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We used UV resonance Raman (UVRR) spectroscopy to quantitatively correlate the peptide bond AmIII3
frequency to its Ψ Ramachandran angle and to the number and types of amide hydrogen bonds at different
temperatures. This information allows us to develop a family of relationships to directly estimate the Ψ
Ramachandran angle from measured UVRR AmIII3 frequencies for peptide bonds (PBs) with known hydrogen
bonding (HB). These relationships ignore the more modest Φ Ramachandran angle dependence and allow
determination of theΨ angle with a standard error of (8°, if the HB state of a PB is known. This is normally
the case if a known secondary structure motif is studied. Further, if the HB state of a PB in water is unknown,
the extreme alterations in such a state could additionally bias the Ψ angle by (6°. The resulting ability to
measure Ψ spectroscopically will enable new incisive protein conformational studies, especially in the field
of protein folding. This is because any attempt to understand reaction mechanisms requires elucidation of the
relevant reaction coordinate(s). The Ψ angle is precisely the reaction coordinate that determines secondary
structure changes. As shown elsewhere (Mikhonin et al. J. Am. Chem. Soc. 2005, 127, 7712), this correlation
can be used to determine portions of the energy landscape along the Ψ reaction coordinate.

Introduction

The various techniques of molecular spectroscopy constitute
the toolset used by scientists for investigating molecular
conformations and reaction mechanisms. These various spec-
troscopic techniques require quantitative correlations between
the spectral parameters measured and the molecular conforma-
tional parameters. NMR and especially multidimensional NMR
techniques are certainly the most powerful spectroscopic
methods for solution studies.1-13 The origin of the power of
NMR derives from its ultrahigh spectral resolutions and because
the important spin interactions can be accurately modeled in
terms of distances between atoms. The NMR techniques are
certainly the gold standard methods for studying systems at high
concentrations where the dynamical questions probed are slower
than the microsecond time scale.14,15
In contrast, optical spectroscopic methods are used for lower

concentration samples and for systems controlled by faster
dynamics. For example, vibrational spectroscopic techniques can
often be easily applied to studying low concentrations of
species,16-21 as well as to probe both very fast (femtosecond)
and very slow processes.22-34 Unfortunately, the resulting
vibrational spectroscopic information cannot as easily be
interpreted to obtain quantitative information on molecular
conformation.35 Although it is possible to calculate normal
modes of large molecules in a vacuum, the uncertainties in these
calculated frequencies and their assignments in the condensed
phase prevent interpreting these results in terms of the molecular
geometry present in the condensed phase. In general, the
vibrational spectra are interpreted through indirect empirical
arguments. It is unusual to be able to interpret vibrational spectra
quantitatively by correlating measured vibrational spectral
parameters to bond lengths, angles, etc.36,37

In the work here we have determined the frequency depen-
dence of the Amide III (AmIII) band observed in the ∼200 nm
UV resonance Raman (UVRR) spectra of peptides and proteins
on theΨ Ramachandran angle, which largely defines the peptide
bond secondary structure.22,38,39 The understanding of the
dependence of the AmIII band on the Ψ Ramachandran angle
has a long and distinguished history; almost 30 years ago Lord
proposed that the AmIII band correlates with the peptide
secondary structure.40 During the succeeding years, numerous
investigators have used this band to determine protein and
peptide secondary structure.38,39,41-58

Recently Asher et al.47 theoretically examined the dependence
of the AmIII band on the Ψ angle and discovered that this
dependence resulted from coupling between the peptide bond
N-H and CR-H in-plane bends. They found that this coupling
varied sinusoidally withΨ angle. They also discovered that there
was much less dependence of the AmIII band on the Φ
Ramachandran angle.47,59 They also carefully examined42 the
amide III region of peptides and proteins and assigned a number
of the bands in this region. They assigned one band in this
spectral region, the AmIII3 band, to the vibration whose
frequency varies with the Ψ angle.43,60 Further, they also
recently showed that this Raman band derives from independent
contributions from individual peptide bonds in the peptide and
protein; there is no evidence of coupling of this vibration
between adjacent peptide bonds,61,62 unlike the commonly used
AmI band.61,63

These observations are important because they indicate that
the AmIII3 band may be uniquely useful in peptide and protein
conformational studies. This band is easily observed because it
is strongly enhanced by resonance excitation in the peptide bond
∼200 nm π f π* transitions.39,64-66 Further, we showed that
this band can be selectively measured for a single peptide bond
by isotope editing the peptide or protein by replacing the CR-H
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by CR-D.42,47,67,68 The high S/N difference spectrum directly
displays the AmIII3 frequency.
In the work here we carefully examined the dependence of

this AmIII3 frequency on hydrogen bonding (HB), to separate
the HB dependence from the Ψ angle dependence. This allows
us to propose a family of relationships which can be used to
determine the Ψ angle directly from the measured AmIII3
frequency with a typical accuracy of (8°, assuming a known
HB state (however, see discussion below).
We are optimistic that these relationships will be very useful

for protein conformational studies, especially in the field of
protein folding. This is because any attempt to understand
reaction mechanisms, such as, for example, protein folding,
requires elucidation of the relevant reaction coordinate(s). The
Ψ angle is precisely the reaction coordinate that determines
secondary structure changes. As shown elsewhere60 the cor-
relation we propose can be used to experimentally determine
features of the energy landscape along this Ψ reaction coordi-
nate. Such an experimental insight into a protein conformation
and energy landscape is crucially needed, since there are still a
lot of unresolved questions regarding the theoretical modeling
of protein folding despite remarkable recent achievments.69-71

Experimental Section

Sample Preparation. N-Methylacetamide (NMA, >99%
pure) was purchased from Sigma Chemicals (St. Louis, MO)
and used as received without any further purification. Neat liquid
NMA (∼13 M) and 0.13 M NMA in water solutions were used.
As described elsewhere,43 the 21-residue alanine-based pep-

tide 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 was used as an internal intensity and
frequency standard.22,29 All Raman spectra were normalized to
the intensity of the ClO4- Raman band (932 cm-1).
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, A is alanine, X is diaminobutyric acid (side chain CH2-
CH2NH3+), and O is ornithine (side chain (CH2)3NH3+). We
used 1 mg/mL solutions of XAO-peptide containing 0.15 M of
sodium perchlorate. The UVRR spectra of XAO were also
normalized to the ClO4- Raman band intensity.
As described elsewhere,60 poly-L-lysine HCl (PLL, MWvis

) 28 500, MWLALLS ) 20 200) and the sodium salt of poly-
L-glutamic acid (PGA, MWvis ) 17 000, MWmALLS ) 8853)
were purchased from Sigma Chemical and used as received.
Solution spectra of PLL and PGA were measured at pH ) 2
and pH ) 9, respectively, to ensure the absence of R-helix
contributions. The mixed PLL and PGA neutral pH sample
solutions contained identical concentrations of lysine and
glutamic acid residues. These samples were freshly prepared
before the Raman measurements. The total peptide concentra-
tions were kept below 0.3 mg/mL to avoid gel formation.
UV Resonance Raman Instrumentation. The Raman in-

strumentation has been described in detail elsewhere.22,72 A
Coherent Infinity Nd:YAG laser produced 355 nm (third
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,72 and the UV light was

detected by a Princeton Instruments solar blind ICCD camera
or a Roper Scientific UV CCD camera. All samples were
measured in a thermostated free surface flow stream.

Results and Discussion

Dependence of AmIII3 Frequency on Ramachandran
Angles and Hydrogen Bonding. The amide III (AmIII) band
region is complex. We recently examined this spectral region
in detail and identified a band, which we call AmIII3 and which
is most sensitive to the peptide bond conformation.42 As briefly
discussed in the Introduction, the peptide bond (PB) AmIII3
frequency depends on its secondary structure which is defined
by its Ψ and Φ Ramachandran angles.43,47,59,73 The AmIII3
frequency also depends on whether the PB hydrogen bonds
(HBs) to water (HBP-W),74-77 or to other PBs (HBP-P).77-81
Although there is a modest Φ angle AmIII3 frequency depen-
dence, our studies to date show that the Ψ dependence
dominates.43,47,59 We discuss the relative Ψ and Φ angular
dependencies in detail below. In addition, PB HBs to water leads
to a characteristic temperature dependence22,29,42,43 that derives
from anharmonicities25,82-87 in the PB and water HB potential
functions (see Appendix for detail). Thus, we write

AmIII3 Frequency Dependence on Coupling between
CR-H and N-H Bending Motions. We showed earlier that
the conformational sensitivity of the AmIII3 band derives from
coupling between the N-H and CR-H bending motions.47 For
example, for �-strand-like Ψ and Φ Ramachandran angles the
N-H and CR-H bonds are approximately cis (Figure 1), which

Figure 1. Model of a polypeptide chain (A) at �-strand-like and (B)
at R-helix-like Ψ and Φ Ramachandran angles. The distance between
CR-H and N-H hydrogens depends on the Ψ Ramachandran angle.

νIII3 ) νIII3(ψ,φ,HBP-P,HBP-W,T) (1)
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gives rise to strong N-H to CR-H bend coupling. In contrast,
for R-helix-like Ψ and Φ Ramachandran angles the N-H and
CR-H bonds are approximately trans (Figure 1), and the N-H
to CR-H coupling disappears. The stronger the coupling, the
lower the AmIII3 frequency, as explained in detail elsewhere.47
This coupling between the N-H and CR-H bending motions

can be completely removed by CR-D isotopic substitution
because of the dramatically lowered CR-D bending frequency.
Ala-ala (AA) in water exists in a PPII-like conformation with
Ψ and Φ angles of 132° and -67°, respectively.88 The N-H
and CR-H bending motions strongly couple. CR-D isotopic
substitution in AA47 results in a 68 cm-1 upshift of the AmIII3
band frequency from 1270 to 1338 cm-1. This occurs because
of the loss of this strong coupling between the N-H and CR-H
bending motions. This shift upon CR deuteration is also observed
in the 21-residue mainly ala peptide (AP). Natural abundance
AP in its unfolded state (essentially PPII,Ψ ≈ 145°,Φ ≈ -75°)
shows the AmIII3 band at 1252 cm-1 (at 0 °C).42,43 2,3,3,3-D4
isotopic substitution (CR-D, CD3) results in a ∼74 cm-1 upshift
of the AmIII3 band to ∼1326 cm-1.42
The extreme lowest frequency experimental value observed

to date for the AmIII3 frequency of 1227 cm-1 occurs in
antiparallel �-sheet PB in water (Ψ ≈ 135°,Φ ≈ -139°) formed
by PLL and PGA mixtures. Thus, it appears that the AmIII3
frequency can be shifted by a maximum of ∼100 cm-1 due to
this coupling of CR-H and N-H bending motions.
The physical origin of this Ψ angle AmIII3 frequency

dependence is that the hydrogen van der Waals radii in the
CR-H and N-H bonds are in contact for positive Ψ angles
(Figure 1), and the distance between the two H atoms shows a
sinusoidal angular dependence. The coupling of these bending
motions increases with the proximity of the hydrogen atoms.
The coupling of bending motion causes a splitting of the
vibrations into a high- and low-frequency component, the AmIII3
band, and an anomalously enhanced CR-H bending band which
contains additional motions such as CO-N stretching.
Relative Impact of the Ψ and Φ Ramachandran Angles

on the AmIII3 Frequency. Although the projections of the
N-H and CR-H bending motions on each other (and as a result
the degree of coupling between them) depend on both the Ψ
and Φ Ramachandran angles, an examination of a model of a
peptide bond (Figure 1) clearly shows that for the allowed
regions of the Ramachandran plot only the Ψ angle directly
alters the distance between the two hydrogens, while theΦ angle
has little direct impact. Thus, for steric reasons alone we expect
little influence on the AmIII3 frequency due to variations in
the Φ angle.
Asher et al.47 theoretically investigated the Ψ angular

dependence of AmIII3 frequency in isolated alanine methylamide
(AMA). AMA geometry was optimized at fixedΨ angles using
Gaussian 98W, and then the vibrational frequencies were
calculated. This approach revealed the strong dependence of
the AmIII frequency on theΨ Ramachandran angle with a ∼61
cm-1 total span of calculated AmIII frequencies (∼74 cm-1 span
from sinusoidal fit of these calculated data points, Figure 2).
Mirkin and Krimm73 theoretically examined the Ψ and Φ

frequency dependence of the AmIII band of “alanine dipeptide”
(N-acetyl-L-alanine-N-methylamide). They concentrated on pep-
tide bond 2, whose frequencies were close to those measured
experimentally. Although Mirkin and Krimm claim in their
conclusions, that AmIII frequency shows strong dependence on
both Ψ and Φ Ramachandran angles, we note that the impact
of changes in theΦ angle is relatively modest if we only include
the allowed regions of the Ramachandran plot (Figure 3).

In the allowed regions of Ramachandran plot, Mirkin and
Krimm73 calculated a 25-40 cm-1 AmIII frequency span over
the allowed Ψ angles for fixed Φ angles (Figures 3 and 4).
This 25-40 cm-1 Ψ angular frequency variation is somewhat
lower than the 61 cm-1 span we47 estimated for AMA. However,
it is ∼3-fold greater than the 6-16 cm-1 AmIII frequency
dependence calculated for the Φ angular dependence for fixed
Ψ angles over the allowed regions of the Ramachandran plot
(Figures 3 and 4).
In addition, the largest 16 cm-1 span in the AmIII frequency

with Φ angle occurs in an almost forbidden region of the
Ramachandran plot between the �-sheet and R-helical regions
(at Φ angles of -134° and -90° and Ψ angle of 60°, Figures

Figure 2. Black boxes (0): AmIII frequencies for isolated alanine
methylamide (AMA) at fixedΨ angles but with all the other parameters
optimized, calculated by Gaussian 98W (see Asher et al.47 for details).
Black line (s): Fit of calculated points using the eq 3 (see text for
detail). Note: Grey regions show the forbidden and/or nearly forbidden
Ψ Ramachandran angles based on recent Ramachandran plots.90-92

Figure 3. This AmIII vibrational frequency map for peptide group 2
of the alanine dipeptide is adapted from a figure by Mirkin and
Krimm.73 This map is overlaid with the recent Ramachandran plot for
ala (obtained from http://alpha2.bmc.uu.se/gerard/rama/ramarev.html).
The results show that over the allowed regions of Ramachandran plot
the AmIII band shows a 3-fold greater frequency dependence on the
Ψ angle than on the Φ angle.

1930 J. Phys. Chem. B, Vol. 110, No. 4, 2006 Mikhonin et al.



3 and 4). In contrast, in the R-helical region of the Ramachan-
dran plot the AmIII frequency of alanine dipeptide shows no
more than 8 cm-1 Φ angular span, while in the �-strand region
of the Ramachandran plot the AmIII frequency shows no more
than 6 cm-1 Φ dependence (Figure 3).
Figure 4, which shows Mirkin and Krimm’s73 Ψ angular

dependence of peptide bond 2 alanine dipeptide AmIII frequency
at fixed Φ angles, emphasizes the dominance of the Ψ angular
dependence in the allowed regions of the Ramachandran plot
(Figure 3). Figure 4 indicates that in most of the �-strand region
of the Ramachandran plot (Ψ ) 120-180°) there is essentially
a negligible dependence of the AmIII frequency on the Φ angle.
Ianoul et al.’s59 combined experimental and theoretical studies

of Ac-X-OCH3 (X ) Val, Ile, Leu, Lys, Ala) revealed a 9
cm-1 AmIII3 frequency shift upon an 18° increase of the Φ
Ramachandran angle from -96 to -78°. In addition, Ianoul et
al. also performed theoretical calculations for Ala-Ala at a fixed
R-helix-like Ψ angle of -21° and calculated only a 3 cm-1

AmIII3 frequency upshift upon the 20° increase ofΦ angle from
-95° to -75°. Thus, Ianoul et al. never observed more than a
9 cm-1 shift of AmIII3 frequency due to variation of the Φ
Ramachandran angle.
In addition, we recently60 measured the UVRR AmIII3

frequencies of two different secondary structure conformations
in aqueous solutions with very similar Φ angles, but very
different Ψ angles. Specifically, an equimolar mixture of PLL
and PGA forms an antiparallel �-sheet60 (Ψ ≈ 135°, Φ ≈
-139°), which shows an AmIII3 frequency at 1227 cm-1. In
contrast individual PLL and PGA samples form extended 2.51-
helices60 (Ψ ≈ 170°, Φ ≈ -130°), which show AmIII3
frequencies at ∼1271 cm-1. Figures 3 and 4 demonstrate that
the entire frequency shift derives from changes in the Ψ
Ramachandran angle alone; the 35° increase in the Ψ angle is
mainly responsible for the large 44 cm-1 AmIII3 frequency
upshift. As discussed in detail in the Appendix, the difference
in peptide HB in this case also has a minor impact on the AmIII3
frequency difference.
To summarize, the total Φ angular span of the AmIII3

frequencies appears experimentally59 to be no more than 9 cm-1

and no more than 16 cm-1 in the allowed regions of the
Ramachandran plot from theoretical calculations.73 In contrast,

Ψ angular span was observed to be as high as 44 cm-1 from
the experiment (see above) and as high as 61 cm-1 from
theoretical calculations47 over the allowed region of the Ram-
achandran plot (Figure 2). We will show below that the Ψ
Ramachandran angular span of the AmIII3 frequency can be as
high as 80 cm-1 in the allowed regions of the Ramachandran
plot (Figure 5).
Thus, we conclude that Ψ Ramachandran angular depen-

dence of the AmIII3 frequency dominates the Φ angular
dependence in the allowed regions of Ramachandran plot.
If we totally neglect the Φ angular dependence of AmIII3

frequency, this could enable an error in theΨ-dependent AmIII3
frequency of no more than (8 cm-1 (since the total Φ angular
span of AmIII3 frequencies no higher than 16 cm-1, Figure 3).
Thus, we can rewrite eq 1

It was already mentioned that the AmIII3 frequency depen-
dence on theΨ Ramachandran angle results from theΨ angular
dependence of coupling between the N-H and CR-H bending
motions.47 Our theoretical calculations of alanine methylamide
(AMA) in a vacuum47 showed that the extent of this coupling
depends on the projections of these motions onto one another
and that this dependence results in a sinusoidal-like AmIII3
frequency dependence for a non-HB PBs

Further, we assume that the AmIII3 frequency dependencies
on its Ψ Ramachandran angle and on its HB are independent.
Thus, we can rewrite eq 2

where ΔνIII3(HBP-P,HBP-W,T) is the AmIII3 frequency shift due
to the HB of the PB N-H and/or CdO groups.
Formation of PB-water and PB-PB HBs upshift the AmIII3

frequency, in part, due to the resulting increased C(O)dN double

Figure 4. Ψ angular dependence of Mirkin and Krimm’s73 alanine-
dipeptide AmIII frequencies at fixed Φ angles in the allowed regions
of recent Ramachandran plot for ala (Figure 3, obtained from http://
alpha2.bmc.uu.se/gerard/rama/ramarev.html): (0) at Φ ) (180°; (×)
at Φ ) -134°; (O) at Φ ) -115°; (]) at Φ ) -90°; (plus sign in
circle) at Φ ) -60°; (+) at Φ ) +61°. Note: Gray regions show the
forbidden and/or nearly forbidden Ψ Ramachandran angles.

Figure 5. Refinement of correlation between AmIII3 frequency and
Ψ Ramachandran angle for non-HB PB, which reflects only coupling
between N-H and CR-H bending motions, as predicted earlier for
AMA.47 (A) (] AmIII3 frequencies where the HB-induced frequency
upshifts were subtracted from the experimentally measured values (see
Appendix). (B) Black curve shows the best fit of these data (eq 5).
Note: Gray regions show the sterically forbidden/nearly forbidden Ψ
Ramachandran angles based on recent Ramachandran plots for non-
Gly, non-Pro, and nonpre-Pro residues.90-92

νIII3(ψ,φ,HBP-P,HBP-W,T) = νIII3(ψ,HBP-P,HBP-W,T) (2)

νIII3(ψ) = ν0 - A sin(ψ - R0) (3)

νIII3(ψ,HBP-P,HBP-W,T) = {ν0 - A sin(ψ - R0)} +
ΔνIII3(HBP-P,HBP-W,T) (4)
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bond character.75,76 The magnitude of this AmIII3 frequency
upshift depends on whether CdO and/or N-H sites HB and
whether these HB occur to water or to other PB. The Appendix
below details our determinations of the AmIII3 frequency shifts
due to HB for all the common PB conformations and HB
patterns. These considerations allow us to write three families
of eqs 5, 6A-D, and 7A-C which display the dependence of
the AmIII3 frequency on the Ψ angle, on the PB HB and on
temperature. These relationships and Figures 5-7 can be used
to determine the Ψ angle of a particular PB from its
experimentally determined AmIII3 frequency, given its
known HB state with an error as discussed below. In addition,
we also developed the “average” eq 6E, if the HB state of a PB
in water is unknown.
Determining these correlations between the AmIII3 frequency

and PB HB requires detailed considerations of the many HB
states (see Appendix). To make the results of our study easily
accessible to the reader, we first discuss the conclusions. We
leave the discussion of the detailed considerations of the
different HB patterns to a lengthy Appendix, which must
be examined in order to judge the reliability of our conclu-
sions.
The relationships given below by eqs 5 (for non-HB PB in a

vacuum), 6A-D (PB in aqueous solutions), and 7A-C (PB in

the absence of water) are shown in Figures 5, 6, and 7,
respectively.
Correlation between AmIII3 Frequency and Ψ Rama-

chandran Angle in the Absence of HB.We measured the UVR
AmIII3 frequencies for the AP R-helix42,89 (∼1263 cm-1, 0 °C),
XAO PPII42,43 (1247 cm-1, 0 °C), PLL and PGA 2.51-helix60
(∼1271 cm-1, 0 °C), and PLL-PGA mixture antiparallel
�-sheet60 (∼1227 cm-1, 0 °C) conformations of different
polypeptides in aqueous solutions. Each of these conformations
has known Ramachandran angles (Table 1).
We can calculate the AmIII3 frequencies that would result

from the above peptide conformations in the fictitious case
where the PB did not partake in any HB at all. This would be
done by subtracting the HB-induced AmIII3 frequency shifts
(Table 2), determined in the Appendix, from the experimentally
measured AmIII3 frequencies in aqueous solutions (Table 1).
The resulting AmIII3 frequencies for non-HB PB at correspond-
ing Ψ Ramachandran angles are shown in the second column
of Table 1. Removal of this HB dependence then allows us to
refine our theoretically calculated frequency dependence of the
AmIII3 band on theΨ angle dependent coupling between N-H
and CR-H bends (eq 3).
By fitting the above four “non-HB” data points to eq 3, we

obtain the following semiempirical relationship, which relates

TABLE 1: Dependence of AmIII3 Frequencies on Hydrogen Bonding (HB) for Different Secondary Structures at 20 °C (unless
stated otherwise) under Conditions Specified

AmIII3 frequency (cm-1)
without any PB-PB
and PB-water HB
(in a vacuum)

with PB-PB HB,
but without
PB-water HB

in water, but
without any
PB-PB HB

both in water
and with
PB-PB HB

PPII
(Ψ ) 145°,Φ ) -75°)

1183 N/A 1247a N/A

2.51-helix
(Ψ ) 170°,Φ ) -130°)

1207 N/A 1271a N/A

R-helix
internal residues
(Ψ ) -47°,Φ ) -57°)

1211 1258a N/A 1263a

R-helix
three terminal residues on
C-terminus site

(Ψ ) -47°,Φ ) -57°)

1211 1246 N/A 1266

R-helix
three terminal residues on
N-terminus site

(Ψ ) -47°,Φ ) -57°)

1211 1223 N/A 1272

anti-| �-sheet
all residues, which are two end-on
PB-PB H-bonded (see text)

(Ψ ) 135°,Φ ) -139°)

1175 1222 N/A 1227a

anti-| �-sheet 1175 1210 N/A 1230
residues from exterior strands
(Ψ ) 135°,Φ ) -139°)

1175 1184 N/A 1236

aMeasured Experimentally. The Appendix describes these frequency assignments in detail.

TABLE 2: AmIII3 Frequency Upshifts for Different Peptide Secondary Structures Due to PB-Water and PB-PB HB at 0 °C
with Respect to Non-HB PB in Vacuum

AmIII3 frequency upshift due to PB-water HB
at specific sites,a cm-1

AmIII3 frequency upshift
due to PB-PB HB at specific

sites,a cm-1

secondary structure ΔνA ΔνB ΔνC ΔνD,D* total ΔνE ΔνF total

total AmIII3
frequency upshift
due to HB, cm-1

PPII 15 33 16 N/A 64 N/A N/A N/A 64
2.51-helix 15 33 16 N/A 64 N/A N/A N/A 64
extended �-strand 15 33 16 N/A 64 N/A N/A N/A 64
AP solid state R-helix (dehydrated) N/A N/A N/A N/A N/A 35 12 47 47
AP R-helix in water N/A N/A N/A 5 5 35 12 47 52
PLL-PGA mixture anti-| �-sheet N/A N/A N/A 5 5 35 12 47 52
a See Figures 10 and 15-17 as well as Appendix for detail.
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the AmIII3 frequency to theΨ Ramachandran angle dependent
coupling between N-H and CR-H bending motions

Figure 5 shows the dependence of the AmIII3 frequency on
the Ψ angle as predicted by eq 5. The gray regions in Figure 5
(as well as in Figures 6 and 7) show the sterically forbidden Ψ
Ramachandran angles based on revised Ramachandran map for
non-Gly, non-Pro, and non-pre-Pro residues.90-92
Correlation of AmIII3 Frequency and Ψ Ramachandran

Angle for PB Fully Exposed to Water: PPII, 2.51-Helix, and
Extended �-Strand. PB fully exposed to water, such as in the
PPII, 2.51-helix and extended �-strand-like conformations, will
HB to three waters/water clusters at sites A, B, C (Appendix,
Figure 10). As discussed in the Appendix, this results in an
AmIII3 frequency upshift of 64 cm-1 (at T ) 0 °C) compared
to that predicted by eq 5. In addition, the AmIII3 frequency
will show a temperature dependence for these conforma-
tions42,43,60 because the strength of the PB-water HB decreases
as the temperature increases (see eqs 18-22 of the Appendix).
Thus, we can write

where T0 ) 0 °C
The blue curve in Figure 6 shows the dependence of the

AmIII3 frequency on Ψ angle as predicted by eq 6A at T ) 0

°C for these water-exposed conformations. The experimentally
observed AmIII3 frequencies of the XAO PPII (0 °C) and PLL
or PGA 2.51-helix (0 °C) lie on this curve.
Correlation of AmIII3 Frequency and Ψ Ramachandran

Angle for Two-End-On PB-PB HBs: Infinite r-Helix,
Interior Strands of �-Sheet in Water. Each PB in infinitely
long R-helices and in interior strands of multistranded �-sheets
in aqueous solutions (Appendix, Figures 14 and 15) will partake
in two-end-on PB-PB HBs at sites E and F. In the Appendix
we show that in this case the AmIII3 frequency upshifts by 47
cm-1 for R-helix and �-sheet due to PB-PB HBs (Table 2,
Figure 15). It upshifts an additional 5 cm-1 in both R-helices
and �-sheets due to an additional PB-water HB producing a
total HB-induced upshift of 52 cm-1 (Table 2, Figure 15). In
addition, there is essentially no temperature dependence for the
AmIII3 frequency for the long R-helix42,89 and multistranded
�-sheet60 conformations (see Appendix, eq 25). Thus, we include
a 52 cm-1 HB-induced shift to eq 5 and write

The green curve in Figure 6 shows the predicted eq 6B
behavior. The experimentally observed AmIII3 frequencies of
the AP R-helix and the PLL-PGA antiparallel �-sheet confor-
mations (dominated by interior strands) lie on this curve.
Correlation of AmIII3 Frequency and Ψ Ramachandran

Angle for PB Where Only the CdO Group Participates in
PB-PB HBs: Three N-Terminal r-Helix PB, Half of PB of
Exterior Strands of �-Sheet in Water. The three N-terminal
PBs of R- helices and half of the PBs of exterior strands of
�-sheets (Appendix, Figures 14 and 16) will have just their
CdO groups HB to PB (with possibly an additional CdO HB
to water). In contrast, their N-H groups will HB to water
clusters. In the Appendix (Figure 16) we estimate that the AmIII3
upshift is 61 cm-1 (with respect to the same PB, which does
not partake in any HB). As discussed in the Appendix we expect
a smaller temperature dependence (see discussion below eq 26
in Appendix) than for the fully water HB PB. Thus, we can
write

The magenta curve in Figure 6 shows the behavior of eq 6C
at T ) 0 °C. We do not, at present, have any experimentally
measured data points for peptides with the HB patterns
considered in eq 6C. However, experimentally measured UVRR
spectra of double-stranded �-sheet and/or short R-helices must
contain contributions from such HB conformations.
Correlation of AmIII3 Frequency and Ψ Ramachandran

Angle for PB in Which Only the N-H Group Participates
in PB-PB HBs: Three C-Terminal r-Helix PBs, Other Half
of PB of Exterior Strands of �-Sheet in Water. The three
C-terminal PBs of R-helices and the other half of the PBs of
the exterior strands of �-sheet (Appendix, Figures 14 and 17)
will have just their N-H groups HB to another PB at site E,
while their CdO groups will be HB to water at sites A and C.
In the Appendix we estimate that in this case the HB-induced
AmIII3 upshift is 55 cm-1 (Figure 17). In addition, we estimate
the temperature dependence to be half that of the PPII
conformation (discussion below eq 26). Thus, we can add 55

Figure 6. Correlation between AmIII3 frequency, HB pattern, and Ψ
Ramachandran angle: (0) measured AmIII3 frequencies of R-helix,
antiparallel �-sheet, PPII, and 2.51 helix in aqueous solutions; (])
measured AmIII3 frequencies of peptide crystals, plotted against their
Ψ Ramachandran angles 1-Ala-Asp, 2-Gly-Ala-Leu‚3H2O, 3-Val-Glu,
4-Ala-Ser, 5-Val-Lys, 6-Ser-Ala, 7-Ala-Ala. Blue curve is a theoretically
predicted correlation (eq 6A) for PB, which are fully exposed and fully
HB to water (PPII, 2.51-helix, extended �-strand). Green curve is a
theoretically predicted correlation (eq 6B) for PB, for two end-on PB-
PB HB (infinite R-helix, interior strands of �-sheet). Magenta curve is
a theoretically predicted correlation (eq 6C) for PB where only the
CdO group has a PB-PB HB (example: three R-helix N-terminal
PB, half of PB of the exterior strands of a �-sheet. Black curve is a
theoretically predicted correlation (eq 6D) for PB with just their N-H
group PB-PB HB (example: three R-helix C-terminal PB, the other
half of PB of exterior strands of �-sheet).

νIII3
iR,i�(ψ,T0,HB) ) [1244 cm

-1 - 54 cm-1 sin(ψ + 26°)]
(6B)

νIII3
eR1,e�1(ψ,T,HB) ) [1253 cm-1 - 54 cm-1 sin(ψ + 26°)] -

0.08 cm
-1

°C (T - T0) (6C)

νIII3(ψ) ) [1192 cm
-1 - 54 cm-1 sin(ψ + 26°)] (5)

νIII3
EXT(ψ,T,HB) ) [1256 cm-1 - 54 cm-1 sin(ψ + 26°)] -

0.11 cm
-1

°C (T - T0)} (6A)

Peptide Secondary Structure Folding Reaction Coordinate J. Phys. Chem. B, Vol. 110, No. 4, 2006 1933



cm-1 HB-induced upshift as well as the temperature-dependent
term to eq 5 and write

The black curve in Figure 6 shows the behavior of eq 6D.
We do not, at present, have any experimentally measured data
points for peptides with the HB patterns considered in eq 6D.
However, experimentally measured UVRR spectra of double-
stranded �-sheet and/or short R-helices will contain contributions
from these HB conformations.
Correlation of AmIII3 Frequency and Ψ Angle for a PB

in Water If Its HB State Is Unknown. If the HB state of a
PB in aqueous solution is unknown, we suggest the use of eq
6E, which is the “average” of eqs 6A-D. This will minimize
the error in determination of the Ψ Ramachandran angle and
will allow the estimation of the Ψ angle with the error bounds
discussed below.

Correlation between AmIII3 Frequency and Ψ Ram-
achandran Angle in Peptide Crystals. Figures 6 and 7 show
the correlation of the previously measured42 AmIII3 frequencies
and the RamachandranΨ angles for crystal powders of the three
anhydrous dipeptides Val-Lys, Ala-Ala, and Ala-Asp, and three
new anhydrous dipeptides Ser-Ala, Val-Glu, and Ala-Ser, as
well as for a hydrated crystal43 powder of Gly-Ala-Leu‚3H2O
(GAL). The structures of these peptides are known from single-
crystal X-ray diffraction measurements.93-99 We grew the crystal
powders and measured the lattice constants using powder pattern
X-ray diffraction. If our lattice constants matched that of known
crystal structures confirmed, we assumed the published crystal
structure Ψ and Φ angles (Table 3).
Figures 6 and 7 show that the crystal data appear to roughly

follow the sinusoidal relationship between the AmIII3 frequency
and theΨ Ramachandran angle (see red dashed curve in Figure
7); however, the crystal data are systematically upshifted. This
upshift is largest when comparing the data to the green, black,
and magenta theoretical curves in Figure 7, where the curves
model PB-PB HB in the absence of water. The systematic
upshifts in the crystal frequencies almost certainly result from
the different types, numbers, and increased strengths of HB in
these peptide crystals. Specifically, in these di- and tripeptide
crystals,93-99 N-H groups of PB usually HB to carboxylates
instead of carbonyls (as in longer peptides), while CdO groups
of PB usually HB to N-H3+ groups instead of N-H groups
(as in longer peptides). Despite sharing many common features,

the HB patterns of these peptide crystals differ from each other.
Thus, some scatter of AmIII3 frequencies in these crystals
(Figures 6 and 7) probably occurs due to these differences in
HB. We are presently attempting to understand these affects in
detail, but for the moment we only use these data to further
indicate the veracity of our correlations.
Anhydrous r-Helical and �-Sheet Conformations. If we

dehydrate a two-end-on PB-PB HB R-helical conformation,
we will see a 5 cm-1 AmIII3 frequency downshift due to the
loss of hydrogen bonding to the normally present sheath of
water.89 In this case we can subtract out 5 cm-1 from the eq
6B and write the eq 7A (see also Figure 15 of Appendix)

The Figure 7 green curve shows the eq 7A relationship. The
square data point in Figure 7 indicates Pimenov et al.89 AmIII3
frequency of an anhydrous R-helix AP sample (Table 1) as
discussed in detail in the Appendix (Figure 15).
In the case of a PB where only the CdO group is involved

in PB-PB HB, we estimate that the AmIII3 frequency is 12
cm-1 upshifted with respect to non-HB PB (Appendix, Figure
16). This would be the case for the three N-terminal PBs of
anhydrous R-helices and for half of the PB of the exterior strands
of anhydrous �-sheets (Appendix, Figures 14 and 16). Thus,
we can write

TABLE 3: UVRR AmIII3 Frequencies and X-ray Ψ and Φ
Ramachandran Angles for Peptide Crystals

AmIII3
frequency,
cm-1

Ψ
Ramachandran
angle, deg

Φ
Ramachandran
angle, deg

Gly-Ala-Leu‚3H2O 1292 -40 -67
Ala-Ser (anhydrous) 1262 125 -157
Val-Glu (anhydrous) 1243 125 -82
Val-Lys (anhydrous) 1251 137 -105
Ser-Ala (anhydrous) 1252 163 -80
Ala-Ala (anhydrous) 1260 165 -113
Ala-Asp (anhydrous) 1275 179 -113

Figure 7. Correlation between AmIII3 frequency, HB pattern, and Ψ
Ramachandran angle for lyophilized anhydrous peptides: (0) measured
AmIII3 frequencies of anhydrous AP R-helix; (]) measured AmIII3
frequencies of peptide crystals, plotted against their Ψ Ramachandran
angles 1-Ala-Asp, 2-Gly-Ala-Leu‚3H2O, 3-Val-Glu, 4-Ala-Ser, 5-Val-
Lys, 6-Ser-Ala, 7-Ala-Ala. Green curve is theoretically predicted
correlation (eq 7A) for anhydrous PB with two end-on PB-PB HB
(infinite R-helix, interior strands of �-sheet). Magenta curve is
theoretically predicted correlation (eq 7B) for anhydrous PB where only
the CdO group has a PB-PB HB (example: three N-terminal PB of
anhydrous R-helix, half of PB of the exterior strands of an anhydrous
�-sheet). Black curve is theoretically predicted correlation (eq 7C) for
anhydrous PB with just their N-H group PB-PB HB (example: three
C-terminal PB of anhydrous R-helix, the other half of PB of exterior
strands of anhydrous �-sheet).

νIII3
iR,i�(ψ,T0,HB) ) [1239 cm

-1 - 54 cm-1 sin(ψ + 26°)]
(7A)

νIII3
eR1,e�1(ψ,T0,HB) ) [1204 cm

-1 - 54 cm-1 sin(ψ + 26°)]
(7B)

νIII3
eR2,e�2(ψ,T,HB) ) [1247 cm-1 - 54 cm-1 sin(ψ + 26°)] -

0.05 cm
-1

°C (T - T0) (6D)

νIII3
EXT(ψ,T,HB) ) [1250 cm-1 - 54 cm-1 sin(ψ + 26°)] -

0.06 cm
-1

°C (T - T0)} (6E)
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The Figure 7 magenta curve shows the eq 7B relationship.
In the case of PB, where only the NH group is PB-PB HB,

we estimate the AmIII3 frequency to be 35 cm-1 upshifted with
respect to non-HB PB (Appendix, Figure 17). This would be
the case for the three C-terminal PB of anhydrous R-helix and
half of the PB of the exterior strands of the anhydrous �-sheet
(Figures 14 and 17 of Appendix). Thus, we can write

The black curve in Figure 7 shows the eq 7C relationship.
The impact of different HB patterns, reflected by eqs 7A-

C, produces much greater differences in AmIII3 frequencies
under anhydrous conditions compared to those in aqueous
solutions (compare Figures 6 and 7), since PB-water HB-
induced AmIII3 frequency upshifts do not compensate for the
differences in PB-PB HB-induced upshifts. It should be also
noted that eqs 7A-C behavior will only dominate the behavior
of relatively long, anhydrous, lyophilized peptides.
Thus, the families of eqs 6A-D and 7A-C predict the

correlation between the AmIII3 frequency and the Ψ angle for
the common conformations of peptides and proteins. If the HB
is known for a particular PB, the appropriate equation can be
used to determine its Ψ angle from the observed AmIII3
frequency. In the case where the HB state of a PB in aqueous
solution is unknown, one can use eq 6E. These relationships
will become less accurate if the PB has an unusual Φ angle or
unusual HB pattern (see below).
Prediction of UVRR AmIII3 Frequencies of Other Sec-

ondary Structures. On the basis of the known Ψ Ramachan-
dran angle and HB patterns, we can predict the AmIII3
frequencies of other secondary structures such as the π-helix,
310-helix (Figure 8), parallel �-sheet, and various turns (Figure
9). Using eq 6B, we predict ∼1281, ∼1244, and ∼1209 cm-1

AmIII3 frequencies for two end-on PB-PB HB π-helix (Ψ )
-70°), 310-helix (Ψ )-26°), and parallel �-sheet (Ψ )+113°)
in water, respectively.

Figure 9 displays our estimates for interior strands of �-sheets
and different turns in water. For the γ-turn we predict an AmIII3
band at 1277 cm-1 (eq 6D), for an inverse γ-turn at 1193 cm-1

(eq 6D). Assuming that the different PBs in the chain contribute
to UVRR spectra independently from their neighbors,61,62 we
predict the following: for a type I turn we predict AmIII3 bands
at 1260 (eq 6A) and 1223 cm-1 (eq 6D) for the (i + 1) and (i
+ 2) PBs in the turn, respectively; for a type I′ turn we predict
1211 (eq 6A) and 1223 cm-1 (eq 6D) for the two PBs in the
turn, respectively; for a type II turn we predict 1226 (eq 6A)
and 1223 cm-1 (eq 6D) for the two PBs in the turn; for a type
II′ turn we predict 1309 (eq 6A) and 1223 cm-1 (eq 6D) for
the two PBs in the turn; for a type III turn we predict 1260 (eq
6A) and 1251 cm-1 (eq 6D) for the two PBs in the turn; for a
type III′ turn we predict 1200 (eq 6A) and 1191 cm-1 (eq 6D)
for the two PBs in the turn; for a type V turn we predict 1192
(eq 6B) and 1290 cm-1 (eq 6D) for the two PBs in the turn; for
a type VIII turn we predict 1260 (eq 6A) and 1226 cm-1 (eq
6A) for the two PBs in the turn.
UVRR spectra of HEWL amyloid fibrils,100 which are

dominated by �-sheet conformations contain three spectroscopic
features in the AmIII3 region: ∼1210,∼1230, and∼1255 cm-1.
The dominating ∼1230 cm-1 feature certainly derives from
antiparallel �-sheet, though a minor contribution of several turn
conformations is also possible (Figure 9). The ∼1255 cm-1

feature probably derives from turn conformations. Our results
above suggest that a type I turn, or rare types III and VIII turns,
could contribute to the ∼1255 cm-1 feature of HEWL (Figure
9). The ∼1210 cm-1 feature most likely derives from aromatic
amino acid side chains, whose vibrations are enhanced with 197
nm excitation. However, there could be some contribution from
either type I′ turn or type III′ turns (Figure 9).

Ψ Ramachandran Angle Determination Error Estimates.
To estimate the likely error and bias in the determination of

Figure 8. Predicted AmIII3 frequencies (black numbers) from the Ψ
Ramachandran angles and HB patterns for different types of helices in
water. Red numbers: measured AmIII3 frequencies at 0 °C. Equation
6B was used for PPII and 2.51 helices. Equation 6C was used for π-,
R-, and 310-helices.

νIII3
eR1,e�1(ψ,T0,HB) ) [1227 cm

-1 - 54 cm-1 sin(ψ + 26°)]
(7C)

Figure 9. Predicted AmIII3 frequencies from Ψ Ramachandran angle
and HB pattern for interior strands of antiparallel and parallel �-sheets
in water as well as that of different types of turns (black numbers).
Measured AmIII3 frequencies of PLL-PGA antiparallel �-sheet,
dominated by interior strands (red number). Pictures of �-sheets were
taken from http://cmgm.stanford.edu/biochem201/Slides/.
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theΨ angle from the Raman measurements, we have to analyze
the likely errors in the determination of the AmIII3 frequency
of the peptide bond of interest, as well as the error associated
with the theoretical relationships that neglect theΦ dependence
of the AmIII3 frequency. In the simplest case, where we have
only one amide bond, our error is determined by the error in
resolving the AmIII3 band from the AmIII2 band and other
adjacent interfering bands. In the case of homopeptides we often
attempt to determine the band frequency from a particular
conformation, which presents the increased complexity of
resolving between the AmIII3 bands of multiple conformations.
Finally, we expect to be challenged by the case where we
specifically examine the AmIII3 band of a particular peptide
bond in a polypeptide or protein. In this case, for example, we
isotopically substitute the CR-H of that peptide bond and
compare the spectra of the natural abundance and the isotopic
derivative to model the difference spectrum to selectively
determine the peptide bond AmIII3 frequency.
Thus, the likely error is very sample dependent and derives

from the spectral S/N and the reliability of our modeling. In
fitting, the resulting standard deviation of the fit depends on
peak overlap and spectral S/N. Typically our spectral fitting,
assuming Voigt profiles, calculates standard deviations of ∼2-3
cm-1 in the majority of cases; it is never more than ∼7 cm-1,
even in the most unfavorable cases. The derivative of the Ψ
angle with respect to the AmIII3 frequency: ∂Ψ/∂ν = 1°/cm-1

over essentially all of the allowed values of Ψ (Figures 5-7).
Thus, we obtain measurement error standard deviations in the
determined Ψ angles of ∼2-3° for most cases and extreme
standard deviations of ∼7° for rare unfavorable cases.
The error associated with neglecting the Φ angle also gives

rise to the uncertainty in the Ψ angle determination. Ianoul et
al.59 theoretically and experimentally showed that different Φ
angles could cause a maximum 9 cm-1 shift of the AmIII3
frequency, while Mirkin and Krimm73 indicates a potential span
of AmIII frequency as much as 16 cm-1 in the allowed regions
of Ramachandran plot (Figure 3). However, in the �-strand
region of the Ramachandran plot we find that a Φ span is less
than ∼6 cm-1, while that in the R-helix region is less than ∼8
cm-1 (Figure 3). Thus, the extreme maximum spans of Ψ angle
which could occur by neglecting the Φ angle is ∼16°. Thus,
the extreme standard error of Ψ angle associated with the
neglecting theΦ angle is(8° (for an averageΦ angle). Further,
for the most abundant secondary structure motifs from the
R-helical and �-strand regions of the Ramachandran plot, the
Φ angle associated errors are only (4° and (3°, respectively.
Additional bias can occur if we do not know the HB state of

a PB in water. This could give rise to a bias of the AmIII3
frequency of (6 cm-1, which would lead to a Ψ angle bias of
(6° in eq 6E. Thus, a typical UV Raman measurement of a
typical sample would find a random error of e(8° in the
Ψ angle, assuming a known HB state. However, extreme
alterations in the unknown HB state of a PB in water could
additionally bias the Ψ angle by (6°.

Conclusions

We used UV resonance Raman spectroscopy to investigate
the dependence of the AmIII3 frequency on the Ψ Ramachan-
dran angle and on the nature of PB HBs. These results allow
us to formulate relationships that allow us to estimate the Ψ
Ramachandran angles from observed AmIII3 frequencies for
both aqueous solutions of peptides and proteins as well as for
the anhydrous states of peptides and proteins. A typical Raman
measurement of a typical sample would find a random error

of e(8° in the Ψ angle, assuming a known HB state.
However, if the HB state of a PB in water is unknown, extreme
alterations in such a state could additionally bias the Ψ angle
by (6°.
We are optimistic that these relationships will be very useful

for protein conformational studies, especially in the field of
protein folding. This is because any attempt to understand
reaction mechanisms, such as protein folding, requires elucida-
tion of the relevant reaction coordinate(s). The Ψ angle is
precisely the reaction coordinate that determines secondary
structure changes. As shown elsewhere,60 the correlation we
propose can be used to determine features of the energy
landscape along this Ψ reaction coordinate.
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Appendix

In this Appendix we carefully investigate the dependence of
AmIII3 frequency on the Ψ Ramachandran angle, the peptide
bond-water hydrogen bonding (PB-water HB), and the peptide
bond-peptide bond hydrogen bonding (PB-PB HB) based on
both experimental and theoretical studies. These considerations
allow us to quantitatively characterize the HB-induced AmIII3
frequency shifts (summarized in Table 2) in the cases of the
common protein/peptide secondary structure conformations.
Then, we subtract these HB-induced shifts from the experi-
mentally measured UVRR AmIII3 frequencies for pure second-
ary structure conformations (Table 1), to refine Asher et al.’s
theoretically predicted47 sinusoidal correlation between the
AmIII3 frequency and the Ψ Ramachandran angle (eq 3). The
reason we neglect the Φ angular dependence of AmIII3
frequency is explained in great detail above.
Dependence of AmIII3 Frequency on PB HB. In N-

methylacetamide (NMA), theoretical calculations75,76 show that
the formation of a single N-H PB-water HB upshifts the
AmIII band by ∼17-20 cm-1, while formation of a CdO PB-
water HB upshifts the AmIII frequency only 11-13 cm-1.
Qualitatively, similar shifts should occur for PB-PB HB.
However, N-H group PB-PB HB are somewhat stronger than
PB-water N-H group HB.101 In contrast, CdO group PB-
PB HB have strengths similar to individual PB-water CdO
HB.101 To complicate things, the total AmIII frequency shift
nonlinearly depends both on the number of PB HB formed and
on their individual strengths.75,76 For example, three simulta-
neous waters HB to a PB result in a larger AmIII frequency
upshift than the sum of upshifts of the individual HBs.
Recently42 we identified the AmIII3 band in peptides and

proteins, the normal mode composition of which is essentially
similar to that of “classical” AmIII band of NMA. Figure 10,
which shows the possible water HB geometries to a PB,
indicates the estimated hydrogen bond AmIII3 frequency shift
for each possibility.
PB-water HB gives rise to a large temperature dependence

of the AmIII3 frequency22,29,42,43 due to anharmonicities.25,82-87
A significantly smaller temperature dependence of the AmIII3
frequency occurs for R-helix and �-sheet peptides because they
are extensively PB-PB HB.22,42,43,60,89 This difference occurs
between NMA dissolved in water and pure NMA, where the
pure NMA HBs only to other NMA molecules (Table 4).
Figure 11 compares the 204 nm UVRR spectra of neat liquid

NMA to a 0.13 M solution (1 vol %) of NMA in water at high
and low temperatures. We find that the neat NMA AmII and
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AmIII frequency shifts/°C are ∼40% less than that those of
NMA in water (Table 4), showing that the impact on the AmIII3
frequency of the anharmonicity in the PB-PB HB is less than
that of PB-water HB.42,43 PBs fully exposed to water usually
have three PB-water HBs (Figure 12, I).75-77,102 Two water
molecules HB to the PB CdO group at sites A and C, while a
third water molecule HBs to the PB N-H group at site B.75,76
Monte Carlo simulation studies of NMA hydration103 show that
the NMA is dominantly HB to three waters at sites A, B, and
C as shown in Figure 10.
PB-PB HB is dominated by two-end-on HBs77,104-107

between the N-H and CdO groups at sites E and F (Figure
12, II). We recently showed that formation of an additional PB-

water HB to the PB CdO groups at sites D and D* (Figure 12,
II) gives rise to an additional ∼5 cm-1 frequency upshift.89 This
smaller ∼5 cm-1 upshift results from water HB simultaneously
at sites D and D* because the D* water hydrogen bond weakens
the CdO to H-N HB (Figure 9 of Schmidt et al.77).
Thus, the resulting AmIII3 HB-induced frequency dependence

in eq 4 is

where ΔνP-W
A,B,C,D,D*(T) are the temperature-dependent AmIII3

frequency shifts due to HBs of individual water molecules to
specific sites A, B, C or D and D* (Figures 10 and 12);
ΔνP-P

E,F (T) are the temperature-dependent AmIII3 frequency
shifts due to individual PB-PB HBs at NH and/or CO sites
(Figure 12); nA,B,C,D,D* and nE,F are the coordination numbers,
which are equal to “1” if a particular site HB and “0” otherwise.
In the work here we will concentrate on exploring the two

cases where the PB either is fully exposed to water (PPII,
2.51-helix and extended �-strand conformations), or is involved
in two-end-on PB-PB HBs, as in an infinite R-helix or multiple-
stranded �-sheet conformation. We assume that the N-H HB
is completely fulfilled by one HB of either type, while the
CdO may have one or two HBs. If a PB is fully exposed to
water, its N-H will always HB to one water/water cluster, while
its CdO will always HB to two waters/water clusters (Figure

Figure 10. AmIII3 upshifts due to PB-water HB in the case of fully
exposed PB, i.e., for PPII, 2.51-helix, and extended �-strand conforma-
tions. Note that water can HB to the PB at sites A, B, and C. The
values of these upshifts derive from calculations of NMA by Torii et
al.76 and measurements by Kubelka and Keiderling.74 The largest shift
of 62 cm-1 at room temperature (or 64 cm-1 for NMA in water at 0
°C, Table 4) is measured by Kubelka and Keiderling. These upshifts
are explained in terms of water cluster hydrogen bonding by the very
recent important paper of Schmidt et al.77

TABLE 4: Frequencies and Temperature Dependencies of
204 nm UVRR Amide Bands of Neat NMA and 0.13 M (1
vol %) NMA in Water

NMA, neat liquid 0.13 M NMA in water
amide
band

ν at 79 °C,
cm-1 Δν/ΔT, cm-1/°C

ν at 70 °C,
cm-1 Δν/ΔT, cm-1/°C

AmIII 1293 - 0.05 ( 0.01 1309 - 0.09 ( 0.01
AmII 1558 - 0.069 ( 0.015 1574 - 0.11 ( 0.01
AmI 1668 + 0.04 ( 0.01 1649 + 0.01 ( 0.03a

a It is hard to accurately determine the temperature dependence of
AmI band of 0.13 M NMA in water due to overlap between strong
AmII and weak AmI bands (see Figure 11).

Figure 11. 204 nm UVRR spectra of NMA at high and low
temperatures as well as their difference spectra (high (low T): (A) 0.13
M NMA in water at +20 and +70 °C; (B) NMA neat liquid at +43
and +79 °C. Sharp band at ∼1555 cm-1 originates from atmospheric
O2.

Δν(HBP-W,HBP-P,T) = {nA ΔνP-W
A (T) + nB ΔνP-W

B (T) +
nC ΔνP-W

C (T)} + {nF ΔνP-P
F (T) + nE ΔνP-P

E (T) +
nD,D* ΔνP-W

D,D*(T)} (8)
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12, I). Thus, in eq 8 if nA ) nB ) nC ) 1, then we define nD )
nD* ) nE ) nF ) 0.
If the PB N-H is HB to another PB, it cannot additionally

HB (Figure 12, II). Thus, in eq 8 if nE ) 1, then nB ) 0 and
Vice Versa). If the CdO of a PB is HB to another PB, it cannot
HB to an additional PB, but it can additionally HB to water at
site D, depending upon its water exposure (Figure 12, II).
Thus, eq 4 can be rewritten inserting eq 8

where νvac(ψ)0) is the AmIII3 frequency of a non-HB PB in a
vacuum with ψ ) 0°. Ac measures the impact on the AmIII3
frequency of the coupling between the N-H and CR-H bending
motions.
We found that maximum coupling occurs at a Ψ Ramachan-

dran angle43 of ∼+85°, where the CR-H and N-H bonds are
approximately cis, while a minimum coupling occurs for an
R-helix-like Ramachandran angles43,47 of Ψ ∼ -95° (in a
sterically forbidden region of Ramachandran surface), where
these bonds are essentially trans.
We now need to quantitatively characterize the remaining

parameters of eq 9.
Dependence of AmIII3 Frequency on PB-Water HB

(PPII, 2.51 Helix, and Extended �-Strand Conformations).
Kubelka and Keiderling’s74 experimental studies of NMA
hydration indicate that the AmIII frequency of fully hydrated
NMA at room temperature is 62 cm-1 upshifted, compared to
that of gas-phase NMA at ∼100 °C. Taking into account the
slope of temperature-induced coefficients (Table 4), we estimate
the AmIII frequency upshift from the high-temperature gas-

phase NMA to 0 °C NMA in water to be 64 cm-1 (Figure 10).
However, the theoretical studies of Besley75 and Torii et al.76
suggest somewhat lower upshifts of 54 and 41 cm-1 for NMA
HB to the three individual water molecules at sites A, B, and
C. We think that a larger experimental PB-water HB-induced
shift of NMA occurs in real liquid water, since water clusters
rather than the individual water molecules HB to NMA
(especially at low temperatures), increasing the actual PB-water
HB strength (Figure 10).
Calculations of Schmidt et al.77 also suggest that HB of a

three-water cluster to site B results in a 20 cm-1 larger upshift
of the AmII band of NMA, than occurs upon HB of one water
to site B. Table 4 shows, that temperature slope of the AmIII
frequency shifts/°C of NMA (which are measures of the
temperature dependence of the HB strength) are ∼25% less than
that of AmII. Thus, we estimate an additional upshift for the
AmIII band due to HB to the water cluster compared to that of
one water at site B to be ∼0.75 × 20 ) 15 cm-1. This is
consistent with Kubelka and Keiderling’s74 FTIR measurements
which suggest that the upshift of the NMA AmIII band (62
cm-1) from the gas phase to water solution is ∼75% of that of
the NMA AmII band upshift (83 cm-1). Thus, HB of NMA to
water clusters, instead of to individual water molecules at sites
A, B, and C, additionally increases the AmIII frequency upshift
from 41 to 62 cm-1 at room temperature or to ∼64 cm-1 at 0
°C (Figure 10).
The situation becomes more complex for PBs of long peptides

and proteins, since different side chains and different secondary
structural motifs will show different water exposures of CdO
and N-H groups. Thus, we will need to carefully specify the
HB pattern for each PB for these systems.
The PPII structure, which is an extended structure with all

of its PBs fully exposed to water, appears to be mainly stabilized
by PB-water interactions.108-110 The PPII conformation has
three waters/water clusters HB at each A, B, and C PB site,
like that of NMA. Thus, we expect that the PPII conformation
will show an AmIII3 HB-induced frequency shift from vacuum
to water similar to that of NMA. Figure 10 shows our estimated
AmIII3 frequency upshifts for all possible HB to water situations;
we estimate that the AmIII3 frequency of fully hydrated PPII
at T0 ) 0 °C will be ∼64 cm-1 upshifted relative to the PPII
chain in a vacuum, similar to that of NMA.74
Thus, hydration of the PPII conformation gives rise to a shift

of

We recently discovered 2.51-helix conformations of PLL and
PGA, which are stabilized by charged side chain electrostatic
repulsions.60 These almost fully extended conformations have
Ramachandran angles not far from those of the PPII conforma-
tion and show a similar water exposure (based on monotonic
frequency shifts60) with three water/water clusters HB to the
PB. Thus, we expect the 2.51-helix AmIII3 frequency will also
be 64 cm-1 upshifted from vacuum to water (Tables 1 and 2)

We also expect a similar result for all water-exposed extended
�-strand structures

Figure 12. Definitions of all possible HB sites for (I) a PB, which is
fully exposed to water (PPII, 2.51-helix and extended �-strand), and
(II) a PB, with two PB-PB end-on HB (as in the interior PBs of an
R-helix, and PBs of interior strands of �-sheet).

ΔνP-W
PPII (A,B,C,T0) ) ΔνP-W

MAX(T0) ≈ ΔνP-W
A (T0) +

ΔνP-W
B (T0) + ΔνP-W

C (T0) = 64 cm
-1 (10)

ΔνP-W
2.51 (A,B,C,T0) ≈ ΔνP-W

PPII (T0) = 64 cm
-1 (11)

ΔνP-W
EXTENDED(A,B,C,T0) ≈ ΔνP-W

PPII (T0) = 64 cm
-1 (12)

νIII3(ψ, HBP-P, HBP-W, T) = [νVAC(ψ)0) - Ac sin(ψ -

RC)] + [n
A ΔνP-W

A (T) + nB ΔνP-W
B (T) + nC ΔνP-W

C (T)] +
[nE ΔνP-P

E (T) + nF ΔνP-P
F (T) + nD,D* ΔνP-W

D,D*(T)] (9)
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Assuming that the PB of these extended �-strand-like
structures HB to water clusters, rather than to single water
molecules, we can quantitatively estimate the individual HB
AmIII3 upshifts at site A, B, and C from the AmII upshifts of
Schmidt et al.77 The HB-induced upshifts of AmIII3 band are
∼75% of the AmII frequency upshifts (see discussion above).
However, the sum of the AmIII3 upshifts, estimated from the

Shmidt et al.77 AmII upshifts, is slightly lower than the
empirically obtained 64 cm-1 upshift (eq 12). This is consistent
with theoretical studies of Besley75 and Torii et al.,76 which
propose that the three simultaneous PB-water HBs at sites A,
B, and C result in a slightly higher AmIII3 frequency upshift
than the sum of upshifts due to the individual HBs. For
simplicity, we neglect this nonlinearity and estimate the
parameters in eq 10 as ΔνP-W

A ) 15 cm-1, ΔνP-W
B ) 33 cm-1,

and ΔνP-W
C ) 16 cm-1 to make their sum equal to 64 cm-1.

Thus, in the case of a fully exposed to water extended �-strand
structure, we write

where T0 ) 0 °C.
Dependence of AmIII3 Frequency on Peptide Bond-

Peptide Bond HB in Neat NMA.We can estimate the influence
of PB-PB HBs on the AmIII3 frequency directly from the
experimentally measured AmIII frequencies of neat NMA and
NMA in water (Figure 11, Table 4). NMA in water shows a
1315 cm-1 AmIII frequency at 0 °C, 64 cm-1 upshifted with
respect to that in a vacuum74 at 1251 cm-1. There seems to be
some systematic difference between the gas-phase NMA 1255
cm-1 value reported by Kubelka and Keiderling74 and the 1259
cm-1 value reported by Mayne and Hudson.111
The NMA AmIII frequency upshifts from 1251 cm-1 in the

gas phase to 1295 cm-1 in the neat liquid (at +40 °C) is caused
by PB-PB HB. Neat NMA solutions are dominated by NMA
clusters with only two PB-PB HBs.104,106,107 Thus, utilizing
the temperature-induced frequency shifts of Table 4, we estimate
a 46 cm-1 AmIII3 frequency upshift at 0 °C due to PB-PB
HB

since nE ) nF ) 1.
Alternatively, Schmidt et al.’s.77 calculations predict a 43

cm-1 NMA AmII upshift upon N-H PB-PB HBs at site E
and 16 cm-1 AmII upshift upon CdO PB-PB HBs at site F.
Recalling74 that ΔνIII ≈ 0.75ΔνII, we can estimate the AmIII
frequency upshifts due to NH (site E) and CdO (site F) PB-
PB HB as 35 + 12 cm-1) 47 cm-1, respectively. Our third
independent estimate of the AmIII3 upshift due to PB-PB HB
in antiparallel �-sheet (see eq 16) gives the value of 48 cm-1.
These values are very close to the 46 cm-1 value measured for
NMA (Figures 11 and 13). We will use the 47 cm-1 value for
PB-PB HB-induced AmIII3 frequency upshifts, since it is the
average of these three estimates.
Despite the theoretical studies,75,76 which propose that two

simultaneous HBs to NH and CdO groups of a PB may result
in a slightly higher AmIII3 frequency upshift than the sum of
upshifts due to the individual HB, we for simplicity estimate
the NMA parameters in eq 13 as ΔνP-P

E ) 35 cm-1, while
ΔνP-P

F ) 12 cm-1.
Dependence of AmIII3 Frequency on r-Helix HB. The

ideal R-helix conformation has the ith residue N-H group

intramolecularly HB to the (i+ 4)th residue CdO group (Figure
14). In addition, there is evidence of HB of the exposed PBs to
the surrounding sheath of waters.80,81,89,105,112-114 The three
C-terminal R-helix residues have just their N-H groups
intramolecularly HB (Figure 14), while the three N-terminal
R-helix residues have just their CdO groups intramolecularly
HB (Figure 14). Since each PB contributes to the AmIII Raman
bands independently from their neighbors,61 the UVRR spectra
of an R-helix of seven or more residues long will have
contributions from three differently HB PBs, which have the
same R-helix Ramachandran angles (Figures 15-17).
We expect the AmIII3 frequency of the PB of interior

residues, which have two-end-on PB-PB HBs at their CdO
and N-H sites (Figure 15) to be 47 cm-1 upshifted due to PB-
PB HB (sites E, F), with an additional 5 cm-1 upshift due to
PB-water HB (sites D and D*).89 Thus, the AmIII3 frequency
of a long R-helix in water is expected to show an AmIII3 band
52 cm-1 upshifted when compared to the fictitious case of an
identical three-dimensional structure where no HB occurred.
Ham et al.81 R-helix hydration studies suggest that for a

polyalanine R-helix, only one water molecule (on average) HBs,
and that this water HBs to the carbonyl oxygen. The water HB
results in only an additional ∼5 cm-1 upshift, as observed by
Pimenov et al.,89 because the water HB to the adjacent (i + 4)
PB carbonyl weakens the (i + 4)CdO‚‚‚H-N(i) HB as
explained by Schmidt et al.77
It should be noted that R-helices consisting of amino acid

residues with larger side chains than ala will be less hydrated
than are polyalanine R-helices,112 and their AmIII3 frequency
should be less upshifted. Thus, R-helical segments of real
proteins will be, in general, less upshifted because they will be
involved in less PB-water HB.

Figure 13. AmIII3 frequency upshifts due to N-H (site E) and CdO
(site F) PB-PB HB in neat NMA. Note: ∼48 cm-1 AmIII upshift for
two end-on PB-PB HB was measured, while the AmIII upshifts for
PB-PB HB at individual sites E and F were estimated from their AmII
band upshifts.77

ΔνIII3 (T0,HB) ) nP-W
A ‚15 cm-1 + nP-W

B ‚33 cm-1 +

nP-W
C ‚16 cm-1 (13)

ΔνP-P
NMA(T1) ≈ ΔνP-P

E (T1) + ΔνP-P
F (T1) = 46 cm

-1 (14)
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We can easily estimate the AmIII3 frequency upshift for the
three PB N-terminal residues that are PB-PB HB at their
CdO sites from Schmidt et al.’s77 AmII upshifts due to PB-
PB HB (Figure 16). We expect the AmIII3 frequency to be 12
cm-1 upshifted due to PB-PB HB (site F), with an additional
11 cm-1 upshift due to PB-indiVidual water HB (site D)77 or
16 cm-1 due to PB-water sheath HB (site D, Figure 16). An
additional 33 cm-1 upshift comes from HB of their N-H group
to water clusters at sites B (eq 13). Thus, we calculate a total
AmIII3 frequency upshift of 61 cm-1.
In contrast, the PBs of the three C-terminal residues (Figure

17) will show a 35 cm-1 upshift due to PB-PB HB at the N-H
site (E), with an additional 31 cm-1 upshift due to HB of the
CdO to two waters at sites A and C, as can be estimated from
eq 13 (total 66 cm-1). However, the additional PB-water HB
at site D* of the neighboring PB (Figures 12 and 17) will cause
an 11 cm-1 AmIII3 frequency downshift. Thus, the total AmIII3
frequency upshift for the three C terminal PBs of an R-helix
will be 55 cm-1.
These considerations indicate that there is no more than a 9

cm-1 AmIII3 frequency difference (Figures 6 and 15-17)
between any of the different R-helical HB states in water, given
that the PB is constrained to be at the R-helix Ψ angle. In
contrast, the terminal six R-helical residues of anhydrous
R-helices which are not bound to water could show AmIII3
frequencies 35 and/or 12 cm-1 below that of the interior of the
R-helix (Figures 7 and 15-17).

The impact of this AmIII3 HB dependence on the measured
UVRR spectra of our R-helical 21-residue AP peptide depends
on the detailed melting behavior. If melting conformations
followed the all-or-none R-helix peptide model,22 the UVRR
spectra of R-helical AP would be dominated by the interior
R-helix PBs whose AmIII3 frequencies are upshifted by 52 cm-1

due to PB-PB and water HB. The three C-terminal residues

Figure 14. Diagram of R-helix and antiparallel (anti-|) �-sheet PB-
PB HB patterns. Note: Both R-helical segment of N g 7 residues long
and �-sheet segment of n g 3 strands contain three types of PBs, which
differ in PB-PB HB (see text and Figures 15-17 for detail).

Figure 15. AmIII3 frequency upshifts due to two-end-on HB; i.e., for
interior PBs of R-helix and for PBs of interior strands of �-sheet.
Note: 46 cm-1 AmIII3 upshifts are estimated from the neat NMA
(Figure 7) and anhydrous R-helix data, while 51 cm-1 upshifts are
measured from R-helix in water data of Pimenov et al.89 The individual
upshifts upon HB at sites D and D* are estimated from the calculated
AmII frequencies of NMA.77

Figure 16. HB pattern and AmIII3 frequency upshifts due to HB of
PBs, which are PB-PB HB at their CdO sites; i.e., for the three
N-terminal PBs of R-helices and half of PBs of exterior strands of
�-sheet. Note: all these AmIII3 upshifts were estimated from the
calculated AmII frequencies of NMA.77
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would be shifted by 61 cm-1, while the three N-terminal residues
would by shifted by 55 cm-1. Thus, the AmIII3 would be slightly
broadened by the contributions of the terminal residues.
In contrast, the relative contributions of the interior R-helix

PBs will decrease if we assume the zipper model where a
distribution of R-helical lengths occur.29 In fact it appears that
an examination of the AmIII3 band shape might allow us to
distinguish the all-or-none versus the zipper model behaviors.
Thus, in the case AmIII3 upshift of AP R-helix (T0 ) 0 °C),

which is dominated by two-end-on PB-PB HB, we write

Dependence of AmIII3 Frequency on �-Sheet HB. Figure
14 shows a schematic diagram of an antiparallel �-sheet
structure. The total number of PB-PB HBs formed in anti-
parallel and parallel �-sheet depends on the number of partici-
pating single peptide strands. In a double-stranded �-sheet, half
of the water exposed PBs are involved in both PB-PB CdO
HB (site F) and CdO PB-water HB (sites D and D*, Figure
16), while their N-H groups HB to water (site B, Figure 16),
and the other half participate in N-H PB-PB HB (E site, Figure
17) while their CdO groups HB to water (sites A and C, Figure
17).
Interior strand PBs of multiple-strand �-sheets participate in

two PB-PB HBs (sites E and F, Figure 15) and additionally
may have CdO PB-water HB (sites D and D*, Figure 15).
The PBs of their exterior strands will have the same HB pattern
as those of double-stranded �-sheets (Figures 16 and 17).
Since each PB is expected to independently contribute to the

AmIII region,61,62 we expect that the �-sheet spectrum will
contain overlapping contributions of the three different HB
species which have the same �-strand-like Ramachandran
angles, but different HB patterns (Figures 15-17; Table 1).
HB Shifts for �-Sheet Assuming r-Helix-Like PB-PB HB

Strengths. If PB-PB HBs in antiparallel �-sheet are equivalent

to those in R-helices (eq 15), we expect that half of the PBs
(Figures 14 and 16) of exterior strands of �-sheet will show
AmIII3 bands, which are 12 cm-1 upshifted due to the CdO
PB-PB HB (site F), 16 cm-1 upshifted due to the additional
PB-water clusters HB (sites D), and 33 cm-1 upshifted due to
N-H PB-water clusters HB at site B, for a total upshift of 61
cm-1 (Figure 16).
In contrast, the other half of PBs from exterior strands of a

�-sheet (Figure 17) will produce an AmIII3 band, which is 35
cm-1 upshifted due to N-H PB-PB HB (site E) and 31 cm-1

upshifted due to two CdO PB-water HB at sites A and C.
However, the additional PB-water sheath HB at site D* of
the neighboring PB reduces the AmIII3 frequency by 11 cm-1,
giving a total AmIII3 frequency upshift of 55 cm-1 (Figure 17).
In contrast, the interior PBs in �-sheet strands will have the

HB pattern shown in Figure 15 and will show an AmIII3 band
which is 47 cm-1 upshifted due to both N-H and CdO PB-
PB HBs (sites E and F) and 5 cm-1 upshifted due to an
additional CdO PB-water HB at sites D and D*, for a total
upshift of 52 cm-1 (Table 2). Thus, the maximum AmIII3
frequency difference which can result due to different �-sheet
hydration states, given identical �-sheet Ψ angles, is only 9
cm-1.
The PLL-PGA antiparallel �-sheet structure is multistranded.

Thus, its UVRR spectra are dominated by its interior strand
PBs (Figure 15). The antiparallel �-sheet chains have their PB
more exposed to water than occurs in an R-helix. Although water
could HB to the �-sheet carbonyls from both sides, it is unlikely
that more than one water/water cluster will HB to each CdO
(Figure 15). Thus, we estimate that PB-water HB at sites D
and D* for a �-sheet will also cause a 5 cm-1 upshift of the
AmIII3 frequency of the PBs in the interior �-sheet strands.
Because HB at sites D and D* compensate,77 differing PB-
water HB strengths in �-sheets from those in R-helices would
cause only small differences in the AmIII3 frequency upshifts
(Figure 15).
We achieve a similar conclusion by using a second indepen-

dent argument which allows the possibility that the �-sheet PB-
PB HB strengths may be somewhat weaker than those in
R-helices.115 We can calculate the AmIII3 band frequencies of
two non-HB �-strand-like conformations with similarΨ angles.
We measured a 1247 cm-1 (at 0 °C) AmIII3 frequency for the
PPII conformation of XAO42,43 and a 1227 cm-1 (at 0 °C)
frequency for an antiparallel �-sheet of a PLL-PGA mixture.60
PPII and antiparallel �-sheets have similar Ψ angles of 145°
and 135°, respectively.
We can calculate the downshifts which would occur if their

HB were removed, while maintaining their conformations. The
PPII AmIII3 frequency in water at 0 °C is expected to be 64
cm-1 upshifted with “anhydrous PPII” (Figure 10) which gives
a 1183 cm-1 AmIII3 frequency for this fictitious isolated PPII
(Ψ∼145°, Table 1). From the correlation in eq 5 above we
conclude that the AmIII3 frequency of an isolated non-HB
�-strand will be at 1174 cm-1.
Antiparallel PLL-PGA �-sheets (Ψ ∼ 135°) participate in

both PB-PB and PB-water HBs. We estimate 48 cm-1 of this
upshift derives from the PB-PB HB.

Thus, the upshift value of 48 cm-1 due to PB-PB HB in
PLL-PGA antiparallel �-sheet, estimated by eq 16, is very close
to the 46 cm-1 value for PB-PB HB in NMA (eq 14). We will
utilize a refined value of 47 cm-1 and assign an AmIII3 1175

Figure 17. HB pattern and AmIII3 frequency upshifts due to HB of
PBs, which are PB-PB HB at their N-H site. These include the three
C-terminal PBs of R-helix and half of PBs of exterior strands of �-sheet.
Note: all these AmIII3 upshifts were estimated from the calculated
AmII upshifts of NMA.77

ΔνR-Helix(HB,T0) = [n
E ΔνP-P

E + nF ΔνP-P
F ] +

nD,D* ΔνP-W
D,D* = [nE‚35 cm-1 + nF‚12 cm-1] + nD,D*‚5 cm-1

(15)

ΔνP-P
�- sheet ≈ 1227 - 1174 + 5 ≈ 48 cm-1 (16)
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cm-1 frequency to an isolated non-HB �-strand (Ψ ∼ 135°).
Thus, for PLL-PGA �-sheet in water at 0 °C we write

where all the parameters have the same meaning as in eq 15.
Temperature Dependence of AmIII3 Frequency. The

AmIII3 UVRR bands as well as AmI and AmII bands of the
pure secondary structure conformations show monotonic fre-
quency shifts with temperature that are independent of confor-
mational changes.22,29,42,43 These monotonic frequency shifts
occur due to a decrease in the PB-to-water HB strength as the
temperature increases.42,43,80,81,105,112-114 For example, in the case
of XAO peptide, which is in a highly hydrated PPII conforma-
tion, the AmIII3 band monotonically downshifts with an increase
of temperature with a slope of -0.11 cm-1/°C.43
Thus, we can write for PPII conformation

where T0 ) 0 °C.
Assuming the similar HB pattern for 2.51-helix, we can write

We can generalize this result for any extended �-strand
structure, i.e., any extended structure consisting of a single strand
with Ψ and Φ Ramachandran angles in the �-strand region of
the Ramachandran plot

We recently measured the temperature slope of the frequency
shifts of the AmIII3 and other amide bands for systems
dominated by PB-PB HB, for the pure �-sheet60 and pure
R-helix42,89 conformations and for neat NMA (Figure 11, Table
4). The temperature slopes for neat NMA are ∼40% less than
that of fully hydrated NMA (Table 4). In contrast, in water we
found much smaller AmIII3 shifts for two-end-on HB (Figure
15) R-helix42,89 and �-sheet60 conformations at the edge of
measurability

The smaller dependence of the amide band frequencies on
temperature in the R-helix and �-sheet intramolecularly hydro-
gen bonded structures results from the collective nature of the
extensive hydrogen bonding network, which requires more
perturbation to significantly change the average hydrogen bond
lengths.
Generalizing, we can write for monotonic frequency shifts

of AmIII3 band of any conformation

where δ is a parameter, which mainly reflects the degree of
hydration of a particular secondary structure element and which
we set at this time equal to “0” for long R-helix and multi-
stranded �-sheet, and is equal to “1” in the case of PPII, 2.51-

helix, or any extended �-strand-like conformation consisting of
a single strand.
We estimate δ to be 0.8 for both the three N-terminal PB in

R-helices and the exterior PB in �-sheet strands (Figure 16). In
contrast, we estimate δ to be ∼0.5 for both the three C-terminal
PB of R-helices and the exterior PB of �-sheet strands (Figure
17). These estimates derive from the assumption that the
temperature dependence originates from PB-water HB strength
changes and that the relative frequency dependence scales with
the extent of water HB frequency upshift compared to that found
in the PPII conformation.
Quantitative Correlation of the AmIII3 Frequency to the

PB Ψ Ramachandran Angle, and HB. Inserting eqs 5, 13,
15, 17, and 22 into the eq 9, we obtain the following general
expression, which relates the AmIII3 frequency, Ψ Ramachan-
dran angle and HB

where all the parameters are described above.
For ease of use we have decomposed eq 23 into three different

families of equations which are listed as eqs 5, 6A-D, and 7A-
C. These are each specific to particular secondary structures
with their particular HB patterns as described above in the
Results and Discussion section of this paper. We also created
an “average” eq 6E for estimation of Ψ Ramachandran angle
of a PB in aqueous solution, if the HB state of a PB is unknown.
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