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Abstract:We examined the 204-nm UV Raman spectra of the peptide XAO, which was previously found
by Shi et al.’s NMR study to occur in aqueous solution in a polyproline II (PPII) conformation (Proc. Natl.
Acad. Sci. U.S.A. 2002, 99, 9190). The UV Raman spectra of XAO are essentially identical to the spectra
of small peptides such as ala5 and to the large 21-residue predominantly Ala peptide, AP. We conclude
that the non-R-helical conformations of these peptides are dominantly PPII. Thus, AP, which is highly
R-helical at room temperature, melts to a PPII conformation. There is no indication of any population of
intermediate disordered conformations. We continued our development of methods to relate the Ram-
achandran Ψ-angle to the amide III band frequency. We describe a new method to estimate the
Ramachandran Ψ-angular distributions from amide III band line shapes measured in 204-nm UV Raman
spectra. We used this method to compare the Ψ-distributions in XAO, ala5, the non-R-helical state of AP,
and acid-denatured apomyoglobin. In addition, we estimated the Ψ-angle distributions of peptide bonds
which occur in non-R-helix and non-�-sheet conformations in a small library of proteins.

Introduction

The classical view of protein structure and function is that a
native protein structure is defined by a single conformation or
by a restricted subset of similar conformations, which occur at
the minimum (or one of the minima) of the conformational
protein energy landscape.1-7 For many proteins, the native
structure is defined as the conformation that an isolated
denatured protein evolves into when the chemical environment
is altered to favor folding.8-12 The denatured states are much
less defined,9,13-16 with the likelihood that numerous states are
involved, in particular subsets of which are favored by different
denaturing environmental conditions. These conformational
subsets, as sampled by the peptide bond conformations, are

expected to be much smaller than those conformations possible
by simply excluding the sterically disallowed peptide bond
dihedral angles, which occur in the forbidden portions of the
Ramachandran plot.17 The conformational subspace(s) of the
amide bonds of denatured proteins is also expected to be much
smaller than the conformational subspace which would remain
by additionally excluding all sterically problematic side chain
conformations.18

The term “denatured” or “non-native” state is generally used
to denote a variety of protein-unfolded states which conforma-
tionally differ from that of the biologically active native state.
Care is necessary when using these definitions, since unfolded
states may have biological function.19,20 In many cases, the
denatured structure is expected to have a random secondary
structure where the backbone randomly adopts energetically
allowed Ψ- and Φ-Ramachandran angles, since it has been
thought, until recently, that conformational correlations should
not exist between adjacent peptide bonds.21 In this case, for a
random coil peptide sequence there would be no correlation in
peptide bond conformations between adjacent or distant peptide
bonds. It should be mentioned, however, that this assumption
has been recently questioned.22-27
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Evidence has recently been presented which indicates that
even small peptides have defined solution backbone conforma-
tions and that the “random coil conformation” approximation
is invalid even for small peptides such as dialanine.28,29 These
new data have resurrected the early arguments by Tiffany and
Krimm30 that CD spectra indicate a nonrandom secondary
structure for polyglutamic acid and polylysine peptides, whose
structure was proposed to resemble the polyproline II-type
helical structure (PPII helix, or 31-helix). This PPII left-handed
backbone helical structure shows Ψ- andΦ-angles of 145° and
-75°, respectively, with three residues per helical turn.
The unfolded states of other small peptides such as ala3

(A3),31,32 A7,33 K7,34 and much larger peptides such as poly-L-
lysine,35,36 poly-L-glutamic acid35,36 and poly-L-glutamate,36 and
poly-L-aspartate peptides36 have also been reported to adopt
locally ordered PPII helical conformations.
Evidence for local order has also appeared in VCD studies

of high molecular weight poly-L-lys and poly-L-glutamic acid.37
In addition, researchers have recently presented evidence that
the so-called unordered regions of native proteins contain a
considerable amount of PPII structure.35,38-40 The recent excel-
lent reviews discussing PPII conformations by Shi et al.41 and
Bochicchio et al.42 should also be consulted for recent views
regarding the importance of the PPII structure. In addition,
Blanch et al.43 recently used Raman optical activity to examine
melting of lysozymes and a 21-amino acid alanine-rich peptide
and found evidence for melting to a PPII conformation.
In this work, we used UV Raman spectroscopy44,45 to examine

the melting of a 21-residue A-based peptide AAAAA-
(AAARA)3A (AP) which contains three R to confer solubil-
ity.46,47 We find that the melting occurs from an R-helix to a
mainly PPII conformation. We find no evidence for a “random
coil” conformation. The fact that the melting involves a

transition mainly between two defined conformations calls into
question the validity of the models48,49 typically used to model
R-helix folding and unfolding. These models assume a large
entropic penalty for R-helix nucleation, since they imagine that
the nucleus requires the conformational constraint of four
residues from a high-entropy random coil conformational state
to begin the growth of longer R-helices. It appears that the
R-helix nucleation is not as entropically expensive as proposed,
since the conformational change involves transitions between
restricted peptide conformational subspaces, between the PPII
state(s) to the R-helix-like nucleus. These considerations may
dramatically change modeling of the folding and unfolding of
R-helices, at least for AP-type peptides.

Experimental Section

Sample Preparation. The 21-residue alanine-based peptide AAAAA-
(AAARA)3A (AP) was prepared (HPLC pure) at the Pittsburgh Peptide
Facility by using the solid-state peptide synthesis method. The AP
solutions in water contained 1 mg/mL concentrations of AP and 0.2 M
concentrations of sodium perchlorate, which were used as internal
intensity and frequency standards.46,47 All Raman spectra were normal-
ized to the intensity of the ClO4- Raman band (932 cm-1).
A5 and A3 peptides were purchased from Bachem Bioscience, Inc.

(King of Prussia, PA) and used as received. The A5 - A3 Raman
difference spectral measurements utilized identical molar concentrations
of A5 and A3 (0.34 mg/mL and 0.2 mg/mL, respectively) in solutions
containing identical sodium perchlorate concentrations (0.2 M). We
normalized the Raman spectra to the intensity of the 932 cm-1

perchlorate internal standard band. The A5- A3 difference spectra were
calculated by subtracting the normalized A3 spectrum from the
normalized A5 spectrum at each temperature.
The undecapeptide XAO (MW ) 985) was prepared (HPLC pure)

at the Pittsburgh Peptide Facility by using the solid-state peptide
synthesis method. The sequence of this peptide is Ac-XXAAAAAAAOO-
amide, where all amino acids are in their L form, and A is alanine, X
is diaminobutyric acid (side chain CH2CH2NH3+), and O is ornithine
(side chain (CH2)3NH3+). We used 1 mg/mL solutions of XAO peptide
containing 0.15 M sodium perchlorate. The UVRR spectra of XAO
were also normalized to the ClO4- Raman band intensity.
Horse heart metmyoglobin (holoMb) was purchased from Sigma

Chemical Co. (St. Louis, MO). ApoMb was made by a 2-butanone
extraction of the heme using the procedure of Teale,50 followed by
Sephedax-25 gel chromatography. Absorption measurements indicated
that >99% of the heme was removed. The apoMb was lyophilized
and stored at -20 °C. We used 200 μM apoMb solutions (∼3 mg/mL)
for the steady-state Raman measurements. The apoMb sample pH was
adjusted to the desired value (pH) 1.86) by using HCl. Concentrations
were determined from UV absorption spectra by using a molar
absorptivity of 14,260 M-1 cm-1 at 280 nm.51,52

Instrumentation. The UV Resonance Raman instrumentation has
been described in detail elsewhere.46,47 A Coherent Infinity Nd:YAG
laser produced 355 nm (3rd harmonic), 3 ns pulses at 100 Hz. This
beam was Raman-shifted to 204 nm (fifth anti-Stokes) by using a 1-m
tube filled with hydrogen (60 psi). A Pellin Broca prism was used to
select the 204-nm excitation beam. The Raman scattered light was
imaged into a subtractive double spectrometer,53 and the UV light was
detected by either a Princeton Instruments solar blind ICCD camera or
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a Roper Scientific unintensified, back-thinned, liquid nitrogen-cooled
CCD camera. All samples were measured in a thermostated free surface
flow stream.

Results and Discussion

UV Raman Spectra of PPII XAO Indicate that Melted
AP Is in a PPII Conformation. Shi et al.33 carefully measured
the temperature dependence of the NMR spectra of XAO peptide
and definitively showed that at 2 °C the structure in water was
mainly PPII helix (with no more than 10% �-strand). The
structure remained dominantly PPII helix at 52 °C, with a∼12%
increase in �-strand concentration. We compared the UV
resonance Raman spectrum of XAO to the melted form of AP,
a 21-amino acid mainly Ala peptide. Figure 1 shows the 204
nm UV Raman spectra of XAO peptide between 0 and 80 °C.
Excitation (204 nm) occurs within the π f π* transitions of
the amide peptide bonds.54 Excitation into these electronic
transitions mainly enhances the vibrations of the amide
backbone.55-58
The XAO UV Raman spectra are essentially invariant with

temperature. At 20 °C the spectra46,47 show the AmI band

(∼1657 cm-1, mainly CdO stretching of the peptide bond),
the AmII band (∼1550 cm-1, CN stretch and NH bending),
and the CR-H sb doublet (∼1388 and 1365 cm-1, a symmetric
bending vibration which is enhanced because of coupling with
the AmIII vibration). The amide III spectral region is very
complex59-62 and normally is considered to have a number of
contributing bands which also derive from CN stretch and NH
bending as well as other amide coordinates. We will elucidate
the detailed assignments of these bands in a forthcoming
publication,63 but here we enumerate only two of the important
amide III region bands: the AmIII2 (∼1302 cm-1) and the
AmIII3 (∼1244 cm-1) bands.64
The frequency of the amide III bands and the resonance

Raman enhancement of the CR-H sb bands depend mainly on
the degree of coupling between CR-H sb and N-H sb motions,
which strongly depends on the amide bond Ψ-angle.65 The
lowest amide III3 band frequencies and the strongest mixing
were originally expected65 at Ψ ≈ 180°, where the CR-H and
N-H bonds are cis. In contrast, essentially no mixing occurs
for Ψ ) -60° (R-helix Ψ-angle), where the CR-H and N-H
bonds are trans.65
The low frequency of the amide III bands and the strong

enhancement of the CR-H sb vibration in XAO are fully
consistent65 with the PPII conformation (Ψ ≈ 145°) determined
by NMR. However, this low frequency could also be consistent
with a �-strand conformation. The lack of a temperature
dependence of the UV Raman spectra, except for the small
monotonic frequency shifts46 discussed below in detail, indicates
a single, essentially invariant secondary structure conformation.
The band positions and the spectral shape of the XAO UV

Raman spectra are very similar to those observed for the
unfolded state of the ala-based AP peptide (Figure 2) and the
A5 - A3 difference spectra.46 The main difference is that the
XAO peptide spectrum shows a decreased AmIII3 frequency
(1240 cm-1 at+60 °C) and a smaller relative intensity compared
to both AP (1247 cm-1 at +62 °C) and A5 - A3 (1250 cm-1

at +50 °C). This frequency shift could result from small
differences in the Ψ-angles from their normal PPII values of
145°.
Asher et al.’s study65 of the Ψ- and Φ-dependence of the

AmIII vibrational frequencies exposed the simple relationship:
υ ≈ υo + A sin(Ψ - δ), where υ is the calculated AmIII
frequency, υo is the AmIII frequency baseline, A is the amplitude
of the frequency dependence on Ψ, and δ is the relative phase
of the sine curve with respect to Ψ. As discussed below (eq 2),
we have fit this relationship to new solution and crystal Raman
data and found that this 7 cm-1 frequency increase in AP could
result from a ∼10° increase to Ψ ) 155°.
It is, however, more likely that the spectral differences

between AP and XAO derive from the∼50% XAO amide bonds
contributed by non-ala amino acids, which are likely to influence
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Figure 1. (A) 204-nm UVRR spectra of PPII helical XAO peptide at 0,
+20, +40, +60, and +80 °C. (B) Temperature dependence of PPII helix
UVRR bands. The contribution of the broad water bending band centered
at ∼1630 cm-1 and the sharp O2 stretching band at 1556 cm-1 have been
numerically removed.
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the Φ-angle as shown by Ianoul et al.66 This could decrease
their AmIII3 frequencies, which would broaden the band and
decrease the peak height as observed here. Mirkin and Krimm67
also demonstrated that the AmIII frequency depends on both
the Ψ- and Φ-angles rather than the Ψ-angle alone.68
The temperature dependence of the XAO UV Raman band

frequencies (Figure 1) is essentially identical to that of AP
(within experimental precision,46 Table 1). The XAO AmII band
shows a-0.14 cm-1/K temperature coefficient, while the AmIII3
band shows a somewhat smaller -0.10 cm-1/K coefficient, as
shown in Table 1. The CR-H bending shows no temperature
dependence (within experimental error), while the AmI bands
show small positive coefficients.
As discussed in detail elsewhere,69,70 this spectral dependence

derives from a weakening of the hydrogen bonding of water to
the amide carbonyl and N-H groups. The hydrogen-bonding
coordinate is anharmonic, which results in an increased water-
to-amide hydrogen bond length as the temperature increases
(Figure 3). The consequent decrease in hydrogen bond strength
increases the contribution of the Figure 3b resonance form,
which would decrease the AmII and AmIII band frequencies
and would increase the AmI band frequency, as observed.
The identical amide band frequency temperature dependencies

for AP, A5 - A3, and XAO clearly indicate essentially identical
exposures to water and identical backbone hydrogen bonding
to water. All of these results force us to conclude that non-R-
helical AP and the inner peptide bonds of A5 occur in PPII-
like conformations. Although we find that non-R-helical AP
occurs in a predominantly PPII helix conformation, this does
not mean that the PPII helix conformation spans the entire AP
length. Rather, it is more likely that stretches of PPII helix occur
which are separated by �-turns, for example.
AP Melts from an r-Helix to a Mainly PPII Conforma-

tion. The Figure 4 temperature difference spectra between 60

°C and 0 °C for XAO and non-R-helical AP peptides are very
similar. This AP difference spectrum was modeled from Lednev
et al.’s data46 by numerically removing the R-helix contribution
from the 0 °C AP spectrum.
AP is 55% R-helical at 0 °C. The helix melts as the

temperature increases. Lednev et al.’s kinetic measurements46,47
showed that R-helical AP melts in the ∼200-ns time regime
following 3-ns T-jumps. They found that the transient AP
difference spectra at the shortest (∼14 ns) times look identical
to the equilibrium temperature difference spectra for the non-
R-helical form of AP between the two temperatures (compare
Figure 4 to Figure 3 of Lednev et al.47). Thus, these spectral
changes were interpreted to result from the T-induced difference
spectra of the “disordered” form of AP, which we can now
ascribe to the mainly PPII conformations of a fraction of the
AP chains. Only at times >50 ns do spectral changes appear,
which indicate melting of R-helices to a conformation which is
predominantly PPII. We see no evidence of any additional
intermediate conformations. Whatever the reaction pathway, the
melting from R-helix to PPII is fast.
Temperature Dependence of Amide Frequencies. Recent

studies have also demonstrated that small peptides adopt the
PPII structure in solution.31-33 Figure 5 shows the temperature
dependence of the Raman difference spectra between Ala5 and
Ala3 (A5 - A3). This difference spectrum removes the spectral
contributions of the penultimate amide bonds and allows us to
concentrate on the two central amide bonds of Ala5. As noted
by Lednev et al.,46 these A5 - A3 spectra are very close to the
spectra of non-R-helical AP (PPII structure). In fact, they show
the same temperature dependence of the amide frequencies. This
allows us to conclude that the interior amide bonds of Ala5 are
predominantly in a PPII conformation.
A similar PPII-type spectrum can also be obtained from

proteins denatured at low pH. For example, Figure 6 shows the
204-nm UV Raman spectra of apoMb at pH ) 1.86 and +25
°C (<20% R-helix). Essentially, all R-helices have melted. The
unfolded apoMb spectrum is close to that of XAO and AP,
suggesting a significant population of the PPII conformation in
this unfolded protein. However, the amide bands are broad, and
the higher frequency AmIII3 shoulder indicates additional
contributions from non-PPII conformations.
Frequency Dependence of Disordered Peptide Bonds of

Folded Proteins. The UV Raman spectra of “disordered
segments” of folded proteins show little evidence of PPII
conformations. Figure 6 shows the UV Raman basis spectrum
of the disordered conformations of the library of native proteins
measured by Chi et al.71 The UV Raman spectra from this
protein library were found to have three main factors which
completely determined its spectral features: the R-helix, �-sheet,
and “unordered” forms. Since the conformations of all of these
proteins were known from X-ray diffraction, we were able to
calculate the basis spectra of the three contributing secondary
structure motifs: the R-helix, �-sheet, and “unordered” con-
formations of these folded proteins.
The UV Raman basis spectrum of the “disordered” peptide

bonds is extremely broad. For example, the AmIII band spans
the 1220-1320 cm-1 spectral region. This frequency span is
likely to result from a subset of amide bonds with Ψ- and
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Figure 2. Comparison of 204-nm Raman spectra of predominantly PPII
helical XAO peptide at +60 °C to that of non-R-helical AP at +62 °C, and
A5 - A3 at +50 °C.
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Φ-angles spanning a broad region of angles within the Ram-
achandran dihedral angle plane.
We could use these spectral data to determine the range of

Ψ- and Φ-angles if we knew the homogeneous line width of
the AmIII3 bands and the dependence of the center frequencies
on the Ψ- and Φ-angles. We can estimate the intrinsic
homogeneous line width of the bands from UV Raman spectra
of crystals of peptides.
Determination of Amide Band Homogeneous Line Width.

Figure 7 shows the 229-nm Raman spectra of a powder of Gly-
Ala-Leu trihydrate crystals grown out of a methanol-water
mixture72 (for which we have also determined a crystal

structure). In addition, Figure 7 shows the Raman spectrum of
a powder of Gly-Ala-Leu directly out of the Bachem Company
bottle. This powder is claimed by Bachem to result from drying
an aqueous solution of Gly-Ala-Leu.
The X-ray diffraction crystal structure72 of this Gly-Ala-Leu-

trihydrate crystal shows that the Ala-Leu peptide bond has
R-helix-like Φ- and Ψ-angles (-67°, -40°). As expected, the
Raman spectrum of the trihydrate crystal shows a high-
frequency, sharp R-helix-like Am III3 band at 1292 cm-1. The
Gly-Ala-Leu powder from Bachem shows a similar sharp
AmIII3 band, which is shifted 50 cm-1 to lower frequency. We
do not know the peptide structure in this powder. However,
the AmIII3 frequency is consistent with a more planar �-strand-
like or PPII-like conformation.
Since the trihydrate crystal shows a single well-defined

hydrogen bonding geometry, the observed Raman bandwidths
(72) Chaturvedi, S.; Go, K.; Parthasarathy, R. Biopolymers 1991, 31, 397-

407.

Table 1. Temperature Dependence of Amide UV Raman Bands for Different Unfolded (Non-R-Helical) Polypeptides Compared to That of
PPII Helical XAO Peptide

XAO-peptide
(>80% PPII helical)

neutral pH
Ala5-Ala3 “random coil”

neutral pH
AP, non-R-helical

neutral pH

unfolded Apo-Mb
(<20% R-helix)

pH ) 1.86

dν/dT ν60 °C, cm-1 dν/dT ν50 °C, cm-1 dν/dT ν60 °C, cm-1 dν/dT ν56 °C, cm-1

AI 0.02 ( 0.01 1659 0.052 ( 0.02 1667 0.052 ( 0.02 1659 0.06 ( 0.01 1671
AII -0.14 ( 0.01 1545 -0.14 ( 0.01 1558 -0.14 ( 0.01 1548 -0.17 ( 0.04 1550
CRH(1) 0.008 ( 0.016 1388 -0.015 ( 0.02 1397 -0.015 ( 0.02 1399 -0.02 ( 0.04 1393
CRH(2) 0.018 ( 0.017 1365 -0.01 ( 0.02 1373 -0.01 ( 0.03 1377

broad
N/A 1378

broad
AIII2 -0.03 ( 0.02 1300 -0.03 ( 0.01 1305 -0.03 ( 0.01 1311 -0.05 ( 0.04 1295
AIII3 -0.10 ( 0.02 1241 -0.094 ( 0.018 1250 -0.094 ( 0.018 1247 -0.11 ( 0.03 1240

Figure 3. Resonance forms of amide peptide bond. Hydrogen bonding
stabilizes resonance form a, which stabilizes C-O single bonding and Cd
N double bonding.

Figure 4. UV Raman difference spectra between +60 °C and 0 °C for the
PPII conformation of XAO and that of AP.

Figure 5. Temperature dependence of A5 - A3 204-nm Raman difference
spectra and temperature dependence of the A5- A3 amide band frequencies.
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should be close to that of the homogeneous line width of the
Raman band (assuming identical dephasing rates in the crystal
and in solution). Both the trihydrate crystal and the Bachem
powder show AmIII3 bandwidths of 15 cm-1 (full width at half-
height). This bandwidth is significantly larger than our spectral

resolution of 6 cm-1. Thus, assuming a Lorentzian band shape
we calculate 7.5 cm-1 homogeneous line widths. The fact that
the Bachem powder shows a similar narrow bandwidth indicates
that the peptide also occurs in a single well-defined conformation
in this powder environment.
Deconvolution of AmIII3 Frequency Distribution for Non-

r-Helical States of Peptides and Proteins. Given this homo-
geneous line width, we can very roughly estimate the distribution
of Ψ-angles by neglecting the dependence of the AmIII3
frequencies on the Φ-angle. Previous works by both us and
others have shown a much smaller AmIII band frequency
dependence on the Φ-angle than on the Ψ-angle.65-67 Further,
only a very limited region ofΦ-angles can be populated because
of steric constraints. We note that our argument also neglects
the unlikely possibility that major contributions occur from
Φ-angles, which occur in the left-handed R-helix conformation.
We assume that the inhomogeneously broadened experimen-

tally measured AmIII3 band profile, A(ν), is the sum ofM single
Lorentzian bands with identical homogeneous line widths, Γ,
with different center frequencies, νei:

where Li is the probability for a band to occur at frequency νei.
We deconvoluted the measured XAO, AP, acid-denatured
apoMb, and average disordered protein spectra into their
population distributions of identical 7.5 cm-1 Lorentzians. Figure
8 shows histogram plots of the underlying spectral probability
distributions. A5 - A3 shows the narrowest distribution of

Figure 6. Comparison of 204-nm PPII helical XAO spectrum (+20 °C)
to the spectra of non-R-helical structures for different peptides and
proteins: A5 - A3 (+20 °C), AP (+25 °C), acid-denatured apoMb (pH )
1.86, +25 °C), “average protein” (+25 °C). The “average protein random
coil” spectrum is the average UV Raman spectrum obtained for non-R-
helical and non-�-sheet secondary structures in a library of 13 native
proteins.71

Figure 7. Comparison of 229-nm Raman spectrum of crystal Gly-Ala-
Leu‚3H2O ({Ψ,Φ} ) {-40°,-67°}) to that of “powder” Gly-Ala-Leu.

Figure 8. Deconvolution of homogeneously broadened AmIII3 Raman band
shape from Figure 7 of XAO, A5 - A3, non-R-helical AP, acid-denatured
apoMb, and “disordered” protein conformations. The resulting histogram
shows the population distribution associated with the plotted AmIII3
frequencies.
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frequencies, while the “protein library” shows the broadest. AP
is similar to XAO except that it is shifted to higher frequency.
Acid-denatured apoMb shows a broad range of frequencies;
however, it shows a significant maximum around the PPII
frequencies.
These deconvolutions also assume that the Raman cross

sections of these bands are independent of frequency (i.e.,
Ψ-angle independent). This is a reasonable assumption, since
the only major amide band cross section dependence observed,
to date, is for the R-helix conformation, which appears to result
from hypochromic R-helix excitonic interactions by the reso-
nance electronic transitions.54,55,73-76 This cannot occur here
because no extended R-helices contribute, and each amide bond
scatters independently.77,78 The only possible Raman cross
section dependence would occur in the presence of a large
normal mode composition dependence on the band frequency.
Quantitative Correlation ofΨ and the AmIII3 Frequency.

We previously used Gaussian 98W to calculate the Ψ-dihedral
angle dependence of the amide III frequency of alanine
methylamide in a vacuum.65 The frequency dependence was
carried out by fixing Ψ at the angles of interest and then
optimizing the geometry of the peptide at each angle. The
vibrational frequencies were determined for each optimized
geometry. We found a sin Ψ-dependence: υ ) υo + A sin(Ψ
+ a).
This equation is likely to only roughly estimate the correlation

between the AmIII3 frequency and the Ψ-angle. However, it
appears to capture the physics of the frequency dependence in
that it calculates the Ψ-angular dependence of the coupling of
the AmIII3 vibration with CR-H bending. It predicts a sinusoidal
relationship which correlates with the projection of N-H and
CR-H sb motion. The parameters found from the theoretical
fit can be made more predictive for peptides in water by refitting
this equation to experimental data for peptide bonds at known
Ψ-angles. Thus, we fit the expression to three points: the
R-helix-like peptide Gly-Ala-Leu-trihydrate withΨ )-40° and
νIII3 ) 1292 cm-1, the XAO peptide in water in the PPII state
with Ψ ) 145° and 1242 cm-1, and poly-L-lysine, poly-L-
glutamic acid mixture (which forms a �-sheet),69 withΨ ) 120°
and 1227 cm-1. We obtain:

We can then use eq 2 to analyze Figure 8 to roughly estimate
the Ψ-angle distribution of our peptides and proteins (Figure
9).
We are aware that Mirkin and Krimm67 calculations show a

significant dependence of the AmIII band frequency on the
Φ-angle. They point out that this dependence will tend to
confound a simple correlation relationship such as eq 2,
proposed here. However, the Ψ-dependence still generally
dominates the Ψ-, Φ-dependence. The relationship in eq 2
derives from a theoretical dependence that captures the physics
of the coupling of CR-H and N-H motions, which is then
empirically fit to spectral data for particular known conforma-

tions. The proposed relationship is likely to span the region of
the �-sheet, PPII, and R-helical conformations discussed here
and lead to rough estimates of Ψ-angles.
Our approach here is used to estimate the correlation between

the AmIII frequency and the Ψ-angle. For AP we find Ψ )
152( 26°. The distribution inΨ suggests significant population
of �-strand conformations. This would be consistent with
Sreerama and Woody’s molecular dynamics calculation of A8,79
which indicated that each amide bond populates both the PPII
and �-strand conformations. However, the �-strand was found
to be 2- to 3-fold less populated than the PPII conformation.
TheΨ-angle distribution found for the non-R-helix and non-

�-sheet protein library spectrum indicates that a large range of
Ψ-angles are populated (80-180° and -180° to -120°). These
include even angles outside the normally allowed range of 40°
< Ψ < 180° and-180° < Ψ <-160° for unconstrained amide
bonds. This large range of amide bonds Ψ-angles is expected
since the folded protein structures utilize packing constraints
to force these unusual dihedral angles.
Transient Melting of AP r-Helix to PPII. Figure 10, which

was adapted from Figure 3 of Lednev et al.,47 shows the time
dependence of the UVRS spectral changes induced by a T-jump
between 4 and 35 °C for AP in water. We can now interpret
these data in terms of R-helix f PPII transition, rather than to
a random coil conformation. A careful measurement of the
frequency of the difference peak finds it identical to that in the
steady-state spectrum (top), indicating the dominant conforma-
tion is to a state with Ψ ) 150°, almost certainly PPII.
At short delay times (e40 ns) we only see features which

are due to changes in the temperature-dependent hydrogen
bonding strength between PPII AP and water. These spectral

(73) Schellman, J. A.; Becktel, W. J. Biopolymers 1983, 22, 171-187.
(74) Momii, R. K.; Urry, D. W. Macromolecules 1968, 1, 372.
(75) Onari, S. Jpn. J. Appl. Phys. 1970, 9, 227.
(76) Moffit, W. Proc. Natl. Acad. Sci. U.S.A. 1956, 42, 736.
(77) Mix, G.; Schweitzer-Stenner, R.; Asher, S. A. J. Am. Chem. Soc. 2000,

122, 9028-9029.
(78) Mikhonin, A. V.; Asher, S. A. In preparation, 2004.

(79) Sreerama, N.; Woody, R. W. Proteins: Struct., Funct., Genet. 1999, 36,
400-406.

Figure 9. Estimated Ψ-Ramachandran angle distribution of XAO, A5 -
A3, non-R-helical AP, acid-denatured apoMb, and “disordered” state of an
“average protein” (from a library of folded proteins).

υ ) 1265 cm-1 - 46.8 cm-1 sin(Ψ + 5.2°) (2)
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changes are not associated with the R-helix f PPII conforma-
tional transition.47 These features show up immediately after
the IR heating pulse, and they stay constant until R-helix melting

(discussed below) begins at longer delay times (g50 ns) in the
AP difference spectra. These short delay time spectral changes
are identical to the difference spectra shown in Figure 4.
It was shown earlier46,47 that the 1236, 1374, 1534, and 1678

cm-1 difference spectral features are contributed by the popula-
tion of AP non-R-helical conformations. We now conclude that
these spectral features derive from PPII conformations. The
relative contributions of PPII conformations increase in the
difference spectra at delay times longer than 40-50 ns. At∼400
ns, the spectral evolution is complete, and the difference spectra
becomes identical to all the difference spectra at longer delay
times, as well as to steady-state difference spectrum between 4
and 35 °C, which can be considered as a difference spectrum
with an “infinite” delay time.

Conclusions

Numerous groups recently demonstrated the occurrence of
PPII conformations in large and small peptides. We verified
these conclusions for small peptides as well as for a 21-residue
mainly Ala peptide, which exists below room temperature as a
mixture of R-helix and PPII helix. AP is mainly in an R-helix
conformation at 0 °C and is mainly in a PPII conformation above
room temperature. AP undergoes a thermal melting transition
between the R-helix and a PPII conformation without any
evidence of other significantly populated intermediates. This is
a distinctly different transition than envisioned by previous
theoretical methods, which considered a melting transition from
an ordered R-helical state to a disordered state.
We developed a method to estimate the Ramanchandran

Ψ-angle from the AmIII frequency of peptide bonds in water
solution. This has allowed us to estimate the Ψ-angle distribu-
tion in small and large peptides and in acid-denatured apoMb.
We also estimated the distribution of Ψ-angles in disordered
regions of folded proteins. As expected, we find population of
Ψ-angles in the disordered amide bonds of folded proteins that
are normally disallowed for unconstrained peptide bonds.
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Figure 10. AP UVRS spectrum (top curve) measured in H2O at 4 °C and
transient difference UVRS of AP solution initially at 4 °C at different delay
times after T-jump of ∼31 °C. The steady-state difference UVRS spectrum
between 35 and 4 °C is equivalent to the transient difference spectrum at
infinite delay time. Adapted from Figure 3 of Lednev et al.47

A R T I C L E S Asher et al.

8440 J. AM. CHEM. SOC. 9 VOL. 126, NO. 27, 2004


