al.,>3 in simulation B a 3.0 kcal/
(mol A2) harmonic constraint was added between the p—carbons of the Alal and Ala5
residues to mimic the sidechain (i) to sidechain (i+4) linkage. As shown (Figure 7), the
unconstrained model unfolded within the first 5 ns of the simulation (i.e., simulation A),
whereas the one with the harmonic constraint did not unfold during the first 40 ns of the
simulation (i.e., simulation B). While at a later time the constrained peptide briefly adopted
an unfolded structure with an RMSD close to that of the unfolded structure obtained in
simulation A, this result is not surprising since the simulation was carried out at a
temperature where both folded and unfolded conformations are expected to be significantly
populated (Figure 2). After returning to the folded basin, the dihedral angles sampled by the
peptide in the last 10 ns of the simulation were found to be distributed in the helical region
(i.e., ¢ and y ranging from —93° to —52° and —70° to —25°, respectively). Thus, these
simulation results support the notion that the folded state of the cyclic peptides studied here
is o-helical and their unfolded state has a random-like structure.>2
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DISCUSSION

The folding times of model alanine-based peptides have been well established to be on the
nanosecond timescale.”?0 In contrast, several photoswitchably-constrained a-helices33:35
and a naturally occurring a-helical peptide,®! whose folded state is stabilized by a series of
sidechain-sidechain salt-bridges and/or hydrogen bonds, have been shown to fold on the
microsecond timescale. Because in proteins a-helices are stabilized by inter- and/or intra-
strand sidechain-sidechain interactions, the folding of such conformationally biased or
constrained a-helical peptides may be a more realistic representation of the process of a-
helix formation in proteins.>* Herein, we further investigate the conformational relaxation
kinetics of three exceptionally short peptides, each of which folds into a single-turn a-helical
structure due to a cross-linker formed between the sidechains of two residue at the i and i+4
positions, and aim to provide a direct assessment of the nucleation time of a-helix formation.

Our results show that the T-jump induced relaxation kinetics of these cyclic peptides can be
fit to a single-exponential function and are independent of the T-jump amplitude, suggesting
that the underlying conformational transition occurs between well defined helical and non-
helical states. This notion is consistent with the study of Fairlie and coworkers,3! which
showed that at least three backbone hydrogen bonds are simultaneously required to maintain
the folded a-helical conformation. On the other hand, Hamm and coworkers have shown
that the conformational relaxation kinetics of a longer helical peptide with an azobenzene
cross-linker placed between residues i and i+11 exhibit stretched-exponential behavior with
relaxation times ranging from 0.4 to 3.3 s at 19 °C, depending on the position of the
spectroscopic probe. They attributed this distribution of relaxation times to conformational
heterogeneity in the unfolded ensemble.33:55 Thus, we believe that the conformational
simplicity of these cyclic penta-peptides makes them better candidates for estimating the
fundamental folding rate of a single-helical turn or the helix nucleation rate, especially for a-
helices that are stabilized by specific sidechain-sidechain interactions between residues i and
i+4. As shown (Figure 6), this view is supported by the fact that over the temperature range
studied the conformational relaxation of these peptides is slower than that of alanine-based
helical peptides,® but faster than that of a naturally occurring peptide, L9:41-74, whose
helical conformation is stabilized by a series of sidechain-sidechain interactions.>! For
example, at room temperature the relaxation time constant of cyc-RKAAAD is about 0.6 ps,
while those of alanine-based peptides!! and the L9:41-74 peptide** are about 0.2 and 1.2 ps,
respectively.

The folding and unfolding rates (k¢ and k) of a two-state folder can be deduced from the
experimentally determined relaxation rate (kg) if the free energy change (AG) of the
underlying conformational transition is known (because kg = ks + ky and Keq = ke'ky).
However, the CD thermal unfolding transitions of these cyclic peptides are rather broad
(Figure 2), owing to the small enthalpy change (AH) associated with the folding of a single-
turn helix. This makes accurate determination of AG(T) or Keq(T) difficult due to the
intrinsic uncertainty in determining the folded and unfolded CD baselines. Nevertheless, in
order to estimate the folding times of cyc-RKAAAD at different temperatures for
comparison with other studies, we fit its CD thermal unfolding curve to a two-state model°®
assuming temperature independent CD baselines. We found that the fit is satisfactory and
that the resultant thermodynamic parameters for unfolding are: AH = 7.7 kcal mol™1 and AS
= 26 cal K1 mol™1. Based on these values, we further estimated the folding times of cyc-
RKAAAD to be, for example, 1.2 and 2.6 us, at 20 and 5 °C, respectively. Recently,
Kiefhaber and coworkers®’ have studied the local folding-unfolding dynamics of a 23-
resdue alanine-based helical peptide using a triplet-triplet energy transfer technique. They
found that the local helix formation time (i.e., the formation time of a helical segment
between residues i and i+6) is approximately 0.4 ps at 5 °C. Thus, these findings suggest
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that the steric constraint arising from a cross-linker or a specific sidechain-sidechain
interaction (e.g., a salt-bridge) in a helical peptide can effectively reduce the rate of folding,
consistent with our previous study.>! The question then arises as to why such constraints
make the peptide fold slower.

In a related study, Caflisch and coworkers®3 compared the folding rates of a 16-residue
alanine-based peptide constrained either with an azobenzene cross-linker or with a simple
harmonic force constraint (i.e., an implicit cross-linker that does not impair sidechain
motions) via molecular dynamics simulations. Their results indicated that the azobenzene
cross-linker slows down folding (about 20 times compared to that obtained with the simple
harmonic restraint) due to steric hindrance rather than to a restraining effect on the two ends
of the helical segment.>3 Interestingly, our results show that over the entire temperature
range studied the T-jump induced relaxation rate of cyc-KARAD is indistinguishable within
our experimental uncertainty from that of cyc-RKAAAD (Figure 6), indicating that the long
Arg sidechain in this case does not impair folding. This finding does not necessarily
contradict the results of Caflisch and coworkers,3 but rather suggests that in the present
case the cross-linker has little, if any, hindrance effect on the motion of Arg. This is
consistent with the proposed folded structure of the cyc-KAAAD (Figure 1), which shows
that the third sidechain points away from the linker group.31 On the other hand, the
relaxation rates of cyc-RKAAAD and cyc-RKMAAD show a small but measureable
difference (Figure 6). For example, at 25 °C the relaxation time of cyc-RKAAAD is 0.42 s,
while at the same temperature cyc-RKMAAD relaxes in 0.63 us. These results indicate that
a bulky sidechain at the i+1 position (where i represents one end of the linker position)
slows down the rate of conformation relaxation, due to the proximity of the bulkier Met
sidechain to the cross-linker. This is in agreement with the finding of Caflisch and
coworkers®3 that steric hindrance exerted by the cross-linker on the motion of a sidechain to
its native state, which effectively increases the internal friction along the folding coordinate,
can decrease the folding rate.

Interestingly, the relaxation rate of these cyclic peptides is more similar to that obtained for
an a-helix (YGG-3V) undergoing cold denaturation below room temperature (in 10%
hexafluoroisopropanol (HFIP)). Werner et al.8 showed that the relaxation time of YGG-3V
in response to a T-jump from 1.2 to 23.2 °C is 0.63 pus, comparable to the relaxation time of
0.62 ps measured for cyc-RKAAAD at 23.4 °C. Since the fractional helicity of the YGG-3V
peptide changes from ~36% to 62% with a T-jump from 1.2 to 23.2 °C, these authors argued
that the measured relaxation time directly reports the rate of a-helix nucleation.

Thus, results of this and other relevant studies support the notion that the folding rate of
these cyclic peptides provides a realistic approximation of the a-helix nucleation rate,
especially for a-helices that are stabilized by strong sidechain-sidechain interactions. (It is
noted that for alanine-based peptides the helix nucleation rate could be faster.%8) In order to
further substantiate this claim, we simulated the relaxation kinetics of the L9:41-74 peptide
using the folding rate of cyc-RKMAAD as the helix nucleation rate. To simplify the
calculation, we employed a sequential kinetic model®® wherein the helix formation was
assumed to proceed unidirectionally from a single nucleation site with a site-independent
propagation rate constant, kp. In addition, we assumed that all of the microscopic unfolding
rate constants (k) have the same value. Specifically, the population relaxation kinetics of
the L9:41-74 peptide were simulated by numerically solving the following kinetic master
equation,

-3

dP, (1) <

- = Ky P (1
dt me (0 @)
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—Knum n=m=1
—ky n=m=[ -3
—(ku+kp) n=m# 1,1-3
Knm:

k, n=m+1

ky n=m— 1
0 n>m+lu<m—1 (3)

where | is the peptide length and was set to 33, while the nucleation rate constant, kpc, was
set to (1.2 us) ™1, and k, was set to (1.2 us)~1, both of which were estimated based on the
relaxation rate of cyc-RKMAAD at 20 °C. As shown (Figure 8), we found that the
normalized kinetic signal, S(t), which was determined from the fractional helicity of the
peptide as a function of time, i.e.,

-3

N G) =hZ B+n) P, ()
=2 (4)

where h is a proportionality constant, becomes almost indistinguishable from the
experimentally measured relaxation Kinetics of L9:41-74 when k, = (240 ns)~1. As expected,
this value is considerably slower than the propagation rate constant of (51 ns)~1 obtained by
Kiefhaber and coworkers for an alanine-based peptide.>’ Thus, this simple calculation
provides further evidence supporting the aforementioned conclusions and also an estimate of
the rate of helix propagation for the formation of a-helices that are stabilized by sidechain-
sidechain interactions.

CONCLUSIONS

The helix-coil transition Kinetics have been extensively studied by many laboratories using
various relaxation methods and peptide sequences. However, the a-helix nucleation rate
could only be inferred from these studies because they invariably employed a-helices
composed of several turns. Thus, the resulting relaxation kinetics do not directly report on
the folding rate of a single helical turn or the nucleation rate. In order to provide a direct
assessment of this key elementary Kinetic event in protein folding, we measure the T-jump
induced relaxation kinetics of three cyclic peptides (i.e., cyc-KARAD, cyc-RKAAAD and
cyc-RKMAAD) that adopt a folded a—helical conformation consisting of only one helical
turn. We believe, as others have previously proposed,33 that the folding kinetics of such
structurally constrained helical peptides may better represent the kinetics of helical structure
formation in proteins in which similar constraining effects arise from sidechain-sidechain
interactions. Our results show that the relaxation rate of cyc-RKAAAD over the temperature
range studied is indistinguishable from that of cyc-KARAD, but is slightly faster than that of
cyc-RKMAAD. This is due to the proximity of the bulkier Met sidechain to the amide cross-
linker compared to the Ala sidechain, further corroborating the idea that sidechain-sidechain
interactions between nearby groups can slow down the Kinetics of helix folding. A two-state
analysis further indicates that the folding time of cyc-RKAAAD is about 1.2 ps at 20 °C,
which we believe represents an upper limit of the helix nucleation time in proteins. In
addition, Kinetic simulations involving a sequential kinetic model further suggest that the
helix propagation time is about 240 ns.
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Figure 1.
The putative folded structure of cyc-KAAAD, which was constructed based on that
proposed by Fairlie and coworkers.31
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Figure 2.

CD spectra of the cyclic peptides in 10 mM phosphate buffer (pH* 7) at 2.0 °C, as indicated.
The difference in the amplitudes was due to the concentration difference. Also shown are the
CD thermal melting curve of cyc-KARAD measured at 218 nm (inset) and the CD spectrum
of cyc-RKMAAD obtained at 70 °C (open cycles).

J Phys Chem B. Author manuscript; available in PMC 2012 June 9.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Serrano et al.

Page 12

0.12

= cyc-KARAD
— cyc-RKAAAD

0.06

oD

1550 1600 1650 1700 1750

Wavenumber (cm™')
Figure 3.

FTIR spectra (in the amide I’ region) of cyc-KARAD and cyc-RKAAAD at 6.5 and 5.4 °C,
respectively.
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Figure 4.

Difference FTIR spectra of cyc-KARAD, which were generated by subtracting the spectrum
collected at 6.5 °C from those collected at higher temperatures in a step of 6-7 °C.
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Figure 5.

A representative relaxation kinetic trace of cyc-RKAAAD in response to a T-jump of 3.7 °C,
from 14.2 to 17.9 °C. The blue line is a convolution of the instrument response function with
the following exponential function: AOD(t) = A - [1- B - exp(-t /7)], withA=-1.9,B =
0.64 and = 0.71 ps.
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Figure 6.

Arrhenius plot of the T-jump induced conformational relaxation rates of the cyclic peptides
studied, as indicated. The corresponding smooth lines are the respective linear regressions of
these data. Also shown for comparison are the relaxation rates of an alanine-based peptide®
and a naturally occurring helical peptide L9:41-74,% as indicated.
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Figure 7.
The peptide backbone RMSD obtained from simulations A and B, as indicated.

J Phys Chem B. Author manuscript; available in PMC 2012 June 9.

Page 16



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Serrano et al.

Page 17

1.0
X!

= 9 O L9:41-74
= .
=1 '
on 2 — Simulation
3 ?
S 05 S
=
£
H
=
Z

0.0

0.0 2.0 4.0 6.0 8.0

Time (us)

Figure 8.

Comparison of the (normalized) relaxation Kinetics of the L9:41-74 peptide and the
simulated relaxation signal obtained with k, = (240 ns)~L. The L9:41-74 relaxation trace was
determined based on the kinetic parameter of Mukherjee et. al.**
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