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ABSTRACT: We have used a combination of FTIR, VCD, ECD, Raman, and NMR spectroscopies to probe
the solution conformations sampled by H-(AAKA)-OH by utilizing an excitonic coupling model and
constraints imposed by the3JCRHNH coupling constants of the central residues to simulate the amide I′
profile of the IR, isotropic Raman, anisotropic Raman, and VCD spectra in terms of a mixture of three
conformations, i.e., polyproline II,â-strand and right-handed helical. The representative coordinates of
the three conformations were obtained from published coil libraries. Alanine was found to exhibit PPII
fractions of 0.60 or greater, mixed with smaller fractions of helices andâ-strand conformations. Lysine
showed no clear conformational propensity in that it samples polyproline II,â-strand, and helical
conformations with comparable probability. This is at variance with results obtained earlier for ionized
polylysine, which suggest a high polyproline II propensity. We reanalyzed previously investigated tetra-
and trialanine by combining published vibrational spectroscopy data with3JCRHNH coupling constants and
obtained again blends dominated by PPII with smaller admixtures ofâ-strand and right-handed helical
conformations. The polyproline II propensity of alanine was found to be higher in tetraalanine than in
trialanine. For all peptides investigated, our results rule out a substantial population of turn-like
conformations. Our results are in excellent agreement with MD simulations on short alanine peptides by
Gnanakaran and Garcia [(2003)J. Phys. Chem. B 107, 12555-12557] but at variance with multiple MD
simulations particularly for the alanine dipeptide.

Alanine-based peptides have been the subject of intense
research activities over the last 20 years. These were initiated
by the discovery of Marquesee et al. that comparatively short
polyalanine peptides with more than 12 residues doped with
a limited number of charged residues can adopt anR-helical
conformation in aqueous solution (1, 2), in contrast to the
conventional belief that only very long peptides can adopt
this structure outside of the scaffold provided by the tertiary
structure of a protein (2). These peptides continue to serve
as convenient model systems for studying helixT coil
transitions (3, 4).

More recently, the interest of the protein/peptide folding
community has additionally focused on the unfolded state
of alanine-based peptides, after theoretical and experimental
results had suggested that it cannot be described by Tanford

(5) and Flory’s (6) classical random coil model. Shi et al.
(7), for instance, used NMR and electronic CD (ECD)1

measurements to study the structure of Ac-XX(A)7OO-NH2

(XAO, where X and O denote diaminobutyric acid and
ornithine, respectively) and interpreted their results as
indicating that the individual residues predominantly adopt
a polyproline II (PPII) conformation at room temperature.
The canonical PPII conformation is associated with the
crystal structure oftrans-polyproline (8) and exhibits dihedral
angles of approximately (φ, ψ) ) (-75°, 145°). The results
of Shi et al. have been corroborated by numerous experi-
mental and theoretical studies, which are indicative of a
substantial PPII propensity of alanine (9-12), but were
recently challenged by Scheraga, Liwo, and colleagues on
the basis of a very comprehensive analysis of NMR and small
angle scattering (SAXS) measurements on XAO (13). These
authors concluded that PPII is one of many conformations
sampled by alanine, thus reinforcing the validity of the
statistical coil model (5, 6, 14). A predominance of PPII in
the conformational manifold of XAO is also at odds with
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the rather small radius of gyration inferred from SAXS
measurements (15). Molecular dynamics simulations of the
alanine dipeptide and polyalanines of varying lengths have
increased the confusion in that different force fields yield
rather different Ramachandran plots for the very same
peptide. Some of these simulations support the high PPII
propensity of alanine (16, 17), while others do not even yield
a substantial population of this conformation (18, 19).
Analyses of coil libraries seem to support a PPII preference
of alanine, but this depends on how the data set is chosen
(20). Even those simulations supporting the PPII propensity
of alanine indicate an additional sampling of helix-like
conformations, which is generally not considered in the
analysis of experimental data (23, 26).

In the current study we combine, for the first time, FTIR,
polarized Raman, VCD (vibrational circular dichroism),
ECD, and NMR data to explore the conformations of an
alanine-based peptide, namely, the unblocked cationic tet-
rapeptide H-AAKA-OH (AAKA). We have chosen this
peptide for two reasons. First, we aimed at obtaining the
propensity of lysine as a guest in an alanine host system.
Polylysine peptides of different lengths have been shown to
prefer PPII (21, 22), but for AKA, the conformation of K
was found to depend on the C-terminal protonation state (23).
This raises the question of whether lysine itself has a high
PPII propensity, which is of relevance for the understanding
of naturally unfolded proteins in which lysine residues occur
much more frequently than in folded proteins (24). Second,
lysine is one of the residues used in helix-forming alanine-
based peptides, because it increases the overall helix stability,
most likely by dehydrating the adjacent part of the backbone
(25). We performed a structure analysis of AAKA by
exploiting the excitonic coupling between the amide I′ modes
of the three peptide groups, which produces conformationally
sensitive IR, Raman, and VCD band profiles. For the
simulation of the profiles we used a more extended approach
than that employed for tri- and tetrapeptides in our earlier
studies (23, 26) by explicitly considering coexisting confor-
mations for the individual residues. The statistical modeling
was constrained by the3JCRHNH coupling constants of the
residues obtained from1H NMR experiments. Subsequently,
we utilized the same approach to reanalyze earlier published
amide I′ band profiles of tetra- and trialanine, in conjunction
with respective NMR data. The results led us to conclude a
modified view about the conformational propensity of
alanine, which is in excellent agreement with MD simulations
of Gnanakaran and Garcia (16). With respect to lysine, our
results show that it exhibits a reduced PPII propensity in an
alanine context. Technically, the current study shows that
the combination of NMR and vibrational spectroscopy
provides a powerful tool to explore the conformational
landscape of peptides.

MATERIALS AND METHODS

Materials.H-(Ala-Ala-Lys-Ala)-OH was custom synthe-
sized by Celtek Peptides (Nashville, TN), with a purity of
>98%. The peptide contained a small amount of TFA, which
was removed by dialysis in a Spectra/Por CE Float-A-Lyzer
bag, and the peptide was lyophilized overnight. For IR, VCD,
and Raman measurements, the peptide was dissolved at a
concentration of 0.1 M in 0.025 M NaClO4 in D2O (pD )
1), where the ClO4- Raman peak at 934 cm-1 was used as

an internal standard (27) and the D2O was made acidic by
addition of DCl. Both D2O and DCl were obtained from
Sigma-Aldrich. After addition of the peptide, the solution
had pD) 1.5.

L-Lysyl-L-alanine (KA) was purchased from Bachem
Bioscience, Inc. (>96% purity). For the VCD measurement,
the peptide was dissolved in D2O at a concentration of 0.2
M (pD ) 1.1).

Spectroscopies.The polarized Raman spectra were ob-
tained with the 442 nm (32 mW) excitation from a HeCd
laser (Model IK 4601R-E; Kimmon Electric US). The laser
beam was directed into a RM 100 Renishaw confocal Raman
microscope and focused onto a 1.0 mm Q silica cell with a
thin glass cover slip using a 50× objective. The scattered
light was filtered with a 442 nm notch filter, dispersed by a
single-grating 2400 lines/mm grating, and imaged onto a
back-thinned Wright Instrument CCD. It was polarized by
a combination of a linear polarizer and aλ/2 plate. The latter
rotates they-polarized light (perpendicular to the laser
polarization) into thex-direction to achieve an optimal
spectrometer transmission. All spectra were recorded in the
“continuous” mode. The peptide and the appropriate refer-
ence were measured a total of five times for each of the
polarization directions, and the spectra were averaged to
eliminate some of the noise. The reference spectra were
appropriately subtracted from the sample spectra.

The FTIR and VCD spectra were recorded with a Chiral
IR Fourier transform VCD spectrometer from Bio Tools. The
sample was placed into a cell with a path length of 50µm.
The spectral resolution was 8 cm-1 for all measurements.
The VCD and IR were both collected as one measurement
for a combined total time of 720 min. To eliminate any
background and solvent contributions to the IR spectrum,
the cell was first filled with the reference solvent, i.e., acidic
D2O, which was automatically subtracted from the IR sample
spectrum by the Chiral IR software.

Temperature-dependent ECD spectra were obtained using
an OLIS DSM-10 UV/vis CD spectrophotometer. A 1.0 mm
path length quartz cell was used, and the spectra were
collected at 2 nm resolution. A peptide concentration of 1.0
mM in D2O (pD ) 1) was used. The sample was placed in
a nitrogen-purged OLIS CD module. The sample temperature
was controlled by means of a Peltier-type heating system
(accuracy(1 °C). Spectra were recorded from 20 to 80°C
at 10° intervals, averaging five scans at each temperature.
The sample was allowed to equilibrate for 5 min at a given
temperature. The spectra were collected as milliabsorbance
as a function of wavelength and converted to molar absorp-
tivities via Beer’s law.

NMR samples of AAKA were prepared by dissolving the
peptide at ca. 5 mM concentration in either D2O (99.8 atom
% D; Cambridge Isotope Laboratories) or a mixture of 90%
H2O/10% D2O. One- and two-dimensional proton NMR
spectra were acquired at 25°C using a Varian INOVA NMR
spectrometer (Varian Inc., Palo Alto, CA) operating at a
proton frequency of 499.9 MHz and equipped with a 5 mm
dual broad-bandz-gradient probe.

Two-dimensional proton correlation spectroscopy, COSY
(28, 29), and NOE spectroscopy, NOESY (30, 31), spectra
were recorded in the pure absorption mode by employing
the TPPI improvement (32, 33) of the States-Haberkorn-
Ruben hypercomplex method (34). Selection of desirable
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coherences and artifact suppression were accomplished by
z-gradients (COSY) and phase cycles of 4 (COSY) or 32
(NOESY) steps. The NOESY data set was acquired using a
600 ms mixing time. Typically, 256t1 increments of 2K
complex data points over a 6 kHz spectral width were
collected with 4 (COSY) or 32 (NOESY) scans pert1
increment, preceded by 4 or 32 dummy scans, and a
relaxation delay of 1.5 s. All spectra were acquired with the
carrier offset placed on the water resonance, which was
reduced by either solvent presaturation (35) or tailored
excitation, using WATERGATE (36, 37). The peptide NH
resonances must not be in fast exchange with water since
they were readily observed in 90% H2O.

Data sets were processed on a Sun Blade 100 workstation
(Sun Microsystems Inc., Palo Alto, CA) using the VNMR
software package (Varian Inc., Palo Alto, CA). In order to
decreaset1 ridges arising from incorrect treatment of the first
data point in the discrete Fourier transform (FT) algorithm,
the spectrum corresponding to the firstt1 value was divided
by 2 prior to FT alongt1 (38). Shifted (COSY) or unshifted
(NOESY) Gaussian window functions were used in both
dimensions. Data sets were zero-filled in thet1 dimension,
yielding 1K × 1K final matrices that have not been
symmetrized. Spectra were referenced to the HDO resonance
of the D2O sample [4.76 ppm vs 4,4-dimethylsilapentane-
sulfonic acid (deuterated at carbons 2 and 3) at 0.00 ppm].

The amino acid spin systems of AAKA were identified
from the COSY spectra in D2O and 90% H2O/10% D2O.
The sequential assignments were made from theR CHi-
NHi+1 cross-peaks of the NOESY spectrum in 90% H2O/
10% D2O (39). The3JCRHNH values were obtained from one-
dimensional spectra of 32K complex data points over a 6
kHz spectral width.

1H NMR experiments on AAAA (>98% purity; Bachem
Bioscience Inc.) in aqueous solution (0.025 M) were
performed at room temperature on a Bruker AMX-300 WB
spectrometer equipped with a 5 mmreverse probe, using
standard Bruker pulse programs. Theπ/2 pulse was 5.7µs,
and the relaxation delay was set to 4 s. The water signal
was presaturated using a 4 ssoft pulse (B1 ) 25 Hz). The
assignment of the signals (Table 1) was performed through
the cross-peaks of the1H DQF-COSY and NOESY experi-
ments in the amide-HR proton region (39), the former
yielding the J connectivities and the latter allowing the
identification of adjacent residues from the HR and the amide
proton of the subsequent residue cross-peak. The signal from
the protons bound to the terminal nitrogen could not be
identified because of their rapid exchange with water. The
3JCRHNH coupling constants were obtained from the DQF-
COSY experiment. NOESY experiments with mixing times
ranging from 200 to 400 ms were acquired.

Spectral Analysis.All IR and Raman spectra were treated
by using the program MULTIFIT (40). The calibration of
the Raman spectrum was checked by using the NaClO4 band
at 934 cm-1. To eliminate solvent contributions, we measured
the solvent reference spectra for both polarizations, which
were then subtracted from the corresponding peptide spectra.
The isotropic and anisotropic Raman intensities were cal-
culated as

whereIx andIy denote the Raman scattering polarized parallel
and perpendicular to the polarization of the exciting laser
light.

RESULTS AND DISCUSSION

AAKA. The amide I′ band profiles of AAKA in D2O as
measured at acidic pD are displayed in Figure 1. This
condition was chosen because it allows maximal spectral
resolution and avoids the instabilities (i.e., precipitation)
sometimes encountered at neutral pD. A comparison of the
band profiles reveals a significant split between the peak
positions of the isotropic Raman and the IR band profile.
The anisotropic band has its peak between those of the IR
and isotropic Raman band, but it is slightly closer to the IR
band position. This is typical for a peptide with a predomi-
nant fraction of PPII (41-43). The respective VCD spectrum
displays an asymmetric negative couplet with a large negative
signal at the position of the lowest wavenumber amide I′
subband, which is predominantly assignable to the C-terminal
peptide group (44). This negative signal reflects an intrinsic
magnetic moment of this particular amide I′ mode, which
gives rise to a negative Cotton effect, even in the spectrum
of a dipeptide. This is illustrated by the amide I′ VCD
spectrum ofL-lysyl-L-alanine (KA) in Figure 2, which was
also measured at acidic pD. The3JCRHNH coupling constants
and the respective chemical shifts of residues 2-4 of AAKA
are listed in Table 2.

We first analyzed the VCD spectrum of KA by using

whereΩ0 is the peak wavenumber of amide I′ and µb the
electronic andmb the magnetic transition dipole moment.
f(Ω,Ω0) denotes the Gaussian band profile. We used the
electronic dipole moment of cationic KA reported by Measey
et al. (45), a magnetic dipole moment of 2.3× 10-23 esu
cm, and an orientational angle of 10° for mb with respect to
the NC axis of the C-terminal residue (46). For µb, we used
the orientational angle reported in earlier papers (42). The
wavenumber and half-width were obtained from the respec-
tive IR band profile (data not shown). Thus, we obtained
the fit of the VCD signal visualized by a solid line in Figure
2.

The excitonic coupling model for amide I has been
described in detail in several earlier papers (26, 42). It
describes the amide I band profiles of IR, isotropic Raman,
anisotropic Raman, and VCD in terms of nearest neighbor

Table 1: 1H Chemical Shifts (ppm) of AAAA in Aqueous Solution
at 0.025 M and Room Temperaturea

residue no. NH CHR CHâ

1 4.01 1.46
2 8.53 4.27 1.34
3 8.36 4.22 1.32
4 7.88 4.04 1.26

a The proton chemical shifts are referenced to the water signal, which
was set at 4.75 ppm.

I iso ) Ix - (4/3)Iy

Ianiso) Iy (1)

∆ε(Ω) )
Ω0 Im(µb‚mb)

2.3× 10-39M‚esu2 cm2
f(Ω,Ω0) (2)
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and non-nearest neighbor excitonic coupling between the
excited states of the local oscillators (47) and the dihedral
anglesφ andψ of the residues between the interacting amide
I modes. We count the first central residue (starting at the
N-terminal) as 1 and the subsequent one as 2. It should be
noted that the two terminal residues are not probed by the
amide I′ band profile.

Since each configuration of a peptide gives rise to an
individual set of band profiles, the total intensity of a peptide
ensemble is written as

whereGjk is the Gibbs energy of thekth residue with the
conformationj. The subscripti labels the excitonic state of
the amide I′ oscillators.Iij1j2(Ω) is thus the intensity profile
of the ith excitonic state associated with the configuration
{j1,j2} of the tetrapeptide.R is the gas constant,T the absolute
temperature,Z the partition sum of the ensemble, andnc1

andnc2 are the number of conformations considered for the
two central residues.

In our analysis, we considered three representative con-
formations, i.e., PPII (j ) 1), â (j ) 2), and helical (j ) 3).
The Gibbs energy of PPII was set to zero. In a first step, we
based our simulation on (φ, ψ)1 ) (-65°, 150°) and (φ, ψ)2

) (-125°, 115°) for alanine, which represent respective
distributions in the coil library of Avbelj and Baldwin (48)
and correspond to the3JCRHNH constants reported by Shi et
al. (10). For lysine, these authors reported a slightly different
3JCRHNH value for PPII, which corresponds toφ ) -68°. Coil
libraries as well as molecular dynamics simulations for
alanine dipeptides generally exhibit helical distributions with
a maximum at (φ, ψ)3 ) (-65°, 30°), which we assumed as
representative for right-handed helical conformations (17).
These coordinates are closer to a 310 than to a canonical
R-helical conformation (49). In the following, we refer to
this structural model as the “coil library model”.

We utilized the3JCRHNH constants of these conformations
and our experimentally determined coupling constants to
determine the mole fraction of the three considered confor-
mations as follows:

whereøj,k is the mole fraction of thekth residue in thejth
conformation,Jk is the measured coupling constant of the
kth residue, andJp,k and Jâ,k are the coil library coupling
constants of thekth residue for PPII andâ as reported by

FIGURE 1: Amide I′ band profile (dotted) of the isotropic Raman,
anisotropic Raman, IR, and VCD spectra of AAKA measured at
pD ) 1.5. The solid line results from a simulation based on a three-
state (per residue) model, encompassing PPII,â, and helix-like
conformations derived from the coil library of Avbelj and Baldwin
(48) (PPII andâ) and the MD simulations of Duan et al. (17)
(helical). The dashed line was calculated with a two-state model
(PPII andâ). The band of the C-terminal carbonyl stretching mode
has been modeled for the sake of completeness by fitting a Gaussian
profile to the experimental data with the wavenumber and half-
width as free parameters.

I(Ω) )

∑
i)1

3

∑
j1,j2)1

nc1,nc2

(Iij1j2
(Ω)e-(Σ k)1

2 Gjk)/RT)

Z
(3)

FIGURE 2: VCD spectrum of KA at pD) 1.5. The solid line results
from a fit described in the text.

Table 2: 3JCRHNH Values for AAKA

residue no. 3JRHNH (Hz)

2 (Ala) 5.18
3 (Lys) 6.46
4 (Ala) 6.72

ø1,k )
(Jk - Jâ,k) - ø3,k(JR - Jâ,k)

Jp,k - Jâ,k

ø2,k ) 1 - ø1,k - ø3,k (4)
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Shi et al. (10). JR ) 4.1 Hz is the representative coupling
constant of the above helical conformation. The mole fraction
ø3,k of this conformation has been used as an adjustable
parameter in the simulation. The mole fractions were used
to calculate the relative Gibbs energies of the residues:

which were used in eq 3 to calculate the intensity profiles.

We simulated the amide I′ band profiles of AAKA
assuming solely a coexistence of PPII andâ for each residue,
i.e., ø3,k ) 0. We did not consider any cooperativity, in
accordance with the isolated pair hypothesis (6) and the
temperature dependence of the ECD spectra reported below.
The nearest neighbor coupling constants (5.0 for PPII and
2.5 forâ) were taken from the ab initio study on a diglycine
peptide by Torii and Tasumi (50). For PPII, this is in the
interval of values observed earlier from isotropic Raman and
femtosecond IR data of tripeptides (44, 46). The respective
â-strand value is slightly lower than that obtained for trivaline
(46). The coupling between the N- and C-terminal amide I′
modes was calculated using the transition dipole formalism
(51). We used MULTIFIT to self-consistently decompose
the IR and Raman band profiles in Figure 1 into three bands
as described in an earlier study (25) and used the thus
obtained wavenumbers as a basis for guessing the wave-
number positions of the unperturbed amide I′ modes. The
Gaussian bandwidths for the individual bands were also
obtained from this analysis. Moreover, we used the recently
reported electronic transition dipole moments of AA and KA
(45). This yielded band profiles which reproduced the IR
and Raman data reasonably well (dashed line in Figure 1),
though some small deviations between simulated and ex-
perimental IR band profiles are notable. The VCD simulation,
however, totally overestimated the large negative signal,
which is much more pronounced than in the spectrum of
KA. Additionally, it overestimated the positive signal at
higher wavenumbers. A satisfactory simulation required a
much larger magnetic transition dipole moment for the
C-terminal amide I′ modes, i.e., 1.3× 10-22 esu cm (dashed
line in the lower panel of Figure 1). In a third step, we
checked for the possibility that a small fraction of helical
conformations are present in the sample. Indeed, we obtained
a better agreement for the IR band profile, the highly
asymmetric shape of which was nicely reproduced with a
mole fraction of 0.3 for both residues (solid line in Figure
1). Larger values forø3,k yield substantial deviations from
the experimental data in that too much intensity is ac-
cumulated at the highest wavenumber position, as expected
for a predominantly helical band profile (52). We also
checked the possibility that only one of the central residues
adopts helical conformations, but that did not improve the
profiles compared with the two-state (PPII/â) simulation.
Thus, our final result yields PPII fractions ofø1,1 ) 0.63 for
alanine andø1,2 ) 0.36 for lysine, theâ-fractions areø2,1 )
0.07 for alanine andø2,2 ) 0.34 for lysine. Hence, alanine
has a clear PPII propensity, but the values for lysine suggest
a statistical coil behavior, in contrast to what has been
observed for polylysine peptides (21, 22, 53).

Additionally, we considered slightly different representa-
tive structures for our three basic conformations. The band

profiles of a simulation based on the PPII,â, and helix
conformations in Figure 3 emerged from the MD simulation
of Garcia, namely, (φ, ψ)1 ) (-60°, 120°), (φ, ψ)2 )
(-150°, 120°), and (φ, ψ)3 ) (-60°, 60°), respectively (54).
The respective3JCRHNH constants were adjusted using the
modified Karplus equation of Vuister and Bax (55). The
representative PPII conformation resembles more the struc-
ture adopted by the first residue in a type IIâ-turn. The best
reproduction of the experimental profiles was obtained with
ø3,k ) 0.20. The agreement between simulated and experi-
mental profiles is not bad, but small systematic differences
are discernible for IR, isotropic, and anisotropic Raman. The
respective PPII fractions areø1,1 ) 0.60 for alanine andø1,2

) 0.45 for lysine, while theâ-fractions areø2,1 ) 0.19 and
ø2,2 ) 0.35 for alanine and lysine, respectively. Thus, alanine
still has a clear PPII propensity. The respective value for
lysine is slightly larger than that obtained from the coil library
model.

Gjk
) RT ln(øj,k/ø1,k) (5)

FIGURE 3: Amide I′ band profile (dotted) of the isotropic Raman,
anisotropic Raman, IR, and VCD spectrum of AAKA measured at
acidic pD 1. The solid line results from a simulation based on the
three-state (per residue) model, encompassing PPII,â, and helix-
like conformations derived from MD simulations of Gnanakaran
and Garcia (16). The band of the C-terminal carbonyl stretching
modes has been modeled for the sake of completeness by fitting a
Gaussian profile to the experimental data with wavenumber and
half-width as free parameters.
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The temperature-dependent ECD spectra of AAKA plotted
in units of M-1 cm-1 residue-1 are depicted in Figure 4. In
contrast to what has been obtained for the heavily debated
XAO peptide, the spectra exhibit the characteristic minimum
(195 nm) and maximum (215 nm) diagnostic of a substantial
PPII contribution (56). However, compared with tetraalanine,
both the maximum and minimum are reduced by a factor of
2 and 3, respectively (26). This is qualitatively in line with
the much larger PPII fraction reported earlier for tetraalanine.

We wish to emphasize that the two sets of representative
structures considered above are most likely part of a
distribution of conformations assignable to different basins
in the Ramachandran plot. The widths of these distributions
are yet to be determined. Different coil libraries and results
from MD simulations are far away from agreeing with each
other with respect to the corresponding mole fractions and
distribution widths of the sampled conformations. A classical
random coil distribution of, e.g., alanine, as it emerged from
the work of Ramachandran et al. (57) and Brant and Flory
(58), can definitely be ruled out from our experimental data.
We also considered the possibility of various turn conforma-
tions to contribute to the AAKA ensemble. The agreement
with the experimental profiles was poor at best, even if only
small fractions of, e.g.,â-turns were considered.

Tetra- and Trialanine.In the past, we have used a
somewhat less advanced model to determine the average
structure of tri- and tetrapeptides, in that we identified the
dihedral angles which reproduced the intensity ratios of the
individual amide I′ subbands derived from spectral decom-
position. The result was subsequently interpreted in terms
of a two-state model, solely considering PPII and an extended
â-strand conformation, which is different from the more
parallelâ-sheet-like dihedral angles used in the present study.
Therefore, we felt a necessity to reanalyze both tetra- and
trialanine by means of our statistical model. The earlier
reported band profiles of (cationic) tetraalanine and (zwit-
terionic) trialanine are depicted in Figures 5 and 6, respec-
tively. Additionally, we measured the3JCRHNH coupling
constants for tetraalanine; these values are listed in Table 3,
while the coupling constant for the central alanine residue
in AAA (i.e., 5.6 Hz) was obtained from Schwalbe, Stock,
and associates (73). Again, we used these constants to restrict
the simulations of the band profiles by means of eq 4. In a

first step, we considered the representative conformations
of the coil library model and obtained an insufficient
agreement with the experimental data, irrespective of our
choice of the helical fraction. That particularly concerned
the IR and anisotropic Raman band profiles, for which the
relatively large intensity of the lowest wavenumber band
could not be reproduced. For tetraalanine, however, we could
obtain a rather good agreement with the experimental profiles
by using the representative conformation obtained in our
earlier study (withφ angles of-70° and-80°), but this is
not consistent with the observed3JCRHNH coupling constants
listed in Table 3. Inclusion of any of the different types of
turns in the simulation led to poorer agreement with the
experimental data. Subsequently, we decided to modify the
coordinates of the representative PPII conformations and
finally obtained the simulation in Figure 5 for tetraalanine,
by assuming that the difference between the3JCRHNH coupling
constants reflects different PPII coordinates rather than
different conformational mixtures. The agreement with the

FIGURE 4: Temperature-dependent ECD spectra of AAKA at pD
1 measured from 20 to 80°C at 10 deg intervals.

FIGURE 5: Amide I′ band profile of the isotropic Raman, anisotropic
Raman, IR, and VCD spectrum of AAAA measured at acidic pD
1 (taken from ref26). The solid line results from a simulation based
on a three-state (per residue) model, encompassing PPII,â, and
helix-like conformations as described in the text. The band of the
C-terminal carbonyl stretching modes has been modeled for the
sake of completeness by fitting a Gaussian profile to the experi-
mental data with wavenumber and half-width as free parameters.
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experimental data can be considered as satisfactory. The
respective PPII conformations are (φ, ψ)11 ) (-65°, 150°)
and (φ, ψ)12 ) (-70°, 140°). Helical contributions had to
be considered, and we obtained different fractions for the
two residues, namely,ø3,1 ) 0.20 for the first andø3,2 )
0.10 for the second of the nonterminal alanines (counted from
the N-terminal). The PPII mole fractions areø1,1 ) 0.66 and
ø1,2 ) 0.73, while theâ-fractions areø2,1 ) 0.14 andø2,2 )
0.17. With respect to PPII, this is less than what was
estimated in our earlier study, but the result still corroborates
the notion that alanine has a high PPII propensity, contrary
to recent claims (13). Additionally, we simulated the profiles
with the coordinates representing the distributions of Gnan-
akaran and Garcia (16), but this did not reproduce any of
the experimental profiles.

For tetraalanine, NOESY cross-peaks are observed in the
HN-HR, HN-HMe, and HR-HMe regions, the first one being
the most relevant for conformational analysis. In fact, as far

as the internal residues are concerned, the HN-HR intraresi-
due cross-peaks are much less intense than the interresidue
ones, suggesting that the latter are characterized byæ, ψ
angles in the PPII and/or in theâ-sheet Ramachandran
region, for whichdHRiHN(i+1) distances are shorter thandHRiHNi

(17). Moreover, the absence of measurable NOE’s in the
amide-amide region excludes the presence of appreciable
amounts ofR-helix conformers. These results corroborate
in general terms the analysis of the vibrational spectra.

With respect to trialanine, Eker et al. reported a 50:50
mixture of PPII andâ (46). This result cannot be brought in
line with the3JCRHNH coupling constant of 5.6 Hz, however.
The rather satisfactory simulation depicted in Figure 6 was
obtained with the PPII conformation obtained from the coil
library, namely, (φ, ψ)11 ) (-68°, 150°). This PPII
conformation is very close to the values reported in the early
study of Woutersen and Hamm (44). The helical fraction of
ø3 ) 0.25 is a necessity. The respective PPII andâ fractions
areø1 ) 0.52 andø2 ) 0.23. Again, we also tried to simulate
the profiles with the coordinates representing the distributions
of Gnanakaran and Garcia (16), but the result was less
satisfactory.

It is noteworthy that the C-terminal3JCRHNH coupling
constants of AAKA and AAAA (6.7 and 6.9 Hz) are slightly
higher than the respective value obtained for AA (6.5 Hz)
(59), and all these values are higher than those of the central
residues of the investigated peptides. We interpret this as
indicating that terminal residues are more likely to sample
â-strand-like conformations, which yield an increase of
3JCRHNH. If one invokes the two-state coupling model of Shi
et al. (10) and the3JCRHNH constants of Avbelj and Baldwin
(48), all of the values are still indicative of a high percentage
of polyproline II, as argued by Dragomir et al. (60).

All of these analyses together demonstrate that the
combination of our vibrational spectroscopy approach with
NMR data (i.e.,3JCRHNH) is very powerful in identifying the
conformational manifold of amino acid residues in peptides.
This strategy takes advantage of the site-specific information
provided by NMR, along with the high sensitivity of the
amide I band profiles concerning even modest variations of
the secondary structure. In this context, we would like to
emphasize that this stems in part from the fact that second
nearest neighbor coupling (i, i + 2) is not insignificant,
particularly for the helical and theâ-conformation.

Comparison with Literature.As mentioned above, the
ECD spectra of various unfolded alanine-based peptides
exhibit the characteristic feature indicative of a substantial
fraction of PPII (21). The much discussed XAO peptide is
somewhat of an exception from the rule in that its maximum
at 216 nm is substantially reduced, which suggests the
presence of other conformers (52). This and other experi-
mental data for this particular peptide led Makowska et al.
(13) and Vila et al. (61) to the conclusion that alanine does
not have a substantial PPII propensity. The results of the
present study strongly corroborate the opposite notion. The
mole fraction of alanine was found to vary between 0.60
and 0.75 for the peptides investigated. These values are
somewhat lower than those reported by Shi et al. for XAO
(10), but still large enough to consider a PPII preference of
alanine. Our analysis also corroborates the notion that the
individual PPII propensity of alanine is higher in AAAA than
in AAA (and AA (59)), in line with theoretical predictions

FIGURE 6: Amide I′ band profile of the isotropic Raman, anisotropic
Raman, IR, and VCD spectrum of AAA measured at neutral pD 6
(taken from ref34). The solid line results from a simulation based
on a three-state (per residue) model, encompassing PPII,â, and
helix-like conformations as described in the text.

Table 3: 3JCRHNH Values for Tetraalanine (AAAA)

residue no. 3JRHNH (Hz)

2 5.50
3 6.03
4 6.92
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of Garcia (54) and Raman optical activity data reported by
McColl (12).

The sampling of helical conformations by alanine in short
peptides has been a matter of debate. Thus far, it has been
overlooked in the studies of Kallenbach, Schweitzer-Stenner,
and their respective associates. MD simulations, however,
generally reveal a sampling of the helical basin of the
Ramachandran plot (mostly right-handed), but the respective
fraction does depend strongly on the choice of the force field
(19). Woutersen et al. investigated the spectral broadening
of the amide band I of trialanine and arrived at the conclusion
that their sample of AAA contained 20%RR and 80% PPII
(62). Our own analysis for this peptide yields the same helical
fraction, but a lower PPII propensity. The mixture reported
by Woutersen et al. would be inconsistent with our amide I′
profiles and ECD data. Mu and Stock (63) performed MD
simulations with a GROMOS 43A1 force field and obtained
ø1 ) 0.41 (PPII),ø2 ) 0.41 (â), andø3 ) 0.16 (helical) for
the central residue. This is close to our earlier reported 50:
50 mixing of PPII andâ but, as argued above, inconsistent
with the 3JCRHNH coupling constant. Duan et al. (17) used
the force field of Cornell et al. (64) to carry out an MD
simulation for an alanine dipeptide and a blocked alanine
tetrapeptide in explicit water. For the dipeptide they obtained
comparable populations of PPII and the (right-handed) helical
fraction with a minor population ofâ. For the tetrapeptide,
these three basins are nearly equally populated, so that their
plot looks like the classical random coil distribution, which
Ramachandran et al. (57) and Brant and Flory (58) obtained
for the alanine dipeptide. All of these results are inconsistent
with our experimental data. The discrepancy is even more
pronounced for simulations which Hu et al. (65) and Zagrovic
et al. (15) performed with different AMBER, CHARM, and
GROMOS force fields for an alanine dipeptide and XAO,
respectively. Kentsis et al. used a CHARM27 force field to
calculate the propensities of all natural amino acids in
GGXGG peptides (9). The so estimated alanine propensity
for PPII is too low (30%). All of these simulations yield an
overestimation of the helical fraction and an underestimation
of PPII. Tran et al. used their own potential function and
Monte Carlo simulations to obtain a mixture of nearly 50%
PPII, 30%â (i.e., with angles of a parallelâ-sheet), and
approximately 18% helical conformations (66). This is closer
to our results, but their PPII fraction contains a substantial
amount of a conformation termed Phyp, which exhibits lower
ψ andφ values than the canonical PPII. Such conformations
would exhibit a very low level of excitonic coupling for
amide I (50) and are therefore not likely to contribute
significantly to the observed amide I band profiles. Gnan-
akaran and Garcia used a modified AMBER force field (A94/
MOD) to simulate the sampling of polyalanine peptides of
different length (16). For the alanine dipeptide they observed
a mixture ofø1 ) 0.59 (PPII),ø2 ) 0.14 (â), andø3 ) 0.20
(helical); for AAA they observedø1 ) 0.80 (PPII),ø2 ≈
0.08 (â), andø3 ≈ 0.08 (helical). Their result for the alanine
dipeptide is very close to what we observed for the central
residue of AAA, but even their result for AAAA is much
closer to ours than all of the other simulations discussed
above. Finally, it deserves to be mentioned that our results
are in very good agreement with the PPII,â, and helix
population of alanine in the (reduced) coil library of Serrano

(20), but inconsistent with those in the respective library of
Fiebig et al. (67).

We would also like to note the remarkable similarity
between the dihedral angles which were used in the current
study to simulate the vibrational spectra of tetraalanine and
those reported recently by Pizzanelli et al. (68). The authors
performed a DFT calculation for tetraalanine in implicit and
explicit solvent (14 water molecules). The most stable
conformation obtained was clearly PPII-like; the respective
coordinates are (φ, ψ)11 ) (-57.6°, 145.0°) and (φ, ψ)12 )
(-68.8°, 138.4°) for the central residues. This is not only
close to the values obtained in the present study but also
reproduces the small difference between the two PPII
conformations of the central residues, which we inferred from
our data. The predominance of PPII was then confirmed by
1H NMR spectroscopy by measuring the dipolar couplings
of tetraalanine in an oriented lyotropic liquid crystal. The
DFT calculations revealed a conformation with both residues
in a helical conformation as the second one in the confor-
mational hierarchy. The close resemblance between these
values and those which we report affirms the merit of our
current model, as well as supports the PPII propensity of
alanine.

The low PPII propensity observed for the lysine residue
in AAKA is somewhat surprising since earlier studies on
charged polylysine peptides of different lengths were all in
agreement in suggesting a high PPII propensity (21, 22, 53).
That this property might depend on the choice of the nearest
neighbors has already been indicated by Eker et al., who
showed that K in AKA adoptsâ-strand-like conformations
at neutral pD, whereas PPII is preferred at acidic conditions
(23). More recently, Measey and Schweitzer-Stenner showed
that the average PPII fraction of the octapeptide, (AAKA)2,
is 60%, which is lower than expected (69). We investigated
AAKA at acidic conditions and showed that K samples PPII,
â, and helical conformations. This seems to resemble the
statistical coil concept of Zimmerman and Scheraga (14).
The reason for this behavior might be that lysine perturbs
the order of the hydration shell which has been suggested to
stabilize PPII in polyalanine peptides (70). Generally, our
result shows that nearest neighbor effects are relevant for
individual propensities of amino acid residues, and that a
PPII preferring neighbor does not necessarily support the
PPII propensity of a given residue.

Taken together, our study provides compelling evidence
for a significant PPII propensity of alanine, while it reveals
a context-dependent behavior for lysine, which deserves
further investigations. Furthermore, we showed that alanine
samples, to some extent, also (right-handed) helical confor-
mations, in line with predictions of Gnanakaran and Garcia
(16), Mu and Stock (63), and Woutersen et al. (62). We
would like to emphasize, however, that our results do not
argue in favor of a somewhat simplistic notion thatthe
structure of unfolded alanine peptides is PPII, as implicitly
suggested in a recent paper by Asher et al. (71). If the
individual PPII mole fraction of alanine is as high as 0.73
(as obtained for AAAA), the molar fraction of XAO with
all alanines in PPII is 0.11. The corresponding fractions for
six, five, and four residues are 0.08, 0.095, and 0.12,
respectively. Thus, nearly 40% of the peptides exhibit PPII
sequences of six and more. This is not insignificant. One
has to take into account, however, that conformational
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fluctuations are significant on the PPII potential surface; i.e.,
a PPII segment is still a dynamic entity. Nevertheless, it is
justified to state that the classical random coil, or even the
statistical coil, concept does not apply to alanine, and
evidence exists that it does not apply to other types of
residues either (20, 72). With respect to XAO, which is
currently being investigated in our laboratory, we have
evidence for the notion that (in agreement with Makowska
et al. (13)) turns can be formed at the interface between the
alanine segment and the X2 and O2 segments at the termini,
whereas the remaining alanine residues maintain a substantial
PPII fraction (Schweitzer-Stenner and Measey, manuscript
in preparation).
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