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UV Raman Spatially Resolved Melting Dynamics of Isotopically Labeled Polyalanyl
Peptide: Slow a-Helix Melting Follows 3o-Helices and z-Bulges Premelting
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We used UV resonance Raman (UVRR) to examine the spatial dependence of the T-jump secondary structure
relaxation of an isotopically labeled 21-residue mainly Ala peptide, AdP. The AdP penultimate Ala residues
were perdeuterated, leaving the central residues hydrogenated, to allow separate monitoring of melting of the
middle versus the end peptide bonds. For 5 to 30 °C T-jumps, the central peptide bonds show a ~2-fold
slower relaxation time (189 &£ 31 ns) than do the exterior peptide bonds (97 £ 15 ns). In contrast, for a 20
to 40 °C T-jump, the central peptide bond relaxation appears to be faster (56 = 6 ns) than that of the penultimate
peptide bonds (131 & 46 ns). We show that, if the data are modeled as a two-state transition, we find that
only exterior peptide bonds show anti-Arrhenius folding behavior; the middle peptide bonds show both normal
Arrhenius-like folding and unfolding. This anti-Arrhenius behavior results from the involvement of s7-bulges/
helices and 3o-helix states in the melting. The unusual temperature dependence of the (un)folding rates of
the interior and exterior peptide bonds is due to the different relative (un)folding rates of 3;o-helices, a-helices,
and s-bulges/helices. Pure o-helix unfolding rates are ~12-fold slower (~1 us) than that of s-bulges and
3 0-helices. In addition, we also find that the a-helix is most stable at the AdP N-terminus where eight
consecutive Ala occur, whereas the three hydrophilic Arg located in the middle and at the C-terminus destabilize

the o-helix in these regions and induce defects such as 7-bulges and 3;¢-helices.

Introduction

The classical picture of a-helix melting envisions an elemen-
tary process whereby individual peptide bonds at the ends of
the a-helix rotate from conformations with a-helical Ram-
achandran W and @ dihedral angles to random coil conforma-
tions with uncorrelated, but allowed Ramachandran W and ®
dihedral angles.! 3 This melting also involves breaking the intra-
o-helical hydrogen bonds. This highly simplistic view is the
basis for the standard theories that are used to model the
cooperativity in melting from the a-helix to its melted confor-
mational state(s). This helix <> coil transition for short helix-
forming peptides has recently been the subject of numerous
experimental*—>2 and theoretical’>~!!¢ investigations.

This simple view of a-helix melting is now being challenged,
because it appears that simple a-helical peptides in aqueous
solutions often melt to predominantly PPII-like conforma-
tions, 17124 which are stabilized mainly by peptide bond—water
interactions.!7-1257128 Whether unfolded proteins and peptides
exist in “PPII-like” or “random coil” conformations is in active
debate in the protein and peptide folding community. However,
most recent publications support the existence of PPII-like
conformations in proteins'2h1297132 and peptides.!!7~124133-139
Fewer studies support the existence of random coil conforma-
tions.®>1%0 As pointed out in recent reviews, 123126141142 ynfolded
peptides and proteins show strong CD signals, which are hard
to understand if these unfolded peptides and proteins were truly
disordered. In addition, these CD spectra are similar to those
found for Polypro. Further, even single peptide bonds of
dipeptides in aqueous solution, which were previously expected
to be disordered, have recently been found to also show PPII-
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like spectra.!3¢-137 Thus, we conclude that there is no convincing
evidence in favor of melting to, or even for the existence of,
random coil peptides in solution.

Thus, the standard theories for a-helix formation and melting
must be modified to include the fact that the transition is not
between an ordered o-helix and a disordered random coil
conformation, but rather, the transition is between two ordered
conformations. Further, this transition must be more complex,
because at least one additional interfacial state must occur to
connect the a-helix segment to the PPII segment due to the
steric features that prevent any simple connection.®®

Given these complications, it is somewhat surprising that
existing theory predicts the o-helix melting behavior pretty well.
In most cases, the melting relaxation kinetics appears to follow
a single-exponential decay.*~610:13=15,17.18.21.26 Tt should, how-
ever, be noted that clear departures from simple theory to date
have been observed, such as an a-helix peptide position
dependence for the melting kinetics by Werner et al.’s,!® Huang
et al.’s,3> and Ramajo et al.’s?® time-resolved IR isotopically
(C=0)-labeled spectral study of the unfolding kinetics of ~20-
residue a-helical peptides. In addition, Huang et al.3?>73* and
Bredenbeck et al.??> found evidence for nonexponential relax-
ation. Theoretical models have been proposed to explain the
observed nonexponential kinetics.3363

We recently used UV resonance Raman (UVRR) spectro-
scopy’ to examine the spatial dependence of melting of an
isotopically labeled mainly Ala a-helical peptide, AdP. UVRR
spectroscopy is a powerful method to quantitatively determine
peptide secondary structures.*7-133:1437133 JV excitation within
the peptide bond 7” — s* transition selectively enhances a
number of amide vibrations whose frequencies and intensities
report on the polypeptide backbone conformation,13%143-145,154=157
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The UVRR spectra are highly resolved. Laser induced temper-
ature-jump (T-jump) kinetic UVRR measurements allow de-
tailed studies of peptide unfolding.*® In these studies, the
temperature of the peptide aqueous solution is increased within
nanoseconds by an IR laser pulse whose wavelength is
completely absorbed by a water combination band. The tem-
perature increase initiates peptide unfolding. A subsequent 204
nm UV excitation pulse at the appropriate delay time after the
T-jump excites the UVRR spectra.

These UVRR spectra can be used to monitor the relaxation
of the peptide conformation. For natural abundance AP, we
previously observed*~¢ a simple moderately cooperative melting
curve with apparently simple single-exponential relaxation
kinetics (~200 ns). The only indication of complexity in the
kinetics came from a two-state analysis of the temperature
dependence, which demonstrated an anti-Arrhenius temperature
dependence for the a-helix folding rate constant. The relaxation
kinetics observed were similar to the melting behaviors observed
for similar a-helical polypeptides.4~6-10:13715.17,18.21

In a previous study, we isotopically labeled AP in order to
separately monitor the end peptide bonds melting versus that
of the interior peptide bonds.” We found that the central peptide
bonds have a higher equilibrium melting temperature than do
the end peptide bonds. In the work here, we directly examine
the spatial dependence of unfolding kinetics for this partially
deuterated peptide, AdP. As discussed below, we find faster
relaxation kinetics for the end peptide bonds compared with
the middle for a 5 to 30 °C T-jump. In contrast, we find slower
relaxation kinetics for the end peptide bonds compared with
the middle for the 20 to 40 °C T-jump. We find that this
behavior results from different relative contributions in the
different regions of slower melting pure o-helices and faster
melting s-bulges and 3jo-helices to the observed melting
kinetics.

The AdP kinetic data can be adequately fit by single
exponentials, within the S/N of our data. However, if we apply
a two-state model similar to that of Lednev et al.,* we calculate
strong anti-Arrhenius behavior for folding of the end peptide
bonds, whereas the middle peptide bond (un)folding shows a
normal Arrhenius behavior. This apparent anti-Arrhenius be-
havior results from involvement of additional states. These
results are consistent with recent evidence that the ends of AdP-
like peptides are frayed.”-1223.25:28,29.31,37.43,75.80 We successfully
model the observed anti-Arrhenius behavior by taking into
account m-bulge and 3j¢-helical conformation melting, in
addition to that of the pure a-helix. This model is supported by
recent studies by us and others, which report evidence for 3¢-
helix3672 7486158171 and zr-helix/bulges7-9%-166.171-174 conforma-
tions in Ala-rich peptides. Further, our model also explains the
complicated nonexponential behavior observed earlier by Huang
et al.3* and Bredenbeck et al.?? for similar peptides.

Materials and Methods

Materials. The partially deuterated 21-residue alanine-based
peptide (AdP) as well as its natural abundance analogue AP
(also called Fs) were synthesized by AnaSpec. Inc. The eight
terminal Ala at the amino end and the six terminal Ala at the
carboxyl end of the AdP peptide were perdeuterated while
maintaining a non-deuterated center (AgAqAqAdAdaAdaAdAg-
RAAAA-RAGAA4A-RAGA 4, where the bold letters label the
2,3,3,3-deuterated residues).

The AdP purity as well as the position of deuterated amino
acid residues was independently verified by MALDI MS
analysis kindly performed by Anton Karnoup (The Dow
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Chemical Company, Midland, MI). Analysis was carried out
using a Voyager DE-STR MALDI-TOF mass spectrometer
(Applied Biosystems) operated in reflectron and post-source
decay (PSD) modes.

T-Jump Raman Spectral Measurements. The UV Raman
spectrometer is described in detail elsewhere.*!”> Briefly, the
third harmonic of a Coherent Infinity Nd:YAG laser operating
at 90 Hz with a 3 ns pulse width was Raman-shifted 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 dispersed with
a partially subtractive double monochromator. The Raman
scattered light was detected by using a Princeton Instruments
Spec-10:400B CCD camera (Roper Scientific). We used spectral
accumulation times of ~5 min with spectral resolutions of ~10
cm™l,

To selectively heat the water solvent, we Raman-shifted the
1.06 um Nd:YAG fundamental to 1.9 um (first H, Stokes shift)
by using a 1 m Raman shifter (Light Age Inc.; 1000 psi Hy) to
obtain 1.5 mJ pulse energies at our 90 Hz repetition rate. This
1.9 um excitation is absorbed by a water combination band,
and the energy is thermalized in picoseconds by vibrational
relaxation.

We studied T-jumps from 5 to 30 and from 20 to 40 °C.
These T-jumps were obtained by focusing the 1.5 mJ 1.9 um
laser pulses to a ~300 um diameter spot in the flowing sample
stream. To ensure that the Raman signal was obtained from the
sample volume maximally heated by the IR pulse,* we adjusted
the sample absorbance at 204 nm to 40 cm™! by utilizing a 15
mg/mL concentration of AdP.

We independently verified the magnitude of the T-jump by
measuring the pump beam energy dependence of the 204 nm
excited ~3000 cm™! water Raman band. This band shows a
large, well-known frequency and band shape temperature
dependence.*!7%!77 We constructed a T-jump calibration curve
as described by Lednev et al.* by using the UVRR water
difference spectrum in the presence versus absence of the IR
pump beam to determine the actual T-jump in the probed
volume.

There exist low temporal frequency variations of the measured
Raman spectral intensities that can interfere with the T-jump
spectral measurements. These variations may derive from
variations in the UV laser pulse energy at the sample.
Alternatively, this variation may derive from low-frequency
motion of the sample stream, which may correlate with changes
in the sample stream surface. We found that we could remove
this fluctuation in the spectra by measuring for each time delay
two duplicate T-jump spectra that were bracketed by identically
measured cold spectra where the T-jump pump pulses were
blocked. We only accepted as valid T-jump spectra that were
bracketed by essentially identical cold UVRR spectra. This
allowed us to ignore the set of fluctuations that did not span
the time scale of repeated T-jump measurements.

Uncertainties in the Nonlinear Parameter Estimation. We
determined the secondary structure composition from the steady
state and transient spectra for the AdP C,—H peptide bonds in
the center and for the C,—D penultimate amide bonds by fitting
the experimentally measured spectra to a linear combination of
the four basis spectra of the a-helix and PPII conformations of
the Cq—H and Co—D peptide bonds, as determined earlier.'*’
The fits were obtained by using least-squares criteria. In this
modeling, we assume that each of the amide groups scatter
independently!7® and that the spectra derived from the previously
determined basis spectra of the a-helix and PPII conforma-
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tions,*12%:143 taking into account that the PPII basis spectra were
previously* incorrectly assigned to a “random coil” conforma-
tion.

We deconvoluted the 82 °C PPII spectrum of AdP into a
minimum number of bands as in Lednev et al.* We then
determined the temperature dependence of the band intensities,
bandwidths, and frequencies in spectra measured of AdP at 52,
62, 70, and 82 °C, temperatures at which AP and, thus, AdP is
predominantly PPIL.*%120 We assumed that this observed linear
temperature dependence extrapolates down to 0 °C and calcu-
lated the pure temperature-dependent PPII spectra of AdP.
Because the individual PPII peptide bonds independently
contribute to the UVRR spectra,!’® the AdP PPII spectra have
a 35% contribution from the Co—H PPII peptide bonds (7 out
of 20 bonds) and a 65% contribution from the C,—D PPII
peptide bonds (13 out of 20 bonds). We subtracted the necessary
amount of the temperature-dependent C,—H AP PPII spectra
from the AdP PPII spectra to uniquely calculate the temperature-
dependent C,—D AdP PPII spectra.

We know that AdP is ~53% o-helix-like at 5 °C.467:171
Because AdP contains 35% Cy,—H peptide bonds and 65%
Co—D peptide bonds and the C,—H b Raman band derives only
from the Cq—H peptide bond PPII Raman spectrum,*144.145.154
we can determine the Co,—H PPII fraction at 5 °C directly from
the Cq—H b band intensity. This C,—H PPII fraction knowledge
allows us to directly estimate the C,—D PPII and C,—H o-helix-
like fractional compositions. We can also calculate the pure
Co—D peptide bond o-helix-like basis spectrum by subtracting
the calculated 5 °C Cy—D peptide bond PPII spectrum, as well
as the calculated 5 °C C,—H peptide bond PPII and o-helix
spectra from the measured 5 °C AdP spectrum. We assume that
this a-helix-like basis spectrum is independent of tempera-
ture. 179

We estimated the errors in our secondary structure determina-
tions by calculating the Jacobian matrix as we iterate to the
best fit solutions.!80~182 To relate the parameter standard error
to the experimental error and to the Jacobian matrix we make
the following assumptions: The measured spectral data are
assumed to have the form

yiJ* =f(xl-;p1,p2,...) + €; (1)

where the errors ¢€; are assumed to be normally distributed
random values with standard deviation, ;. The second assump-
tion is that the true noiseless spectrum f(x;pi,p2,...) can be
exactly modeled as for the specific set of j parameters (p;,p2,
....p;j)- Under these assumptions, we express an uncertainty bound
for each individual parameter using information obtained from
the variance—covariance matrix ¢, which is approximated by
the Jacobian matrix!8!7183 evaluated at the sum of squares
minimum values p* which give rise to the best spectral fit
Sxipr*.p2*,...). Thus,

cp*) = C'p*) =[S (p*) Jp*)] )
where J is the Jacobian

Jiz/' = af(x,';pl,pz,...)/apj (3)

Equation 2 implies the additional assumptions: (1) that the
optimal function f(x;pi*,p2*,...) is well approximated by a
multidimensional Taylor expansion around the minimum, which
includes the curvature matrix C(p*) in its second-order term
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and (2) that C(p*) is, in turn, well approximated by the product
JH(p*) J(p*).182183

The estimated standard error of the parameter p; is
_ 2,172
0, = (Cj,% ) “)

where ¢j; refers to the diagonal element of the variance—
covariance matrix and y? is the reduced chi-squared statistical
parameter. 807183 »2 ig calculated as

3 v, = fGip o )T
, =0
= 5
x DOF )

where DOF is the degrees of freedom, DOF = n - j, as
previously described.!$*

Weighting the Least-Squares Fit. We performed weighted
least-squares fitting of the resulting calculated time-dependent
AdP Cy—H peptide bond and Cy—D peptide bond PPII
concentrations to single-exponential functions to determine
relaxation rates for the center and penultimate peptide bonds.
The weighted sum of squares to be minimized was evaluated
25185

n

Z wilt; —f(xl«;pl,pz,...)]z
i=0

x= (6)

n
Zwi

i=0

where the weights w; are calculated from the estimated variances
o7 in the fractions of AdP Cy—H peptide bond and Co—D
peptide bond PPII concentrations:

w; = (1/g)’ (7)

and ¢ is the kinetic delay time after the T-jump. Equation 4
estimates the standard error of the calculated parameter. The
reduced y° was obtained as

n

Z wily; _f(tiQPpPzw-)]z
i=0

r= - ®)
DOF Y w,
i=0

Results

AdP UV Resonance Raman Spectra. Figure 1 shows the 5
°C 204 nm excited UVRR spectra of aqueous solutions of the
21 amino acid residue peptides AdP and AP, where AP is the
natural abundance analogue of AdP. At 5 °C, AdP and AP are
~53% a-helix-like and ~47% PPIL467120.171 We previously
calculated the UVRR spectra of the individual a-helix-like and
PPII conformations.”'*> Most recently, we showed that the 5
°C o-helix-like conformations actually consist of ~24% pure
a-helix, ~20% s-bulges/helices, and ~9% 3¢-helices whose
spectra overlap (see below).!”!

As discussed in detail elsewhere,!*>!7! o-helix-like AP
conformations display a triplet of bands in the amide III region.
The 1261 cm™! Amlll;y band was originally'#’ assigned to the
“classical a-helix AmIII band” and involves mainly N—H b,
C—N s, and possibly C,—C s. However, we recently showed
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Figure 1. 204 nm UV Resonance Raman spectra of AdP (15 mg/mL)
and its natural abundance analogue AP (3 mg/mL) at 5 °C. The AP
solution contained 0.2 M NaClO,. The star marks an overlapping
molecular oxygen stretching band.

that this Amlll;y band has contributions not only from pure
a-helix conformations but also from overlapping bands due to
m-bulges and 3j¢-helices at 7 < 30 °C, which broaden the
AmllIl;y band.'”" The 1306 cm™! band was assigned to the
AmlII, vibration, which mainly involves C4,—C s, N—C s, with
possibly a small amount of C—N s and N—H b,!% and the 1337
cm™~! band was assigned to the AmIII; band, which derives from
a vibration mainly involving C,—C s and N—C s, with possibly
a small amount of C—N s.!%3 The a-helix-like AmlII band, which
occurs at 1542 cm™!, is mainly associated with C—N s and N—H
ib, and the 1647 cm™! a-helix-like Am I band involves mainly
C=(0 g.145.186

We demonstrated earlier'®’ that the AmIII band triplet of the
AP PPII conformation occurs at 1245 (Amllls), 1303 (AmlIL),
and 1337 cm™! (AmlIl,), with the 1245 cm™! band labeled as
the “classical AmIII band”. The PPII conformation of AP also
shows a doublet at 1370 and 1394 cm™!, which mainly derives
from C,—H b with maybe some contribution from CH; umbrella
modes. These Co—H bands are absent in the o-helix conforma-
tion 4:144,145,154,187

The AP PPII conformation AmII and Aml bands are upshifted
and broadened compared to those of the a-helix-like conforma-
tions.*1%> AmlI appears at 1558 cm™!, and Aml appears at 1655
cm~! in the PPII conformation. There are also relatively broad
Arg side chain bands, one of which occurs at ~1646 cm™! in
water and overlaps the AP Aml band.!”® In contrast, this Arg
band in D,0 is much sharper and occurs at ~1614 cm™!, well
separated from the Aml band.'’®

The AdP UVRR spectra are much more complex because of
contributions from both C,—H and C,—D peptide bonds, which
occur in both a-helix-like and PPII conformations. Mikhonin
and Asher!”® recently demonstrated that the peptide amide ITI—
Co—H bands region in the UVRR spectra result from the
independent UVRR contributions of the different peptide bonds.
Thus, the spectra of AdP can be considered to result from
independent scattering from C,—H and C,—D peptide bonds
in a-helix-like and PPII conformations.

The Co—D peptide bonds show UVRR spectra'#+!%5 that
differ from those of natural abundance AP mainly in an upshift
of the C,—D peptide bond amide III band envelope to ~1321
cm~!. In AdP, the 1321 cm™~! band dominates the amide III
spectral region (Figure 1). Deuteration of the Ala residue Co,—H
decouples the NH bend from the C,—H bending motion.'** The
resulting C,—D amide III band no longer shows a triplet but
displays a complex band shape with an increased Raman cross
section.”144145 The loss of Co—H bending coupling leaves this
band frequency insensitive to the peptide bond conformational
difference between the a-helix and PPII conformations.”-144145
However, the Raman cross section of this band is much larger
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Figure 2. T-jump difference UVRR spectra of AdP at different delay
times between the pump and probe laser pulses. These difference spectra
were obtained by subtracting the 10 ns delay time spectra from each
of the longer delay time spectra. (A) Difference spectra for a T-jump
from 5 to 30 °C. (B) Difference spectra for a T-jump from 20 to 40
°C.

for the PPII conformation'®> due to the hypochromism present
in the a-helix conformation.!88-197

Although the C,—H Ala CHj side chain umbrella bending
vibration contributes to the 1370—1400 cm™! spectral region, '8¢
the intensity in this region is dominated by the resonantly
enhanced Co,—H b doublet of the Co—H Ala PPII conforma-
tion.!20:145 Thus, changes in PPII concentration dominate the
intensity changes within this spectral region. Furthermore, the
CH3 umbrella UVRR bands are expected to be insensitive to
conformational changes in the peptide backbone, as shown
recently.!®

Transient AdP UVRR Difference Spectra. Figure 2 shows
a series of calculated UVRR difference spectra measured at
different delay times subsequent to a T-jump. The raw spectra
were obtained by measuring UVRR spectra at specified delay
times after the T-jump. The time delay difference spectra shown
in Figure 2 were calculated by subtracting a spectrum measured
10 ns after the T-jump from the individual time delayed spectra.
We utilized T-jumps that increased the sample temperature from
5 to 30 and from 20 to 40 °C.

We subtracted the 10 ns delay spectra from the original
T-jump difference spectra to selectively remove spectral changes
that derive from sample non-conformational temperature
changes.*~!20 We earlier showed that these non-conformational
changes derive from a decreased hydrogen bond strength to
water at elevated temperatures.»%120-135.145 Thig allows us to
concentrate on spectral alterations induced by conformational
changes, which occur at later times. Our previous AP studies*~%!20
clearly showed that no conformational changes occur until
longer (>50 ns) delay times.

The main Figure 2 UVRR difference features occur as bands
at 1320 and 1381 cm™! whose intensities increase with the time
delay after the T-jump. The 1320 cm™! feature derives from an
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Figure 3. (A) Calculated 30 °C pure secondary structure spectra of
AdP: Cy,—H peptide bond a-helix-like conformation (black); Co—H
peptide bond PPII conformation (brown); C,—D peptide bond a-helix-
like conformation (green); and Co—D peptide bond PPII conformation
(magenta). (B) Measured transient difference spectrum obtained after
a time delay of 10 us during a T-jump from 5 to 30 °C (red); also
shown is a best fit of AmIII—C,—H region (1200—1480 cm™') to a
linear combination of the AdP basis spectra shown in Figure SA (blue).

AmlIII band intensity increase from the C,—D peptide bonds
of AdP due to the increasing PPII concentration. Melting to
the PPII conformation results in hyperchromism!88~197 of the
resonant absorption band and a consequent hyperchromism of
the Raman cross sections.!* The 1381 cm™! intensity increase
results from the appearance of the C,—H b band of the AdP
melted Co—H PPII conformation.!2°

Modeling the Transient Temperature Dependence of AdP
Secondary Structure. We used the calculated AP and AdP pure
secondary structure-Raman spectra (PSSRS) to determine the
time delay-dependent secondary structure composition for each
observed transient AdP UVRR spectrum at each T-jump. Figure
3A shows the calculated temperature-dependent PPII C,—H
peptide bond and C,—D peptide bond basis spectra and the
temperature-independent a-helix C,—H peptide bond and C,—D
peptide bond basis spectra.»143

We did not attempt to resolve the underlying pure o-helix,
mr-helix/bulge, and 31¢-helix conformations recently discovered
by Mikonin and Asher!?! in these transient spectra given our
limited S/N. The affect of their contribution is to broaden the
Co—H peptide bond “a-helix-like” AmIIT; band.!”!

We can precisely determine AdP PPII fractions for the Co—H
peptide bonds using the basis spectra, because the C,—H b band-
(s) between 1380 and 1400 cm™! (Figure 4A) serves as an
isolated, extremely sensitive non-a-helical marker. 144145154 For
the Co—D peptide bonds, C,—D deuteration breaks the coupling
between the Co,—D b and N—H b motions, which makes the
Co—D AmlIII band frequency insensitive to the W Ramachan-
dran angle.'*+145 However, it is still possible to reliably find
the C,—D PPII fraction by using the normalized basis spectra,
because the intensity of the Co—D PPII AmlIII band is more
than 2-fold greater than that of the C,—D “a-helix-like” AmlIII
band (Figure 3A)'** due to hypochromic excitonic interactions
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Figure 4. T-jump relaxation of the total PPII concentration (A and B)
as well as the PPII concentrations of the end C,—D (C and D) and
center peptide bonds (E and F) due to T-jumps from 5 to 30 and 20 to
40 °C. Unfolding is monitored by changes in the relative compositions
of the basis spectra shown in Figure 3. The monoexponential relaxation
times are Ty = 114 & 46, Teng = 89 £ 17, and 7o, = 188 =+ 46 ns for
the T-jump from 5 to 30 °C and Tieta = 96 £ 39, Teng = 122 £ 51, and
Teen = 54 &+ 11 ns for the T-jump from 20 to 40 °C. The dotted lines
in Figure 4A, B are fits to the eq 15 kinetics for the total PPII
concentrations. These fits find the unfolding times, 17}, for 7-bulges
(or 31o-helices) of 109 £ 24 ns for the 5 to 30 °C T-jump and 61 + 23
ns for the 20 to 40 °C T-jump.

in the o-helix.'¥¥~197 Using this approach, we can reliably
estimate the PPII fractional compositions in AdP Co—H center
peptide bonds as well as in the C,—D end peptide bonds from
the different transient spectra shown in Figure 2 at different
delay times, ¢, subsequent to T-jumps from 5 to 30 and 20 to
40 °C.

AdP Monoexponential Relaxation Rates. Figure 4A, B
shows the time dependence of the calculated total PPII
concentration of AdP, as well as the individual end C,—D PPII
and the center C,—H PPII concentrations for the T-jumps from
5 to 30 and 20 to 40 °C, respectively. Using monoexponential
fitting for total PPII concentration (Cq—D plus Co—H peptide
bonds), we find the relaxation time (tr = kr ') of 116 & 17 ns
(Figure 4A, Table 1) for the T-jump from 5 to 30 °C, whereas
for the T-jump from 20 to 40 °C we find a 109 £+ 27 ns
relaxation time (Figure 4B, Table 1). These relaxation times
are identical (within the experimental error) to that found earlier
by Lednev et al.# for the AP peptide, the natural abundance
analogue of AdP. Specifically, Lednev et al.* found 180 + 60,
120 £ 50, and 70 =+ 30 ns relaxation times for T-jumps from
4 to 37 °C, from 4 to 48 °C, and from 4 to 64 °C, respectively.
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TABLE 1: Two-State Kinetic Parameters and Equilibrium
Constant for a-Helix < PPII Conformational Transition
Calculated for AdP C,—H Center, Adp C,—D End, and All
Adp C,—H + Cy—D Peptide Bonds

final T-jump
temperature ° C o
activation energy,
+30 °C +40 °C AG kcal/mol PB

relaxation time,

TR = (kr)"'/ns

Co—H+ Cq—D 116 £17ns 109 £ 27 ns 1.0£55

Cy—H center 189 £+ 31 ns 56 £ 6 ns 228 £3.6

Co—D ends 97+ 15ns 131 £46ns —5.6+73
equilibrium constant,?

KEQ= fppri/fu

Co—H+ Cy—D 3.35 5.25

Cy—H center 0.75 2.03

Cy—D ends 9.0 19.0
unfolding time constant,

Ty = (ky)~'/ns

Co—H + Co—D 150 £28ns 130 =39 ns 27+6.5

Cq—H center 440+ 100ns 84 £ 11ns 31.2+49

Co—D ends 108 £19ns 138+ 51 ns —4.6+7.7
folding time constant,

TF = (kp)"l/ns

Co—H+ Cy—D 502 £91ns 684 + 202 ns —58+6.5

Cy—H center 332+ 75ns 164 £+ 21 ns 13.3+£4.9

Co—D ends 971 £ 167 ns 2620 4 970 ns =187 +7.7

@ Equilibrium constant between a-helix-like and PPII conformations
(see text for detail).

As pointed out by Lednev et al.,* if the o-helix melting in
AdP were truly a two-state transition, the o-helix folding, &,
and unfolding, ku, rate constants could be simply calculated from
the “two-state” relaxation rate constant relationship kg = ky +
kr and from the two-state equilibrium constant Kgq = ku/kg
independently obtained from the measured equilibrium UVRR
spectra.*’ If we use the two-state model, then the Cq—H center
(un)folding rate constant shows a “normal” Arrhenius behavior.
In contrast, the C,—D ends folding rate constant decreases with
increasing temperature. This is an apparent anti-Arrhenius
behavior (with a negative folding activation barrier). As
expected, the end peptide bonds melt at lower temperatures than
do the middle peptide bonds.” However, our kinetic results are
quite unusual. For the 5 to 30 °C, we calculate a 2-fold faster
relaxation time for the end peptide bonds (97 & 15 ns, Figure
4C) than that of the middle (189 + 31 ns, Figure 4E). In contrast,
for the 20 to 40 °C T-jump, we calculate a somewhat slower
relaxation time for the end peptide bonds (131 + 46 ns, Figure
4D) than the middle (56 & 6 ns, Figure 4F).

If these data are modeled as if they result from a two-state
transition, we find that the folding rate constants for the AdP
end peptide bonds show the strong anti-Arrhenius behavior with
a negative activation energy barrier (Table 1). In contrast, we
find that all the (un)folding rate constants for the AdP center
peptide bonds show the normal Arrhenius-like behavior with
positive activation energy barriers (Table 1).

The anti-Arrhenius behavior of AdP ends folding rate
constants indicates that the AdP ends melting is clearly not a
two-state state process and that the additional states must be
involved in the a-helix melting. This is consistent with the recent
reports that indicate that the ends of AP and AdP-like peptides
are frayed.’122325.2820.31,37.43,75,80

In contrast, the normal Arrhenius-like behavior of AdP center
(un)folding rate constants, at first glance, could indicate that
the AdP center melting occurs in “two-state-like” mechanism.
However, the Table 1 calculated “two-state” activation energy
barriers of ~10—35 kcal/mol peptide bond (kcal/mol PB) are
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Figure 5. Melting/formation curves for AdP “a-helix-like” conforma-
tions. (x) Original “o-helix” melting curve as reported for the natural
abundance analogue of AdP, AP, by Lednev et al.,*® which is actually
the sum of the individual o-, 71-, and 3,¢-helical melting curves. (red
#) Pure o-helix melting. (green W) 3,o-Helix (type III turn) melting.
(blue @) 77-Bulge (7r-helix) melting. (®) PPII formation. Arrows show
the conformational differences spanned by the 5 to 30 and 20 to 40 °C
T-jumps. Adapted from ref 171.

TABLE 2: Total Equilibrium Concentrations of AdP
a-Helix-Like Conformations (Including Both C,—H and
C,—D Peptide Bonds) at Initial and Final T-jump
Temperatures

a-helix  s-helix/bulge  3,o-helix total o-helix-like

temperature fraction” fraction” fraction” fraction’
°C % % % %
+5 24 20 9 53
+30 23 0 0 23
Afo=1 Afz=20 Af10=9  Mfotatsio= 30
+20 22 11 6 39
+40 15 0 0 15
Afa: 7 Aj?,: 11 Af}](): 6 Aﬁx+n+310:24

9 We assume that AdP contains the same fractions of a-helix-like
conformations as its natural abundance analogue, AP.'”' ® As was
originally reported by Lednev et al.,*® because it was not possible at
that time to discriminate between the different a-helix-like conforma-
tions.

much higher than those of ~2—4 kcal/mol PB estimated earlier
for Ala-rich peptides both theoretically>®%%3 and experimen-
tally.17!

Below, we explain the unusual kinetic behaviors of both AdP
ends and the AdP center in terms of competition between the
slower melting pure o-helices and faster melting sr-bulges and
310-helices.

Discussion

We show that this apparent anti-Arrhenius behavior (Table
1) is the result of the failure of the two-state model to describe
both the conformational equilibrium and the dynamics of AP
or AdP melting. As shown, we can model the observed melting
behavior by including the melting of 3;¢-helical and s-bulge
conformational states,!”! in addition to that of the pure a-helix
(Figure 5 and Table 2). This modeling explains the observed
apparent anti-Arrhenius behavior (Table 1). The individual (un)-
folding rate constants for pure o-helices, zz-bulges and 3o-
helices show normal Arrhenius behavior (Table 3).
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TABLE 3: Kinetic Parameters for AdP Pure a-Helix, 7-Bulge, and 3;9-Helix (Un)Folding, Calculated from the Overall (C,—H
and C,—D Peptide Bonds) Kinetic and Equilibrium Data Using Eq 15, or from the Individual C,—H Center Peptide Bonds and
Cqo—D End Peptide Bond Kinetic and Equilibrium Data Using Eq 16

final T-jump temperature ° C

+30 °C +40 °C activation energy, AG kcal/mol PB

equilibrium constant,” Kgq = fepi/f«

Co—H + Co,—D 3.35 5.25

Cy—H center 0.75 2.03

Cyq—D ends 9.0 19.0
mono-exp relaxation time, 7r = (kr)~'/ns

Co—H + Co,—D 116 + 17 ns 109 + 27 ns 1.0+5.5

Cy—H center 189 + 31 ns 56 &+ 6 ns 22.8+3.6

Co—D ends 97 + 15 ns 131 £ 46 ns —5.6+73
pure conformation folding time, tr = (kr)~'/ns

pure a-helix? 4421 4+ 802 ns 3553 £ 1207 ns 41+72

st-bulge and/or 3o-helix® 7r > 109 ns 7 > 61 ns 4.14+72¢
pure conformation unfolding time, 7y = (kuv)~'/ns

pure a-helix? 1321 239 ns 677 £ 230 ns 12.6 +£7.2

st-bulge and/or 3o-helix® 109 £+ 16 ns 61 + 18 ns 11.0 £ 6.2
pure conformation relaxation time, (1/y + 1/t¢)”!/ns

pure o-helix? 1017 £ 148 ns 568 + 165 ns 11.0 +6.2

7-bulge and/or 3o-helix” 109 + 16 ns 61 & 18 ns 11.0 £ 6.2
relative contributions of slower pure a-helix

relaxation to the observed relaxation kinetics,

Afal%

Co—H + Co—D? 54+ 8% 29 + 14%

Co—H center 27 + 9% 7+ 12%

Co—D ends? -3 +9% 35+ 22%
relative contributions of faster ;7-bulges and 3;o-helix

relaxations to the observed relaxation kinetics,

Afz+310/%

Co—H + Co—D? 95 + 8% 69 + 14%

Co—H center 73 + 9% 93 £+ 12%

Co—D ends? 103 + 9% 65 +22%

9 These data are identical to those in Table 1. However, here, we recognize that for T = +30 °C the equilibrium includes only the pure o-helix

and the PPII conformations'”! (see text for detail). Data from Ianoul et al.” » We calculated these parameters from the overall (Co—H and Co—D
peptide bond) kinetic data using eqs 15A and 15B and the equilibrium data summarized in Table 2 (see text for detail). < We assume that the
activation energy barriers for both the s7-bulge and 3o-helix formation (folding) are equal to that of the pure a-helix, because formation of a-helix,
m-bulge, and 3,-helix conformations should start from the same (presumably PPII) basin and pass through the same intermediate “turn” region of
the Ramachandran plot. ¢ We calculated these parameters from the individual C,—H center and C,—D end peptide bond kinetic data using eq 16

(see text for detail).

Resolved AdP Equilibrium Melting Curves Show Melting
of o-Helix, 7-Helix/Bulge, and 3;o-Helix Conformations.
Recently, we showed that the “o-helix-like” UVRR spectra of
AP, which is the natural abundance analogue of AdP contains
contributions from s-bulges/helices and 3o-helices.!”! Figure
5 shows the melting curves for AP (and thus AdP) and
demonstrates that the pure a-helix, 7-helix/bulge, and 3(-helix
conformations have different melting curves. The s-bulges/
helices and 3p-helices melt at lower temperatures than the pure
o-helices and are fully melted by 30 °C. The decreased Ti,
values for the ;r-bulge and 3,¢-helix conformations results from
their less optimized intrapeptide hydrogen bonding compared
to that of the a-helix. The more solvent exposed 7-bulges!'*®
and 31¢-helices (type III turns)'*® populate due to the increased
peptide bond—water hydrogen bond strengths at lower temper-
atures,4120.135.145

The arrows in Figure 5 show the temperature intervals for
the 5 — 30 and 20 — 40 °C T-jumps; Table 2 summarizes the
equilibrium a-helical, 3¢-helical, and sr-bulge/helical fractions
of AdP at initial and final T-jump temperatures. Clearly,
different conformations are melting to the PPII conformation
at the different intial and final T-jump temperatures. These
different conformations have different (un)folding rates and
different relative contributions to the net AdP melting kinetics
at the different temperatures (Figure 5).

Below, we show that the AdP s-bulge and 3,¢-helix confor-
mations have ~12-fold faster unfolding rates than that of the

pure a-helix conformation (Table 3). Thus, the lower temper-
ature T-jumps predominantly sample the faster melting 7z-bulge
and 3o-helix conformations (Figure 5). In contrast, the higher
temperature T-jump (Figure 5) samples a larger fraction of pure
o-helix melting with slower (un)folding rates.

Pure AdP o-Helices at +30 and +40 °C Are Stabilized
by ~1.5 kcal/mol PB with Respect to 7-Bulges and 39-
Helices. Recently, we developed a method to estimate the W
Ramachandran angular population distributions of peptides and
proteins from their UVRR AmlIl; band profiles.!20:135,144171,179
These W angular population distributions can then be used to
estimate the Gibbs free energy landscapes (GFELs) along the
W angle folding coordinate.!3%171

Figure 6 shows the estimated GFELs for AdP at +30 and
440 °C, which are important in understanding the AdP kinetics.
The +30 °C AdP GFEL (Figure 6A) was estimated exactly same
way as for AP,'7! which is a natural abundance analogue of
AdP. To estimate the +40 °C AdP GFEL (Figure 6B), we
assumed that the W angular distribution of the pure a-helix at
440 °C has the maximum value of W = —42° and the same
halfwidth, o, of ~5° as that at +30 °C.!7! This is a reasonable
assumption, because we showed earlier that the ~11 cm™! half
width at half-height (hwhh) of the +30 °C a-helical AmlII;
UVRR band in water!”! is only slightly larger than the ~7.5
cm™! homogenous line width (HWHH) measured in peptide
crystals.!20
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Figure 6. Relative W angular Gibbs free energy landscapes (GFEL)
for AdP at different temperatures. (A) +30 °C. (B) +40 °C. Black
lines with circles represent well-determined portions of the GFEL in
the o-helix and PPII regions of the Ramachandran plot. The dotted
blue line in the uncertain “turn” regions of the Ramachandran plot
assumes that the turns T1 and T2 exist at ¥ ~ —10° and +30°,

respectively.!”’ The dashed green line assumes that turns T1 and T2
exist at ¥ ~ +130° and +90°, respectively.!”!

The black lines in Figure 6 show the well determined portions
of GFELs in the o-helical and PPII W angular regions. This
allows us to reliably determine the energy differences between
pure o-helix, m-bulge, and 3;o-helix conformations of AdP,
whose minima occur at W angles of —42°, —58°, and —28°,
respectively.!”! Specifically, we find that, at both +30 and +40
°C, the Gibbs free energies of m-bulges and 3¢-helices are
approximately equal to each other. In contrast, the pure a-helix
conformation is stabilized by ~1.5 kcal/mol PB with respect
to sr-bulges and 3jo-helices (Figure 6), as expected.’®?

The dotted blue line in Figure 6 shows a very roughly
estimated W angle GFEL in the uncertain “turn” regions of the
Ramachandran plot, by assuming that the detected minor turn
conformations occur at ¥ ~ —5° and +34°, respectively.!”! In
this case, it is not possible to determine the portion of GFEL
between W values of ~60° and 100°, nor to reliably determine
the energy barrier between the o-helix and the PPII conforma-
tions (60° to 100°, Figure 6). However, we can estimate that
the barriers at the other angles are <3.6 kcal/mol peptide bond
(kcal/mol PB).

The dashed green line in Figure 6 shows another option for
the GFEL in the “turn” region of the Ramachandran plot, which
assumes that the turns T1 and T2 (or S-strand) exist at ¥ ~
+133° and +94°, respectively.!”! Under this assumption, we
estimate that the energy barriers between the a-helix and PPII
conformations are between ~3.5 and 4.2 kcal/mol PB (Figure
6).

Below, we use Figure 6 GFELSs to relate the unfolding rate
constants of pure a-helix, 31o-helix, and sr-bulge conformations.

Model for the Summed C,—H and C,—D Peptide Bonds
AdP Kinetics. We expect that the relaxations of the 7, 39, and
o-helical conformations occur in parallel. This results in
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monoexponential relaxations for these conformations with
relaxation times, which are determined by their activation free
energy barriers, which separate each “o-helix-like” conformation
from the PPII basin conformation. We expect identical attempt
frequencies because the motions will involve similar W torsional
motions.

The relative contribution of each relaxation to the overall
kinetics is determined by the differences in equilibrium fractions
of each conformation between the final and initial T-jump
temperatures (Table 2).

Thus, the time dependence of the fractional PPII conformation
(summing both the C,—H and C,—D peptide bonds) subsequent
to the T-jump is

Joont (#) = £ ppu(e) = Af,, exp[— (kG + kD] —
Afyro expl—(" + k)] — Af, exp[—(kS + ki) (9)

where f ]Z;THT"(I) is the PPII fraction monitored at delay time ¢
for the T-jump between the initial, 7;, and final temperatures,
Ty /‘Q,“(oo) is the known equilibrium PPII fraction at 7% (Table
2); Afxzi10.0 = fr310.0(T7) — fr310.0(T¢) are the known differences
in the equilibrium fractions of the 7, 39, and a-helical
conformations at T} and Tt (Table 2). kﬁ"310’“ and k’i_f’“o’“ are the
unknown unfolding and folding rate constants of the sr-bulges,
310-helices, and o-helices, respectively, at Tt.

Inserting the corresponding o-helix, zz-bulge, 3,0-helix, and
PPII fractions from Table 2, we can describe the time
dependence of the PPII fractions for the 5 — 30 °C and 20 —
40 °C T-jumps:

Son (6) = 0.77 — 0.2 exp[— (k[ + k)] —
0.09 exp[—(k'* + &%) 1] — 0.01 exp[—(k% + k%)7] (10A)

2001 = 0.84 — 0.11 exp[— (K], + k)] —
0.06 exp[— (k' + k'%)] — 0.07 exp[— (k% + k7] (10B)
At the final T-jump temperatures of 30 and 40 °C, there are
essentially no sz-bulges and 3¢-helices left (Table 2 and Figure
5). Thus, k7, > k7 and k}/° > k'°, indicating that
Foei (1) = 0.77 — 0.2 exp[—k[f] — 0.09 exp[—k, 1] —
0.01 exp[— (k% + kD)f] (11A)

() = 0.84 — 0.11 exp[—klf] —
0.06 exp[—k;'°7] — 0.07 exp[— (k% + k7] (11B)
As discussed above (Figure 6), the Gibbs free energy
activation barriers for unfolding of the m-bulge and 3;¢-helix
conformations are essentially identical. Thus, their unfolding
rate constants will be equal and
P 30C(1) = 0.77 — 0.29 exp[—kTf] — 0.01 exp[—(k® +
K] (12A)

o C(f) = 0.84 — 0.17 exp[—AZ#] — 0.07 exp[— (k" +
kD] (12B)
Also as shown above (Figure 6), the AdP pure o-helix

conformation is stabilized by ~1.5 kcal/mol PB with respect
to both m-bulge and 3;¢-helix conformations. Thus, we can
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estimate the ratio between the a-helix and 7z-bulge (310-helix)
unfolding rate constants as

(13)

Ko~ )0 = i exp(+ 1.5 k;zizl/mol)

Thus, we estimate that at 30 °C kﬁ ~ kﬂlo = 12.1k8, whereas
at 40 °C k7 ~ I" = 11.14%.

Because only pure o-helix remains at the 7t values of 30
and 40 °C. Thus,

o __ 1,00
kF_K};Q U~

(14)

where Keq = foru(T0)/fo(T7) = kiy/ky is the known equilibrium
constant for the pure a-helix <= PPII melting (Tables 1 and 3);
Jorpi(Ty) are the known equilibrium pure o-helix and PPII
fractions at Tt (Table 2).

Thus, we estimate that the “apparent two-state relaxation
constant” at +30 °C to be

kG + kg = 1.3k = 0.11k],
and at +40 °C to be
ki + kp = 1.2k} = 0.1k,
Thus, we can further simplify eqs 12A and 12B:

oo C(1) = 0.77 — 0.29 exp[—Alr] — 0.01 exp[—(0.11k7)]
(15A)

() = 0.84 — 0.17 exp[—k[f] —
0.07 exp[—(0.11k7)7] (15B)

The eq 15A fit to the summed C,—H and C,—D peptide bond
kinetics (Figure 4A dotted line) is slightly improved compared
with the original monoexponential fit (Figure 4A solid line);
the eq 15B fit (Figure 4B dotted line) is significantly improved
compared with the monoexponential fit (Figure 4B solid line).

Specifically, the pure o-helix relaxation time (zgr) at +30 °C
is 1017 £ 148 ns; the relaxation times for the sz-bulge and 3¢-
helix conformations at +30 °C are much faster, 109 4 16 ns
(Table 3). At 40 °C, the relaxation times decrease; the pure
a-helix relaxation time at +40 °C is 568 4 165 ns, and the
m-bulge and 3;-helix conformation relaxation times decrease
to 61 £ 18 ns. These results are striking, because they indicate
that the pure o-helix melting is much slower than the 100—
200 ns times, which are typically reported for ~20 residue-
long Ala-rich peptides.~6.10.13,17.18.22.25,32=35 Thig discrepancy
derives from the previous inability to discriminate between the
different o-helix-like conformations (Figure 5 and Table 3).

In addition, we estimated from our kinetic data that a 5.4—
19.8 kcal/mol PB unfolding and 0—11.3 kcal/mol PB folding
Gibbs free energy activation barriers exist between the a-helix
and PPII conformations (Table 3). The higher kinetic activation
barrier found for unfolding (Table 3) than that estimated from
the equilibrium GFELs (Figure 6) may indicate the existence
of the additional intermediate states involved in the o-helix
unfolding reaction of AdP. These additional states would slow
down the o-helix unfolding rates at low temperatures, making
the serial calculated unfolding free energy activation barrier
higher than any of the individual barriers.

Mikhonin et al.

Further, our results here explain the complicated nonexpo-
nential and/or multiexponential behavior of melting kinetics of
Ala-rich peptides previously observed.?23* Specifically, the
heterogeneity of the low temperature o-helical ensembles
(Figure 5) explains the observed complicated kinetic behavior
for low initial T-jump temperatures.?>3* In contrast, the homo-
geneity of the above room temperature a-helical ensembles
(Figure 5) explains the essentially monoexponential melting
behavior of these peptides for higher initial temperature T-
jumps.2234

Model for Individual Co,—H Center and C,—D End
Peptide Bonds Melting Kinetics. Table 3 summarizes our pure
o-helix, m-bulge, and 3j¢-helix folding and unfolding rate
constants that we determined by fitting the overall (Co—D plus
Cq—H peptide bond) kinetic data to eq 15. If we assume that
the (un)folding rates of the 7, 3¢, and a-helical conformations
are independent of location along the AdP chain, we can
estimate the relative contributions of both the slow a-helix
melting and the fast 3jo-helix and m-bulge melting to the
observed individual relaxation kinetics of C4—D end and Cq—H
center peptide bonds using the following equation:

T—T, T Ind
Soon (@) = fppr() — Aa 510 expl—#/7,13,0] —

Af™ exp[—t/z,] (16)
where f lZ‘}THT‘(t) is the time-dependent PPII concentration for
the Co—D or the Co—H peptide bonds; £ [h(e) is the known
equilibrium Cy—D or C,—H peptide bond PPII fraction at T¢
(Tables 1 and 3); Af 213310An+310 is the unknown weighted
contribution of sr-bulges and 3¢-helices melting to the observed
individual C4—D (or Co—H) peptide bond kinetics; Af’ f;'d is
the unknown weighted contribution of pure a-helix melting to
the observed individual C,—D (or C,—H) peptide bond kinetics;
and 7, and 7430 are the known relaxation times for the pure
o-helix, sr-bulge, and 3;p-helix conformations (Table 3).

Thus, we find the relative contributions of the slow o-helix
melting (Af 3“*) and fast 3jp-helix and sz-bulge melting (A
fj:—?—SlO) to the observed individual relaxation kinetics of Co—D
end and Cy—H center peptide bonds (after the 5 — 30 and 20
— 40 °C T-jumps) by fitting the experimental data (Figure 4C—
F) to eq 16 above. The calculated fractions are summarized in
Table 3.

Dynamics of End C,—D Peptide Bond Unfolding. Figure
4C, D shows the time dependence of the calculated PPII
concentration of the Co—D ends peptide bonds as a result of
the T-jumps from 5 to 30 and 20 to 40 °C, respectively. If the
time-dependent changes in the Cy—D peptide bond PPII
concentration were modeled assuming monoexponential decays,
we find that the Co—D end peptide bonds show a relaxation
time (kr—gngs ') of 97 & 15 ns (Figure 6C) for the 5 to 30 °C
T-jump, whereas for the 20 to 40 °C T-jump we obtain a
relaxation time of 131 & 46 ns (Figure 4D).

The fast monoexponential relaxation time of 97 + 15 ns found
for the 5 to 30 °C T-jump (Figure 4C and Table 3) indicates
that the melting kinetics of Co—D end peptide bonds is
contributed mainly by the melting of 7z-bulges and 31¢-helices
(109 £ 16 ns at +30 °C). Using eq 16, we estimate that the
Cy—D end kinetics is essentially completely due to melting of
m-bulges and 3j¢-helices, without contributions from pure
o-helix melting for the 5 to 30 °C T-jump (Figure 4C and Table
3).

In contrast, the relaxation time of 131 &+ 46 ns found for the
20 to 40 °C T-jump (Figure 4D and Table 3) indicates that, in
addition to fast sr-bulge and 3p-helix melting (61 £ 18 ns at
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+40 °C), there is also a contribution of slow a-helix melting
(568 £ 165 ns at +40 °C). Using eq 16, we roughly estimate
that in this case the Co—D end peptide bonds kinetics is still
dominated by the melting of zz-bulges and 3,o-helices (~65%),
but there is also a ~35% contribution from the pure a-helix
melting of (Figure 4D and Table 3).

Summarizing, we observe that the melting kinetics of Co—D
end peptide bonds is dominated by the faster melting of s7-bulges
and 3j¢-helices over the slower melting of pure a-helices for
both 5 — 30 and 20 — 40 °C T-jumps. These results are
consistent with a number of recent studies, which propose that
the a-helical ends are frayed.”-23:28.29:31,32.37:43,75.80 They are also
consistent with the recent NMR and ESR results of Millhauser
and co-workers!'>%1%* as well as with that of Sorin and Pande’s
MD simulation studies,” which report that 3¢-helices tend to
occur at the ends of o-helical segments in Ala rich peptides.

Dynamics of Center C,—H Peptide Bond Unfolding.
Figure 4E, F shows the time-dependent changes in the PPII
concentration of the central AdP Co—H peptide bonds due to
the T-jumps from 5 to 30 and from 20 to 40 °C. The unfolding
kinetics of Cq—H peptide bonds shown in Figure 4E, F depends
upon the T-jump initial and final temperatures. We find that
for the 5 to 30 °C T-jump the C,—H peptide bonds show a 189
=+ 31 ns monoexponential unfolding relaxation time (Figure 4E),
and for the 20 to 40 °C T-jump, we obtained 56 & 6 ns as a
relaxation time (Figure 4F).

The 189 + 31 ns monoexponential relaxation time calculated
for the 5 to 30 °C T-jump (Figure 4C and Table 3) indicates
that the slow o-helix melting (1017 + 148 ns at 30 °C)
contributes to the observed kinetics. However, the observed
kinetics is dominated by the fast r-bulge and 3p-helix melting
(109 £ 16 ns at 30 °C). Using eq 16 (Figure 4D dotted line),
we roughly estimate a ~73% contribution from the s-bulges
and 3o-helices to the C,—H center peptide bonds kinetics and
a ~27% contribution from pure a-helix melting (Figure 4D and
Table 3).

In contrast, the 56 4= 6 ns monoexponential relaxation time
found for the 20 to 40 °C T-jump (Figure 4D, Table 3)
surprisingly indicates that the Co—H center peptide bond kinetics
are dominated by st-bulge and 3¢-helix melting (61 4 18 ns at
40 °C), with little contribution of slow o-helix melting (568 +
165 ns at 40 °C). This is a surprising result, because at 20 °C
“a-helix-like” segments® are assumed to preferrentially occur
in the middle of the peptide, and thus, o-helix melting should
dominate the observed Co—H center peptide bond kinetics. This
suggests that the a-helix stability/propensity in AdP is position-
dependent (see below). Specifically, we suggest below that the
AdP N-terminus has the higher o-helical propensity than does
the AdP middle and C-terminal regions.

Dynamics of Center C,—H Versus End C,—D Peptide
Bond Unfolding. Figure 4C, E shows that, for the 5 to 30 °C
T-jump, the AdP center unfolds slower (189 =+ 31 ns) than do
the ends (97 £ 15 ns). We also estimated that at 30 °C the
relaxation time of pure o-helices is 1017 4+ 148 ns, whereas
that of 7z-bulges and 3j¢-helices is 109 4+ 16 ns (Table 3). If
the relaxation rates of these “a-helix-like” species are indepen-
dent of location in the AdP chain, we can conclude that the
melting of sz-bulges and 3j¢-helices dominate both the AdP
Co—D ends (~100%) and C,—H center (~73%) melting
kinetics (Table 3). However, pure o-helix melting also has a
small contribution (~27%) to the Co—H center melting kinetics
for the 5 to 30 °C T-jump (Table 3). These kinetic results are
consistent with the Figure 5 equilibrium melting curves ob-
tained for pure a-helix, m-bulge, and 3;o-helix conforma-
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tions,'”! as well as with the earlier studies of us’ and oth-
ers,12:23.25.28.29.31.37.43.75.80 which indicate that the ends of AdP-
like peptides are frayed.

In contrast, for the 20 to 40 °C T-jump, the center of AdP
unfolds faster (56 £ 6 ns, Figure 4F) than do the ends (131 &+
46 ns, Figure 4D). The faster center melting for the 20 to 40
°C T-jump, especially given the higher T}, of the center peptide
bonds,’ appears initially surprising. We suggest that the faster
melting of m-bulges and 3j-helices still dominate both the
Cy—H center (~93%) and C,—D ends (~65%) melting kinetics.
However, we surprisingly find that the pure a-helix melting
contributes ~35% to the Co,—D ends melting kinetics and
contributes very little to the C,—H center kinetics (Table 3).
These results can only be understood if one of the AdP termini
has a significantly higher pure a-helix propensity than the AdP
center and the other terminus.

We propose that the AdP N-terminus has a higher o-helix
propensity than the middle and C-terminus. Such a preference
would derive from the AdP primary sequence. Specifically, the
N-terminus of AdP contains a sequence of eight Ala, which
stabilize the o-helix conformation.’? In contrast, three hydro-
philic Arg are distributed within the AdP center and C-terminus.
These three Arg partially destabilize the o-helices and favor
formation of the water-mediated a-helical defects such as
st-bulges!'®® and 3j¢-helices.!”?

At first sight, our results contradict Vila et al.’s theoretical
study,??® which suggests that polar long side chains (such as
Arg) stabilize the a-helix by protecting the helical amides from
water hydrogen bonding. However, Vila et al.’s studies ignored
side chain charge—charge interactions, which are absent in their
peptide but are present in AdP. A more realistic approximation
of the AdP case is provided by the NMR and CD studies of
Kallenbach’s group,’? where the guest charged residue (Lys or
ornithine) is inserted inside the Ala sequence flanked by other
charged residues. In accordance with our findings, Kallenbach’s
studies also clearly show that charged residues destabilize the
o-helix conformation.

The higher a-helix stability at the AdP N-terminus also agrees
well with the MD simulation studies of Sorin and Pande,”? which
suggested that the N-terminus of 21-residue o-helical Fs-peptide
(which is a natural abundance analogue of AdP) has a higher
o-helical content than occurs in the middle and at the C-
terminus. These MD studies also suggest that the arginines
destabilize a-helices in Fs (and thus in AdP). We suggest that
these hydrophilic Arg are likely not only to partially destabilize
o-helices but also induce the formation of water-mediated
o-helical defects such as sr-bulges!®® and 3p-helices (type 11T
turns)!'?? at low temperatures, at which the peptide bond—water
hydrogen-bonding strength increases. 20135145

Whatever the case, our calculated ~4.4 and ~1.3 us (+30
°C) and ~3.6 and ~0.7 us (+40 °C) pure o-helix folding and
unfolding times (Table 3), respectively, are much slower than
the (un)folding times previously reported for similar peptides.
It is now obvious that the ~100—200 ns relaxation times
typically reported for Ala-rich peptides*~6-10-13.17.18,22.25,32-35,120
signal the dominating contribution of sr-bulge and/or 3o-helix
melting to the observed overall relaxation kinetics. In addition,
it is also clear that at least some of the observed deviations
from the monoexponential behavior?>3334 for Ala-rich peptide
melting result from the temperature dependence of the relative
contributions of pure a-helices, 7z-bulges, and 3¢-helices melting
to the overall relaxation kinetics. We believe our results here
are the first experimental ones to resolve the kinetic behavior
of the different o-helix-like conformations.
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The ~10-fold slower pure a-helix melting and formation rates
found for AdP deserve the attention of theoreticians and
experimentalists. Specifically, this decreased pure a-helix
melting rate will significantly impact the competition between
the parallel folding of different structural motifs.

Conclusions

We examined the relaxation kinetics of 21-amino acid
residues (mainly the Ala peptide AdP, which contains three Arg
to give solubility). This peptide is =55% a-helix-like at 0 °C
and melts to a PPII conformation at higher temperature. Previous
isotopic substitution studies demonstrated a significantly higher
Tm = 32 °C for the 6 center residues compared to a 7o, = 5 °C
for the end residues.” We used T-jump measurements to examine
the melting kinetics. We find that the middle AdP peptide bonds
show a relaxation time ~2-fold slower than the end residues
for the 5 to 30 °C T-jump. In contrast, for a 20 to 40 °C T-jump,
the middle AdP peptide bonds appear to show faster kinetics
than the end AdP peptide bonds.

We explain the observed kinetics in terms of different relative
contributions of different a-helix-like motifs such as pure
a-helices, z-bulges, and 3;p-helices to the observed melting
kinetics. We estimated that the melting rate constant of pure
a-helices is ~12-fold slower than those of m-bulges and 3¢-
helices (Table 3). This strikingly suggests that the pure a-helix
(un)folding occurs at a microsecond time scale at room
temperature.

For the 5 to 30 °C T-jump, the faster melting of s-bulges
and 3¢-helices dominate both the AdP ends and center kinetics,
with also a minor contribution of slower pure o-helix melting
to the AdP center kinetics. In contrast, for the 20 to 40 °C
T-jump, the faster melting of zr-bulges and 3¢-helices dominates
both the AdP ends and center kinetics, whereas there is also a
minor contribution of slower pure a-helix melting to the AdP
ends kinetics. These surprising results can be explained in terms
of a higher pure a-helical propensity at the AdP N-terminus
compared with the middle and C-terminus.

The higher stability of the pure o-helix at the AdP N-terminus
can be understood in terms of AdP primary sequence. Specif-
ically, three hydrophilic Arg located in the AdP middle and at
the AdP C-terminus destabilize the pure o-helices and induce
formation of water-mediated a-helical defects (such as zz-bulges
and 3¢-helices), which melt faster.

In addition, we developed a kinetic model to calculate the
(un)folding rate constants for pure a-helices, z-bulges, and 3¢-
helices. We successfully explain the apparent anti-Arrhenius
behavior observed earlier by Lednev et al.* as resulting from
the parallel melting of these different conformations. Further,
our model also explains the complicated nonexponential be-
havior observed earlier by Huang et al.>* and Bredenbeck et
al.” for similar peptides.

Summarizing, we believe that our results here are the first
experimental ones to quantitatively show that the folding
mechanism of end residues of Ala-rich peptides significantly
differs from that of middle residues in terms of different relative
contributions of different “o-helix-like” species to the melting
kinetics. In addition, we for the first time measured the kinetic
(un)folding rate constants for pure o-helices, 3o-helices, and
mr-bulges in Ala-rich peptides of ~20 residues long. Thus, our
results not only directly demonstrate that o-helix melting and
formation in peptides are not a simple two-state processes but
also provide an important quantitative basis for testing theoreti-
cal studies in the field of peptide and protein folding.
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