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Abstract: We used UV resonance Raman (UVRR) spectroscopy exciting at ~200 nm within the peptide
bond & — z* transitions to selectively study the amide vibrations of peptide bonds during a-helix melting.
The dependence of the amide frequencies on their ¥ Ramachandran angles and hydrogen bonding enables
us, for the first time, to experimentally determine the temperature dependence of the peptide bond W
Ramachandran angle population distribution of a 21-residue mainly alanine peptide. These W distributions
allow us to easily discriminate between o-helix, 310-helix and z-helix/bulge conformations, obtain their
individual melting curves, and estimate the corresponding Zimm and Bragg parameters. A striking finding
is that a-helix melting is more cooperative and shows a higher melting temperature than previously
erroneously observed. These W distributions also enable the experimental determination of the Gibbs free
energy landscape along the W reaction coordinate, which further allows us to estimate the free energy
barriers along the AP melting pathway. These results will serve as a benchmark for the numerous untested
theoretical studies of protein and peptide folding.

Introduction have utilized pumpprobe spectroscopic techniques such as

temperature-jump fluorescence, IR, and UV Raman investiga-

; . tions often demonstrate single-exponential melfirfg? More
fundamental secondary structure dynamics of peptides and ; . . S
complex multiexponential and/or nonexponential behavior is

proteins in their conformational search between their folded and Iso sometimes observé&10 as are different kinetics for
unfolded structures. This conformational search has been studiea? : : o .
for well over 50 years. The basic theory, which modeled this -jumps between different initial and final temperatures. IR
transition was proposé d by Zimm and Br,égm d Poland and studies of peptides isotopically labeled at specific positions, also
Sheraga approximately forty-five years ago, envisioned a indicate that the different parts of polypeptide chains have

i . ' . different melting rate!-12 The time scale for melting appears
transition between an ordereehelix structure and a disordered .

i T " to be~200 ns, a long time compared to the sub-nsec expected
random coil structure. Cooperativity in the transition was ropagation times required to add or remove individuhelical
modeled through the assumption that the nucleation step forfesi?juges at thet-heli:(] ends
a-helix formation occurs at a higher free energy because of the '

entropic expense associated with restricting four amino acid Rfecentt.moliegular Qyn?]mlcs d(MD) St'mtmgtgg? fhel:;(
residues to occur in-helical conformation prior to compensa- conformational dynamics have demonstrate X mett-

The formation and melting ofo-helices are the most

tion by the intrahelix hydrogen bonding.

This theory, which appeared to adequately modéielix
stability is parametrized in terms of three parameteys,the
small nucleation parametes,the propagation parameter, and
N the length of the peptide. Experimental studies of typical
synthetic peptides which form-helices (such as peptides rich
in ala) indicate that ther-helix melting and formation is only
weakly cooperative, with melting temperatures of between 10
and 30°C.377 Recent kinetica-helix melting studies, which
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states such as turns;e3 and z-helices are involved as the
a-helix conformation nucleates, grows, and mé#s2 These
MD studies suggest that thesg and.r helical conformations,
as well as different turn motifs, are intermediatesoihelix

of peptides and proteins has uncovered a quantitative correlation
between the frequency of a particular vibrational band called
the amide 1l (Amlll 3) band and the peptide bond Ramachan-
dranW angle®® This quantitative correlation enables the direct

formation and melting, and can also be present as defects inexperimental monitor of motion along the major reaction

long a-helices.

A number of recent experimentathelix melting studies have
begun to challenge the standard view of théelix conforma-

coordinate for secondary structure evolution. Here, we utilize
this correlation to quantitatively monitor the different secondary
structures involved ie-helix melting and how they evolve with

tional dynamics discussed above. A major challenge is the cleartemperature. This enables us for the first time to monitor both

recent demonstrations thathelices do not melt to random coil

the change in averagehelical length and the presence of non

conformation$3-37 Rather, the unfolded peptides and proteins o-helical defects.

exist in PPIl conformation® 30 which consist of left-handed

helices with 3 residues per helical turn, where the peptide bonds

hydrogen-bond to waté# 53

In the work here, we utilize UV resonance Raman (UVRR)
spectroscopy with excitation within the peptide bond~ 7*
transition§* to selectively probe the vibrational spectra of the
peptide bond8>-58 Our recent examination of the UVRR spectra
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Experimental Section

Materials. The 21-residue alanine-based peptide AAAAA(AAARA)
(AP, also called Fs) was prepared (HPLC pure) at the Pittsburgh Peptide
Facility by using the solid-state peptide synthesis method. The AP
solutions in water contained 3 mg/mL concentrations of AP, and 0.2
M concentrations of sodium perchlorate, which was used as internal
intensity and frequency standards. All UVRR spectra were normalized
to the intensity of the CI©@ Raman band (932 cm).

UV Resonance Raman InstrumentationThe UVRR apparatus is
described in detail by Bykov et &.and Lednev et dl.Briefly, the
third harmonic of a Coherent Infinity Nd:YAG laser operating at 100
Hz with a 3 nspulse width was Raman shifted by five anti-Stokes
harmonics in 40 psi hydrogen gas to 204 nm to excite the amide band
UVRR spectra. The Raman scattered light was collected at an angle
close to backscattering and was dispersed with a partially subtractive
double monochromator. The Raman scattered light was detected by
using a Princeton Instruments Spec-10:400B CCD camera purchased
from Roper Scientific. The spectral accumulation times wet& min
with a spectral resolution of 10 cn™.

Results and Discussion

UVRR a-Helix-like Amlll 3 Band Dramatically Narrows
at Elevated Temperatures.Figure 1 shows the temperature
dependence of the 204 nm-excited UVRR spectra of a 21 amino
acid residue mainly ala peptide, AP, containing three arg for
solubility. This peptide is>55%a-helical at 0°C and less than
10% o-helical by 50°C.56 At 50 °C, the peptide is predomi-
nantly in the PPII conformatioff.

The measured UVRR spectra at different temperatures are
shown in Figure 1A, while Figure 1B shows spectra of the pure
PPII conformation at different temperatures. The 49 an8®5
Figure 1A spectra are essentially pure PPIl spectra, while the
lower temperature spectra are a mixture of PPII aridelix-
like spectra.

We previously calculated the underlying pure PPII spectra
at different temperatures, as shown in Figure 1B. Originally,
we incorrectly denoted these spectra as “random éditit later
showed that these are essentially pure PPIl spectra, although
minor contributions from various turns agdstrand conforma-
tions could also exist* The major temperature induced spectral
differences in the PPII spectra derive from small frequency shifts
owing to the decreased peptide bemwdater hydrogen bond
strength as the temperature increa¥é88! Figure 1C-F
difference spectra at different temperatures, which were calcu-
lated by subtracting off the PPII spectral contributions, look
a-helix-like ® but contain additional features.
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Figure 1. Temperature dependence of the Amide Ill region of the 204 nm

=]
excited UV resonance Raman (UVRR) spectra of AP: (A) experimental ‘¥ Ramachandran Angle ( )

spectra; (B) calculated temperature-dependent PPII spectra. Also shown isrjgure 2. Temperature dependence of the calculatebelix ¥ Ram-

the temperature dependence of the residuhelical spectra after removal  achandran angular distributions from the Figure-FCAP o-helix UVRR
of the PPII contributions: (C) 0C, (D) 10°C, (E) 20°C, and (F) 3C°C. spectra: (A) 0°C; (B) 10°C; (C) 20°C; (D) 30°C.
The Amlll; bands ofa-helix-like conformations are shown in blue.

_ ) _ tions from the UVRR Amll} profiles34:38.59.64Figure 2 shows
The high-temperature Figure 1A spectra and the Figure 1B {he temperature dependence of thie angular distributions

PPII spectra show a strong Amjlband at~1245, a minor  cqjcylated from the AmIybands of the Figure 1 UVRR spectra
Amlll; band at~1303, and a~1370 and 1394 crt doublet of AP.

from the G-H b of the PPII conformation. The Figure & The Figure 2W distributions shown in “blue-green” were

spectra area-helix-like. The a-helical spectrum shows an  gptained from the Figure H6F Amlliay band profiles using
Amllls band (which we denote AmBj) at ~1261, a~1306 the following expression developed for the interi@rhelix
Amlll; band, and a-1337 cnt* Amlll; band. Small bands at peptide bond&?

~1365 and 1387 crml may originate either from the GH
umbrella mode of ala side chaifis$2or derive from G-H b of o _ 1 —1:

minor turn orj-strand conformations (see later). The band at Viia(v) = [1244 cm (54 cm“sin(y + 260))] (@)
~1165 cn1? originates from the arg side chdihand is useful

as an additional internal standard band since its intensity should
be independent of temperature.

As shown in detail below, the 1228 and~1200 cnt bands
(30 °C), which increase in relative intensity with temperature
in Figure 1C-F, derive from turn (op-strand) conformation.
Thus, we designate them as Amil and Amllizrz bands.

The most striking spectral change with increasing temperature
is an~2-fold decrease in the AmH}; peak width with little
accompanying change in the relative peak heights. In addition,
the relative intensities of the Amit and Amlllzr> bands
increase with temperature. The decreased signal-to noise rati
(S/N) of the higher temperature-helix spectra (Figure 1E,F)
results from the decreasedhelical fractions of AP at 20 and
30 °C, compared to that at lower temperaturés.

Temperature Dependence of# Ramachandran Angle
Distributions of AP. We recently developed a method to
determine the peptide bor Ramachandran angular distribu-

Where\/"”‘,‘3 is the “o-helical” Amlll s frequency, which sinus-
oidally depends o angle.

The “blue-green” distributions ford-helical” peptide bonds
remain essentially identical between 0 and®@)(Figure 2A-
C), but begin to narrow and upshift as the temperature increases
to 30 °C (Figure 2D). If these distributions are modeled as
Gaussians; their averagé angle shifts from 48to 42, while
their bandwidth parametery, (half width at half-height),
narrows from 14.7 + 3.3° to 5.2 + 1.4° (Figure 2).

The Figure 2 magenta distributions were calculated from the
Amlll 3 bands of PPII conformations shown in Figure 1B, using
%he following expression for peptide bonds fully exposed to

ViR, T) = [1256 cm ™ — (54 cm 'sin(y + 26%)] —

—1
0.155(T~To)} (2)

(62) Lee, S.-H.; Krimm, SBiopolymers1998 46, 283—317. (64) Asher, S. A;; lanoul, A.; Mix, G.; Boyden, M. N.; Karnoup, A.; Diem, M.;
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where Vii'(,T) is the PPIl Amlls frequency, T is the
experimental temperature, aid is equal to 0°C.

The Figure 2W angle distributions shown in blue and
black, were calculated from the Amil and Amlllr, bands
shown in Figure 1EF using the average expression for peptide
bonds with an unknown hydrogen bonding pattern in water
solutions®®

Vig S, T) = [1250 cmi * — (54 cm 'sin@y + 26°))] —

0.0 (T~ Ty} @)

where all the parameters have the same physical meanings as

in the eqs 1 and 2.

Each of the Amllt; and Amlllr; bands gives two physically
possibleW angle solutions as shown in Figure 2. The Amill
band at~1228 cnm! (30 °C) gives a “blue”W distribution
which is either centered & ~ —5° (which would derive from
thei + 2 residue of either type I, l1l, II" turn$9), or ¥ ~
+133 (which would derive from thé + 1 residues of type Il
turns, thei + 2 residues of type VIII turns g8-strand&®). The
Amlll 2 band at 1200 cm' (30 °C) has solutiondl ~ +34°
(which would derive from the + 1 residue of type'lor I
turns, or tha + 2 residue of type Illiturns, or from an inverse
y-turn®d), or W ~ +94° (which would derive from the + 1
residues of type V turns, ang-strand conformatiortg. We
are working on developing a method to determinedhangle
to discriminate between these conformations.

The relative contribution of these turn (8fstrand) confor-

4TA
211%\:
Vil

Population Distribution (%)

1

-60°

-30°
¥ Ramachandran Angle (°)

V]
-90°

Figure 3. Temperature dependenceWfangular distributions fot-helical
“defects”, calculated by subtracting pueehelix (Figure 2D) from total
(Figure 2A-C) distributions: (A) 0°C; (B) +10 °C; (C) +20 °C.

subtraction is appropriate, because the individual peptide bonds
Raman scatter UV light in the AmlIl region independerfdy,
thus, the resulting UVRR spectra are the linear sums of
individual peptide bond contributions. Figure 3, which shows
the resultingW angle distributions at 0, 10, and 2TC,
demonstrates two relatively symmetric maxima at approximately
—28 and—58°.

mations increases as the temperature increases, while the The —28° maximum can be directly assigned ta-Belices

integrated intensity of the broadt*helix-like” Amlll 3y band
decreases and it§¥ angle distribution narrows. The intensities
of the turn (org-strand) bands are small, indicating concentra-
tions of less than 7% presuming UVRR cross sections similar
to that of thea-helix, or less than 3.5% presuming UVRR cross
sections similar to that of PP3L

Simultaneous Existence ofi-Helix, 3;0-Helix, and zz-Helix/
Bulge Conformations. The very broad Amldy W angle
distribution at low temperatures (Figure 2&) spans theP
angles of the @-helix and z-helix/bulge conformations. In
contrast, at 30C the bandwidth is only~50% larger than the
homogeneous bandwidth of 7.5 ctnwhich we measured for
a small peptide in a single well-defined crystal conformaftbn.

The APa-helical ensemble at 3T is centered aPyax =
—42° with a standard deviation ot5.2° (Figure 2D). This
+5.2° standard deviation is less than that found in the protein
data bank foro-helices in single-crystal proteif8.Thus, we
conclude that thed-helix-like” conformation of AP at 30C
is a pure homogeneouwshelical conformation, while at lower
temperatures additional conformations occur. The ¥wangle
standard deviation for the AP pure-helix conformation
presumably results from the high homogeneity of the AP
primary sequence.

The 3-fold broader é-helix-like” W angular distributions
(Figure 2A—C, “blue-green” distributions) compared to that at
30°C (Figure 2D) indicate the presence of additional conforma-
tions. We investigated the lower temperatudié angular
distributions by subtracting the 3@ purea-helix distribution
from the lower temperaturechelix-like” distributions. This

(65) Cartailler, J.-P.; Luecke, Fbtructure2004 12, 133-144.
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(type I turns) which havél and® Ramachandran angles of
—26° and —60°, respectively. Hydrogen bonding in theo,3
helix occurs between thth andi + third peptide bonds, making
the 3¢-helix more tightly coiled than the-helix. Our observa-
tion of 3;¢-helices agrees with the recent evidence fettlices
in ala-rich peptideg?.23-26.66-81

The W ~ —58° distribution most likely originates from
sw-bulges, which are known to be a common deformation in
a-helices®® Theser-bulges are short intrahelical deformations
involving “m-helix-like” hydrogen bonding between thit and
i + fifth residues. Though ideak-helices show® and ®
Ramachandran angles 669° and—57°, respectivelysr-bulges
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Figure 4. Melting/formation curves for AP major pure secondary structure
conformations: %) original (a-helix” melting curve as reported by Lednev
et al>6 which is a sum of individuak— 77— and 3¢-helical melting curves);
(red diamond) perfeati-helix melting; (green squarej@helix (type Il
turn) melting; (blue circle)r-bulge (z-helix) melting; @) PPII formation.
The lines through the points for ther*helix-like” conformations derive
from the Zimm-Bragg model as described in the text.
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showW angles close t& ~ —58°. Our observation ofr-bulges
agrees with recent reports anhelix/z-bulge conformations in
ala-rich peptideg!:25-27.30.80,82
We considered the possibility that thé angle distribution p=020(dedd) | N,
assigned tar-bulges instead resulted from the three N-terminal -60° 0Q° 60° 120° +180°
and three C-terminal residues afhelices which cannot fully o
intrahelix hydrogen bond. These peptide bonds, which are ¥ Ramachandran Angle( )
hydrogen bonded to water, would be frequency upshifted by 9 Figure 5. Relative Gibbs energy Iandscaries (GFEL) Ior AP at different
and 3 cm,respeciively, compared to those which nrahel e ()92, (0)10°C,(C):20°C,(0)150°C, lck e
hydrogen bond&® However, the high-temperature Figure 2D and PPII regions of the Ramachandran plot. The dotted blue line in the
a-helix distribution indicates that the terminal purehelix ¥ uncertain “turn” regions of the Ramachandran plot, assumes that the turns
angle conformations overap those of the certsaelix pepide [1, %1212 2% °_ 10,00 130, espectve, T i gren
bonds. Thus, we conclude that the terminal residues of the respectively. The red line shows the fit athelical part of GFEL using
a-helices do not contribute to tH&# = —58° distribution. the harmonic oscillator approximation. “PB” means “peptide bond”.
Different Melting Temperatures (Ty,) For a-Helix, 310
Helix, and zz-Helix/Bulge. If we assume identical Raman cross regions outside the six central AP peptide bonds, toward the
sections for the internal and terminalhelix residues, as well  ends of thea-helical segments. We can now reconsider the
as for the 3 andsz-helices, we can calculate the melting curves kinetic Raman melting studies of Lednev efaltho measured
for these conformations (Figure 4), as well as the temperature melting using ar-jump from 4 to 26°C. Figure 4 shows that
dependence of their Gibbs free energy landscapes (Figure 5)the w-bulges are the dominant melting species between these
The most striking feature of the Figure 4 melting curves is that temperatures. Thus, we now can conclude that melting of
o-helix melting now looks more cooperative, withTg ~ 45 m-bulges occurs with a relaxation time of 18060 ns at room
°C, a substantially largel,, than previously determined by @D  temperature. If thesa-bulges melted to PPII conformations
and Raman. Melting of the 3¢-helices andz-bulges is also directly in a two-state transition, we would estimatebulge
cooperative withT,, &~ 20 and 10°C, respectively. Previous  folding and unfolding rate constants as 4<010° and 5.2x
studies® unable to distinguish between these conformations, 1° s 1, respectively.
determined a much less cooperative average melting curve However, molecular dynamical studies indicate that the 3
which could be well fit by a Zimm and Bragg nucleation helix andsz-bulge conformations are transiemthelix defect
parameteryi, of ~8 x 10~4and a lowefT, = ~27 °C for the structures®27 which are less stable than the pusehelix
so-called &-helix”. As discussed later, we find that the Figure conformations and, therefore, melt at lower temperatures. Thus,
4 resolvedx-helix melting curve results in quite different Zimm  our estimation of rate constants using a 2-state model is
and Bragg nucleation and thermodynamic parameters. questionable. The stability ofighelix and=z-bulge conforma-
Recently, lanoul et &8 deuterium substituted the penultimate tions derives from the increased peptide bendter hydrogen
AP residues and demonstrated thatdhkelix-like penultimate  bonding stabilizatioff-38that occurs at lower temperatures for

o A~ @

segments melt at lower temperatures than do-~Héecentral the more solvent exposedghelices (type llI turnsy and
a-helical peptide bonds. This allows us to conclude that the s-bulges®®
3ig-helices andr-bulge conformations preferentially occur in Experimental Gibbs Free Energy LandscapesWe can

. utilize our calculated conformation population distributions
(82) Feig, M.; MacKerell, A. D., Jr.; Brooks, C. L., . Phys. Chem. 8003 (Figure 2) to calculate portions of the Gibbs free energy
(83) lanoul, A.; Mikhonin, A.; Lednev, I. K.; Asher, S. Al. Phys. Chem. A

2002 106, 3621-3624. (84) Sundaralingam, M.; Sekharudu, Y. Sciencel989 244, 1333-1337.
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Mikhonin and Asher

landscape (GFEL) along th¢' Ramachandran angle folding
reaction coordinate, applying the simple Boltzmann argurifent.
Figure 5 shows the resulting AP GFEL at 0, 10, 20, and@0
The black lines through circles show the well-determined
portions of the GFEL in thei-helix and the PPII regions of the
Ramachandran plot. The red line shows the fitudielical part

of the GFEL using a harmonic oscillator modse} = Gg, +
k(P — Wp)%/2. This fit allows us to estimate the torsional
restoring force constanky) for a perfecta-helix conformation

at 30°C: ky ~ 92 J/ded.

The dotted blue line in Figure 5 shows a very roughly
estimated GFEL in the “turn” regions of the Ramachandran plot,
assuming that the assigned turns T1 and T2 exi4t at —5°
and +34°, respectively. In this case, it is not possible to
determine the portion of GFEL betwe#hvalues of~60° and
10Q, nor to reliably determine the free energy barrier between
thea-helix and the PPII conformations (6@ 10C, Figure 5).
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Figure 6. Relative Gibbs free energies ofgthelix ands-bulge at+20
°C as a function ofV angle. Black line through circles shows the calculated
GFEL obtained from the Figure 3C distributions. The red line shows the

However, we can estimate that the barriers at other angles ardit of these data points to a harmonic oscillator model. “PB” means “peptide
' bond”.

<12.5 kJ/(molpeptide bond) (kJ/(mePB)).

The dashed green line in Figure 5 shows another option for

the GFEL in the “turn” region of the Ramachandran plot, which
assumes that the turns T1 and T2 festrands) exist a¥ ~
+133 and +94°, respectively. Under this assumption, we
estimate that the free energy barriers betweerotielix and
PPII conformations lie between 9 and 14 kJ/(rd).

The experimental Figure 5 AP GFELSs are qualitatively similar
to those theoretically estimated by Young and Brééfsr Ace-
(Ala);-NMe (n =4, 5, 10, 15) in water. However, the Figure 5
GFELs, in addition to pure-helix and 3q-helix conformations,
also include contributions from a-bulge conformation. It is
striking that the Figure 5 activation free energy barriers-@d
to 12 kJ/(moiPB) are essentially identical to that of Young and
Brookg? (~2 to 3 kcal/((moiPB)). However, we find that the
apparent Gibbs free energy difference betweerotelix and
3ig-helix conformations is~2 kJ/(motPB), which is smaller
than the~0.6 to 1.6 kcal/(molPB) values calculated by Young
and Brooks? as well as the-1 kcal/(motPB) calculated value
of Tirado-Rives et af!

Applying the similar Boltzmann distribution argume#tyve
can use, for example, the Figure 3GyBelix and sz-bulge
peptide bond distribution to estimate their relative Gibbs free

energies, which allows us to determine the torsional constantsperfecto-helix sz = ~107° somewhat less than thg:

for the 3-helix and ther-bulge/helix conformations (Figure
6). We find torsional constants,, ~ 146 andk, ~ 33 J/ded
for the 3g-helix and ther-bulge at 20°C, respectively. Thus,
the more tightly coiled the “helical” structure, the larger is its
torsional force constank{ < k, < ks,,), as expected.

Insights into Complex Melting Kinetics of AP-like Pep-
tides. Our results provide new insights into the melting
phenomena ofi-helices. The obvious population heterogeneity
of the low temperature-helix-like ensembles should contribute

to complicated multiexponential and/or nonexponential kinetics

for a-helix melting, which is, in fact, observed for similar
peptides’® This population heterogeneity clarifies why the
observedx-helix kinetic melting in these peptides depends on

the initial and final temperatures; complicated kinetic behaviors

occur for low initial T-jump temperatured? whereas at the
higher initial sample temperatures, the purehelix shows
essentially monoexponential kinetic meltihg.
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In addition, the recent kinetic studies of Decatur and
co-workers12suggest that the ala-rich peptides show different
monoexponential relaxation times for different isotopically
labeled segments of the ala-rich chains, which clearly suggests
that the melting of these peptides is not a simple two-state
process.

Our melting studies here simply explain the anti-Arrhenius
melting kinetics observed by Lednev et°dFolding kinetics
are fast at low temperatures where relaxation involygf8lices
and w-bulges melting to PPII conformations. In contrast, the
higher temperature meltingjumps sampled only pure-helix
melting which was slower. The kinetic measurements were
unable at that time to differentiate melting of these different
conformations. We describe the origin of this anti-Arrhenius
behavior in a forthcoming publication.

Zimm—Bragg Parameters for a-Helix, 3;0-Helix, and
m-Helix/Bulge Conformations. We can compare the Zimm and
Bragg apparent nucleation parameters for these structures and
estimate the melting enthalpies and entropies. The system is
underdetermined so that these parameters are not independent.
Since the perfeat-helix melting is more cooperative than that
of the “so-calledo-helix” (Figure 4), we will assume that the

~8 x 1074 reported by Lednev et 8lThe entropic cost for
forming the first hydrogen bond i@ ando-helices is counted

in the nucleation parameter;. Sheinerman and Brodksargued
that two additional dihedral angles must be restricted to initially
form a 3g-helical turn, while four additional dihedral angles
must be restricted to initially form aa-helical turn. This led
them to estimate that the nucleation parameter for tpd&lix

iS wiza, & (5770)°° Applying this argument to a-bulge we
estimate thaty - ~ (v7«)5, since six additional dihedral angles
must be restricted to form first-helical turn. Thus, takingi

~ 1075, we estimateys,, ~ 3 x1072 and.i, ~ 3 x 1078,
This approach allows for an adequate fit to the observed melting
curves for perfecti-helices andr-helices/bulges (Figure 4).
We find hydrogen bonding enthalpies&aH = —7.2 and—4.4
kJ/(motres) for the perfecto-helix and thez-helix/bulge,

(85) Sheinerman, F. B.; Brooks, C. L., 10. Am. Chem. So&995 117, 10098~
10103.
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respectively. We also estimate entropeS= —17.4 and-7.8 conformations melt prior to melting of pure-helices, since
J/(motK-res) for the perfecti-helix ands-helix/bulge, respec-  these conformations are proposed to be intermediates in the
tively. In contrast, the Zimm and Bragg model fails to adequately unfolding pathway. Apparently they are much more transient
describe the melting ofig-helices with physically reasonable at the highem-helix melting temperature.
nucleation and propagation parametggsands, although it is We estimated Zimm and Bragg nucleatian)and propaga-
possible to get an adequate fit (Figure 4). tion (s) parameters for perfecti-helix and z-helix/bulge
Alternatively we can constrain the enthalpy for all these conformations. A striking finding is that the AP pucehelix
structures to be—6.3 kJ/(moires) and then estimate the melts with much higher cooperativity and shows much higher
nucleation parameters and the entropies. This approach providesy,, ~45 °C, then was originally reported by G@and Ramas.

the nucleation parameters ofl x 1077, 1 x 10°% and 1x We were able for the first time to experimentally monitor the
105, for a-helix, 3i-helix, andz-helix/bulge, respectively. We  Gibbs free energy landscapes and the free energy barriers on
also estimate entropies of approximately.9, —7.8, and—14.6 the AP melting reaction pathway. These experimental measure-

Jli(motK-res), respectively. Assuming the same enthalpies we ments should serve as a benchmark for theoretical studies of
find that the nucleation parameters follow a trend, exactly protein folding. Future equilibrium and kinetic studies of
opposite of that expected by Sheinerman and Br8akghat- isotopically edited peptides will allow us to more deeply
ever the case, the melting ofhelix-like AP is definitely far examine “-helix” to PPIl melting, as well as other peptide
from a two state transition. Thus, the physical meaning of these hackbone conformational transitions.

Zimm and Bragg parameters is no longer straightforward.
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