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Abstract

17O chemical shifts of Ala-Ala-Ala, with parallel and anti-parallel b-sheet structures, are observed using a 930-MHz high-resolution
solid-state NMR spectrometer. Ala-Ala-Ala serves as a model sheet-forming peptide because it can be easily prepared as either a parallel
or an anti-parallel b-sheet structure. Spectral differences between the two samples are observed which arise from molecular packing dif-
ferences between the two sheet structures. DFT chemical shift calculations are performed for the two samples, and the calculated spectra
are in good agreement with the experimental spectra. The DFT calculations provide insight into the nature of the chemical shift differ-
ences observed between the two sheet structures.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Solid-state NMR is a useful tool for structural charac-
terization of natural protein fibers with mixed parallel
and anti-parallel b-sheet structures. We showed previously
[1] that 13C chemical shifts and 13C spin–lattice relaxation
times can be used to distinguish between Ala-Ala-Ala pep-
tides prepared as pure parallel or anti-parallel b-sheet
structures [2,3]. Both structures have two non-equivalent
A and B molecules in the unit cell, and the 13C chemical
shifts for 13C nuclei at the same carbonyl positions on
the A and B molecules differ considerably. These carbonyl
groups are part of the hydrogen bonding network.

Oxygen-17 nuclei (17O) are seldom used in solid-state
NMR because of the low sensitivity (natural abundance
is 0.037%) and complicated line structure caused by the
electric quadrupolar moment. The combination of 17O-la-
beled samples with higher magnetic fields has minimized
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these problems, and applications of 17O solid-state NMR
of amino acids, peptides and polypeptides with magic angle
spinning (MAS) have progressed steadily over the past dec-
ade [4–7]. In recent years detailed studies of chemical shifts
and quadrupolar tensors have been investigated to under-
stand the NMR parameters of hydrogen bonded structures
and how they can be applied to determine hydrogen bond
lengths and bond angles [8–11]. In addition, dipolar recou-
pling experiments have been performed to determine the
carbon–oxygen distance of hydrogen bonded systems [12–
14]. The unique secondary structures of peptides are stabi-
lized by multiple hydrogen bonds, and oxygen atoms serve
as proton acceptors in hydrogen bonds. Therefore, 17O
NMR studies are useful and important for characterizing
hydrogen bonding and secondary structures of peptides.

An 17O NMR study of Ala-[17O]Ala-Ala having parallel
and anti-parallel b-sheet structures is reported here, and it
is shown that the 17O NMR parameters can be calculated
for both structures using density functional theory
(DFT). The use of a 126 MHz 17O NMR (930 MHz for
1H) spectrometer and 90% enriched H2

17O as a starting
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material for synthesis of Ala-[17O]Ala-Ala provides a way
to easily observe differences in the 17O NMR spectra be-
tween the two crystalline forms. The good agreement be-
tween the DFT calculated and the observed 17O spectra
enables us to discuss the origin of the experimental differ-
ences in detail.
2. Experimental methods

[17O]Ala was prepared from the alanine methyl ester in
Na17OH/methanol solution, where Na17OH was prepared
by reacting H2

17O (17O, 90%) with Na metal. The
[17O]Ala was 9-fluorenylmethyl-oxycarbonyl (Fmoc) pro-
tected using Fmoc hydroxyl-succinimide (Fmoc-OSu) in
10% NaHCO3. Ala-[17O]Ala-Ala was manually synthesized
starting with Fmoc-Ala-Alko Resin. Fmoc removal was
achieved with 20% piperidine solution in dimethyl formam-
ide. O-(7-azabenzo-triazolyl)-1,1,3,3-tetramethyluronium
hexafluoro-phosphate/diiso-propyl-ethylamine (3 equiv)
was used for the coupling reagent. At the end of synthesis
the peptide was cleaved from the resin using a solution of
2% triisoproplysilane and 12% thioanisole in trifluoroacetic
acid. The product was precipitated from a solution of
diethyl ether and purified by reverse-phase HPLC using a
water/acetonitrile gradient and a PEGASIL ODS-II C18
column. Samples were prepared as parallel and anti-paral-
lel b-sheets according to previously described recipes [2,3],
and the structures of the prepared samples were checked by
IR [2,3] and 13C CP/MAS NMR [1]. 17O NMR spectra
were acquired with a JEOL ECA930 (21.8 T magnet; 1H
frequency is 930 MHz and 17O frequency is 126 MHz)
equipped with a 4 mm MAS 17O–1H dual-tuned probe
head. A single 10� 17O pulse (relative to the liquid state)
B
A

B

B A
B A

A
B

Anti- parallel

Fig. 1. Molecular structures of the parallel b-sheet and anti-parallel b-sheet sam
chemical shift DFT calculations are performed with these sets of molecules, and
figure.
and a 50 kHz RF proton decoupling field were used to ac-
quire the data. Approximately 2 million scans were accu-
mulated with a 50-ms repetition time. The MAS spinning
speed was 20 kHz and the chemical shifts are reported rel-
ative to 17O-labeled water. The spectra were processed with
backward linear prediction to recover the first points of the
FID; no line broadening factors were applied, but zero fill-
ing of the data sets was applied to double the points in the
spectra.
2.1. DFT calculation

The Gaussian 03 Rev.D.02 program package was used
to perform MO calculations of 17O nuclear shieldings
based upon density functional theory (DFT). The B3LYP
exchange-correlation functional was employed and the 6-
311G(d,p) basis set was used. Atomic coordinates obtained
from X-ray diffraction experiments were used as input for
the two b-sheet structure calculations [2,3]. Six molecules
(3 · 2) were used for the parallel b-sheet calculation, and
eight molecules (4 · 2) were used for the anti-parallel b-
sheet calculation (see Fig. 1). Since the X-ray diffraction
data do not give the positions of the hydrogen atoms, their
positions were calculated using N–H and C–H distance
constraints of 1 and 1.09 Å, respectively. The 17O chemical
shifts and calculated results are reasonably interpreted with
these positions of hydrogen atoms.
3. Results and discussion

Fig. 2 shows the 17O NMR spectra of Ala-[17O]Ala-Ala
with the parallel and anti-parallel b-sheet structures. The
17O spectra are clearly different for the two samples. Since
Parallel
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ples. Each crystal has two unique molecules, A and B, in the unit cell. The
the parameters provided in Table 2 are for the molecules with circles in the
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Fig. 2. 17O MAS NMR spectra of Ala-[17O]Ala-Ala using a 21.8-T
magnet. (a) anti-parallel b-sheet structure and (b) parallel b-sheet
structure. An ‘*’ marks a spinning sideband caused by the sample rotation
(20 kHz spinning rate). The black lines are the observed spectra and the
red lines are fits to the spectra obtained with the dmFIT program. The
spectrum for the parallel b-sheet can be fitted by assuming a single 17O
chemical environment; whereas, the spectrum for the anti-parallel b-sheet
requires two 17O different chemical environments (blue and green spectra).
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)

Table 1
Observed 17O chemical shift (ppm), quadrupolar coupling constant (MHz)
and asymmetry parameters of the Ala-[17O]Ala-Ala

riso vQ g

Anti-parallel 302 ± 5 8.7 ± 0.5 0.40 ± 0.1
270 ± 5 8.7 ± 0.5 0.35 ± 0.1

Parallel 293 ± 5 8.7 ± 0.5 0.30 ± 0.1
293 ± 5 8.7 ± 0.5 0.30 ± 0.1

Table 2
Calculated 17O nuclear shielding (ppm), their tensor components (ppm),
quadrupolar coupling constants (MHz), and asymmetry parameters of the
Ala-[17O]Ala-Ala

Molecule riso r 11 r22 r33 vQ g

Anti-parallel (A) 33.6 �168.5 �68.8 338.2 8.53 0.476
Anti-parallel (B) 2.3 �229.5 �102.8 339.3 8.84 0.388
D(A–B) 31.3 61.0 33.9 �1.1 �0.31 0.088

Parallel (A) �9.8 �266.7 �105.3 342.7 8.58 0.301
Parallel (B) �13.5 �265.4 �122.3 347.0 8.91 0.304
D(A–B) 3.8 �1.4 17.0 �4.4 �0.33 �0.003
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the 21.8 T spectrometer provides excellent spectral sensitiv-
ity and resolution, it is possible to discuss the observed dif-
ferences between the 17O NMR spectra for the two sheet
structures. Fig. 2 also shows fits to the spectra generated
with the dmFIT line-simulation program [15]. The fitting
parameters are listed in Table 1. As shown in Fig. 1 and
summarized in Table 1, the fit to the spectrum of the
anti-parallel structure requires two chemically distinct 17O
sites while the fit to the spectrum of the parallel structure
requires a single 17O environment. X-ray crystallography
data shows there are two non-equivalent coordination mol-
ecules, A and B, in both anti-parallel and parallel Ala-Ala-
Ala. Consequently, both samples could have 17O spectra
with contributions from two magnetically distinct 17O sites.
The observed differences between the two experimental 17O
NMR spectra were examined with the assistance of DFT
calculations.

Calculated spectra were obtained with the Gaussian 03
program using the GIAO-CHF method and
B3LYP(DFT)/6-311G(d,p) basis set [16]. The calculated
17O nuclear shielding tensor components, quadrupolar
coupling constants, vQ, electric field gradient (EFG) tensor
components, and quadrupolar asymmetry parameters, g,
are summarized in Table 2. The DFT calculated 17O spec-
tra (not shown) reproduce the features of the experimental
spectra. The assignment of the observed 17O resonances to
the A and B molecules can be easily done using results from
the DFT calculations. The high-field and low-field peaks
for the anti-parallel b-sheet sample are assigned to the
17O nuclei on the A and B molecules, respectively. Both
the DFT calculation and experimental results show the
same tendency; that is, the 17O chemical shift difference be-
tween 17O labels on the A and B molecules is larger for the
anti-parallel b-sheet sample than for the parallel b-sheet
sample.

The geometric parameters [2,3] of the oxygen atoms in
the A and B molecules for the two tri-peptides are summa-
rized in Fig. 3. Previous workers [17] suggested a good cor-
relation between the direct hydrogen bond length and
isotropic chemical shift of 17O nuclei. The direct hydrogen
bond lengths RN� � �O for the 17O labels (the 17O labels on the
central Ala residues) are RN(B)� � �O(A) = 2.915 Å and
RN(A)� � �O(B) = 2.919 Å for the anti-parallel b-sheet sample,
and RN(B)� � �O(A) = 3.350 Å and RN(A)� � �O(B) = 3.201 Å for
the parallel b-sheet sample [2,3]. The difference in the direct
hydrogen bond length, DR = |RN(B)� � � O(A) � RN(A)� � �O(B)|, is
very small for the anti-parallel sample (DR = 0.004 Å) and
quite large for the parallel sample (DR = 0.149 Å), but the
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Fig. 3. Direct hydrogen bond lengths, RN� � �O, and C@O bond lengths determined with X-ray crystallography and the directions of DFT-calculated
chemical shift tensors of the 17O atoms for Ala-[17O]Ala-Ala with anti-parallel b-sheet and parallel b-sheet structures. The lengths were obtained from X-
ray crystallographic data [2,3] and the error scales of length (R factors) are 0.031 and 0.057.
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calculated chemical shift differences between 17O nuclei on
A and B molecules is 31.3 ppm for the anti-parallel b-sheet
sample and 3.8 ppm for the parallel b-sheet sample (Table
2). Therefore, the small 17O chemical shift differences for
17O labels on the A and B molecules in the anti-parallel
b-sheet sample and the large chemical shift differences be-
tween the 17O labels in the parallel b-sheet sample cannot
be explained just by differences in hydrogen bond lengths.
Recently, Pike et al. [18] reported a strong linear correla-
tion for the isotropic 17O chemical shifts of carbonyl oxy-
gens with C@O bond lengths for 17O-labeled sites. The
C@O bond lengths, RC@O, of the 17O nuclei of the central
Ala residue for our samples are RC@O(A) = 1.233 Å and
RC@O(B) = 1.232 Å for the anti-parallel b-sheet sample
and RC@O(A) = 1.220 Å and RC@O(B) = 1.231 Å for the
parallel b-sheet sample. The larger chemical shift difference
observed between 17O nuclei on the A and B molecules is
for the anti-parallel b-sheet (which has nearly identical
RC@O values for the A and B molecules) and the smaller
chemical shift difference is found for the parallel b-sheet
structure. Hence, the observed chemical shift differences
for the Ala-Ala-Ala samples cannot be attributed to differ-
ences in C@O bond lengths.

The calculated chemical shift principal values r11, r22

and r33 provide insight into the nature of the experimen-
tally observed differences in 17O chemical shifts. The results
tabulated in Table 2 show a large difference in r11

(Dr11 = 61.0 ppm) and r22 (Dr22 = 33.9 ppm) between
17O nuclei on the A and B molecules and a very small dif-
ference in r33 (Dr33 = �1.1 ppm) for the anti-parallel b-
sheet sample. The differences in the calculated chemical
shifts between A and B molecules are small for the parallel
b-sheet sample: Dr11 = �1.4 ppm, Dr22 = 17.0 ppm and
Dr33 = �4.4 ppm. Thus, the origin of the large difference
in isotropic chemical shifts for 17O nuclei on the A and B
molecules in the anti-parallel b-sheet comes primarily from
the large difference in r11 (and to a lesser degree from r22).
Calculations show little difference in chemical shifts for the
17O nuclei on the A and B molecules in the parallel b-sheet,
which is consistent with the observed NMR spectra. The
direction of r11 (see Fig. 3) is slightly deviated from the
C@O bond direction, and the angle, h, between the C@O
bond and the r11 direction is h = 14� for the A molecule
and h = 18� for the B molecule in the parallel b-sheet struc-
ture. For the anti-parallel b-sheet sample, the angles are
h = 9� for the A molecule and h = 14� for the B molecule.
The orientation of r22 is approximately perpendicular to
the C@O bond and in the nodal plane of the amide bond
for both samples.

There is an orientational property between chemical
units on neighboring molecules that may be responsible
for the observed chemical shifts. The angle, a, between lines
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defined by the C@O and NAH bond directions are signif-
icantly different for the two samples. The angle, a(A), be-
tween the C@O bond direction of the A molecule and
NAH bond direction of the B molecule is �136�, and the
angle, a(B), between the C@O bond direction of the B mol-
ecule and NAH bond direction of the A molecule is
�155.17� for the anti-parallel b-sheet structure. The corre-
sponding angles are �136� and �139� for the parallel b-
sheet structure. Thus, the differences in the angles,
Da = a(A) � a(B), are considerably different for the two
samples, with Da = 19� for the anti-parallel b-sheet sample
and Da = 3� for the parallel b-sheet sample. Since the ori-
entation of the calculated r11 is approximately parallel to
the C@O bond (and r22 is oriented nearly perpendicular
to the C@O bond), we propose that the relative orientation
between the C@O and NAH bond directions has the most
influence on the observed differences in chemical shifts.
Hence, the primary difference in the oxygen electronic envi-
ronment occurs within the nodal plane of the amide bond,
especially in the C@O bond direction, and not in the direc-
tion perpendicular to the amide plane. The DFT results
leads us to the conclusion that the relative orientation be-
tween the C@O bond and NAH bond of the hydrogen-
bonded pair most affects the 17O chemical shift and is the
cause of the observed chemical shift differences between
the two peptide samples.

The quadrupole coupling asymmetry parameters, g, were
also examined by DFT calculations; the calculated g values
and quadrupolar coupling constants are summarized in
Table 2. The difference in g values between the A and B mol-
ecules is similar to the behavior of the respective isotropic
chemical shifts described above. The difference in asymmetry
parameter, Dg = gO(A) � gO(B), is large for the anti-parallel
b-sheet (Dg = 0.088, with gO(A) = 0.476 and gO(B) = 0.388)
but is very small for the parallel b-sheet (Dg = �0.003, with
gO(A) = 0.301 and gO(B) = 0.304). As with the previous dis-
cussion of chemical shifts, the difference in g values between
17O nuclei on A and B molecules cannot be explained either
by the differences in hydrogen bond lengths or C@O bond
lengths found between A and B molecules. Instead, the differ-
ence in the angles between the C@O and NAH bond orienta-
tions account for the differences in asymmetry parameter.

The quadrupole coupling constants vQ (in MHz) for the
two samples were also examined by DFT calculations.
Takahashi et al. and Yamada et al. reported that the vQ

values increase with RN� � �O [17,11]. For example, vQ

changes from 8.18 MHz at RN� � �O = 2.90 Å to 8.27 MHz
at RN� � �O = 3.20 Å for their N-methylacetamide/formam-
ide model [17]. The calculated vQ values are 8.53 MHz
and 8.58 MHz for 17O nuclei on the A molecules of the
anti-parallel b-sheet sample (with RN(B)� � �O(A) = 2.915 Å)
and parallel b-sheet sample (with RN(B)� � �O(A) = 3.350 Å),
respectively. Hence, the substantial difference (0.44 Å) in
RN(B)� � �O(A) between the samples and the miniscule differ-
ence in the corresponding vQ values for the A molecules
makes the direct hydrogen bonding length RN� � �O an unli-
kely factor alone for interpreting differences in vQ.
In conclusion, the observed differences in the 17O NMR
spectra between the anti-parallel and parallel b-sheet sam-
ples arise primarily from the differences in the angle be-
tween the C@O bond and NAH bond orientations.
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