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The hydration of the wheat protein omega-gliadins was investigated by carbon and proton magic angle spinning
(MAS) NMR spectroscopy. The changes observed in the protein carbon spectrum with increasing hydration in the
range 0-50% show a general mobility increase but, even at 50% hydration, a number of glutamine side-chain
carbons remain relatively immobilized. The results suggest that a conformational change occurs at about 35%
hydration, giving a looser conformation. Carbon 7T'; relaxation times reflect the general mobility increase, in the
MHz frequency range, by showing an order of magnitude decrease upon hydration. No distinction between 7; of
the backbone and glutamine side-chain carbonyls is observed. This confirms the relative rigidity of these side-chains
even at high hydration. MAS at high spinning rates has been used previously to resolve the proton spectra of
hydrated omega-gliadins. Resolution was further improved by using a new high-resolution MAS probe. Interpreta-
tion of the resulting protein spectrum showed that some phenylalanine residues are considerably motionally hin-
dered. Moreover, evidence shows that some glutamine side-chain amino groups are inaccessible to solvent. A
structural model for hydrated omega-gliadins is advanced involving the formation of hydrophobic pockets held by
stable intermolecular and/or intramolecular hydrogen bonding between glutamine residues. The high-resolution
spectra obtained using the new probe design permitted the use of high-resolution 2D experiments for assignments
and to investigate conformational properties. In an attempt to use proton relaxation parameters to characterize the
protein system further, it was found that, under MAS conditions, proton 7, relaxation times are strongly depen-
dent on spinning rate. The results indicate that great care is required when interpreting proton relaxation times

recorded under MAS conditions. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

Wheat seed storage proteins (prolamins) consist of a
complex heterogeneous mixture of proteins which, when
hydrated, possess the unusual properties of visco-
elasticity.! They are classified in two groups on the
basis of their aggregative properties: the monomeric
gliadins which are associated with viscosity and the
polymeric glutenins which are associated with elasticity.

The omega-gliadins comprise the sulphur-poor,
alcohol-soluble, seed storage proteins of wheat. They
account for 5-15% of the total seed protein and contain
40-50 mol% glutamine, 20-30 mol% proline, 7-9
mol% phenylalanine and 4 mol% leucine, with no
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cysteine residues.? Their approximate molecular weight
is 40000 and their primary structure appears to consist
almost entirely of an octapeptide repeat motif
(consensus: PQQPFPQQ).2

The study of the hydration of cereal proteins is of
practical interest since those components, in the
hydrated form, are responsible for the important visco-
elastic properties of derived systems. Owing to their
relative simplicity, omega-gliadins have been shown to
be a useful model peptide for sulphur-poor cereal pro-
teins, permitting a more detailed study of the role of
their constituent amino acids.

A range of studies has been carried out to character-
ize omega-gliadins. The glass transition behaviour has
been described® and an extensive infrared spectroscopic
study of protein structural changes upon hydration
carried out.* Proton and carbon NMR studies on the
hydration of wheat omega-gliadins,>® barley C-
hordein”® and wheat high molecular weight subunits®
have also shown that these proteins become very mobile
when water is added. It has been suggested that the
behaviour of the hydrated proteins is analogous to that
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of polymers at interfaces in which ‘loop’ and ‘train’ por-
tions of the chains may occur.!® Infrared studies have
suggested that extended chain structures are found in
the loop sections and a f-sheet conformation character-
izes the train sections.*

Static proton NMR studies on C-hordein and on
omega-gliadins permitted the identification of glutamine
side-chains as having an important role in determining
the average proton relaxation of the system.%’
However, the information obtained in this way is an
averaged reflection of the extent of spin diffusion in the
system. Information on more specific behaviour of the
different protein sites may be obtained by solid-state
13C NMR, as shown in a detailed study of the barley
protein C-hordein® and a preliminary study of omega-
gliadins.® The two proteins are believed to have very
similar primary structures so that the assignments of the
13C NMR spectrum of the barley protein made with the
use of model peptides may, to some extent, be extrapo-
lated to omega-gliadins. Intensity changes in the '3C
cross-polarization magic angle spinning (CP/MAS)
spectra of both C-hordein and omega-gliadins have sug-
gested that proline residues are more readily mobilized
than the remaining residues. In this work, we show that
this and other structural changes may be viewed
through the carbon spectra of omega-gliadins registered
as a function of hydration and complemented by the
study of carbon T, relaxation times and CP per-
formance as the water content is changed.

The use of proton MAS to study the hydrated protein
system has been proved to be useful provided that suffi-
cient mobility is attained in order to reduce significantly
the strength of proton dipolar interactions. It has been
shown elsewhere that resolved proton MAS spectra
may be obtained for hydrated omega-gliadins.>:® The
quality of such spectra is shown here to be improved by
the use of a new high-resolution MAS probe and rotor
that may confer a spherical geometry on the sample.
The resulting improved resolution enables one to carry
out high-resolution two-dimensional experiments of
great value for accurate spectral assignment and for
extracting useful conformational information.

The measurement of relaxation parameters is a tradi-
tional and valuable method of characterizing the
dynamics of a system. Measurement of proton 7 relax-
ation times for the proton spectrum obtained for
omega-gliadins with a standard MAS probe have
shown that a range of mobilities are adopted by the
different types of residues in omega-gliadins.® In the
present work, we show that proton T; may be strongly
dependent on spinning rate so that care must be taken
when interpreting proton relaxation times measured
under MAS conditions.

The concerted MAS study of both proton and carbon
protein site behaviour upon hydration permits an
improved and detailed dynamic and structural charac-
terization of hydrated omega-gliadins.

EXPERIMENTAL

Omega-gliadins were purified from wheat (cv Chinese
Spring) using previously described methods.!! Protein

© 1997 John Wiley & Sons, Ltd.

samples were dried under vacuum at 40°C until con-
stant weight. The hydrated samples were prepared by
leaving dry samples to equilibrate under different rela-
tive humidity salt solutions and quantifying absorbed
water by weight. The extent of hydration is expressed in
terms of g water per 100 g dry protein. The
(PQQPFPQQ); peptide was synthesized as described
previously.®

Standard carbon and proton MAS experiments were
carried out on a Bruker MSL 400P NMR spectrometer
operating as 400.13 MHz for proton and 100.6 MHz for
carbon. For carbon and standard proton MAS studies,
a 4 mm CP/MAS Bruker probe was used. 13C CP/MAS
spectra was obtained at a spinning rate of 5 kHz (except
when stated otherwise), using a 90° pulse length of ca.
4 ps, a contact time of 1 ms and a recycle of 5 s. The
number of co-added transients is indicated in the figure
captions. Proton decoupling field strengths of 55.6—62.5
kHz were used. Proton T, values were calculated from
variable contact time curves obtained for values of
contact in the 0.1-15 ms range. Carbon T; relaxation
times were measured with the Torchia sequence!? using
delay times in the 0.1-8 s range. 13C single pulse excita-
tion (SPE) spectra were obtained using a 5 s recycle. In
all MAS experiments, the rotors were weighted before
and after each experiment in order to check the extent
of water loss. Weight loss was found to be negligible.
Proton MAS spectra were obtained with a recycle delay
of 2 s and a 90° pulse length of ca. 4 us. The number of
co-added transients is indicated in the figure captions.
The spinning rates used ranged from 5 to 15 kHz. Spin—
lattice proton relaxation times and spin-—spin proton
relaxation times were measured at spinning rates in the
same frequency range. Proton T; relaxation times were
measured through the inversion-recovery sequence with
delays between pulses in the 10 ms—10 s range.

Protein proton spectra of improved resolution were
obtained with a Bruker AVANCE-400 (DRX) spectro-
meter, operating at 400 MHz for proton. A 4 mm
HCD-HR-MAS probe was used together with a rotor
containing an inner bottom spacer so that spinning sta-
bility was improved and water separation effects
reduced. One-dimensional experiments were recorded
with presaturation of the water peak. An SW of 6400
Hz and a recycle of 2 s were used and 16K data points
were recorded. For the CPMG experiment, a delay of
300 ps was used. The H/*3C correlation spectrum of
the protein was obtained using the following param-
eters: SW values of 18000 and 5000 Hz in the carbon
and proton dimensions, respectively, 200 increments, 80
scans and 1K data points. The total correlation spec-
trum (TOCSY) was obtained with an SW of 4400 Hz in
both dimensions, a mixing time of 34 ms, 200
increments, 16 scans and 2K data points.

The proton spectra of the 24-monomer peptide were
obtained at 278 K and recorded at 600 MHz using a
Bruker DRX-600 spectrometer. For the 1D spectra, the
SW was 10000 Hz, the recycle time 2 s and 32K data
points and 32 scans were recorded. The TOCSY spec-
trum was obtained with an SW of 8000 Hz in both
dimensions, a mixing time of 70 ms, 314 increments,
eight scans and 4K data points. The rotating frame
Overhauser (ROESY) spectrum was obtained using an
SW of 8000 Hz in both dimensions, a mixing time of
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250 ms, 255 increments, 16 scans and 4K data points.
The 'H/'3C correlation spectrum of the peptide was
obtained with an HSQC echo-antiecho sensitivity
enhancement sequence using the following parameters:
SW values of 24700 and 7500 Hz in the carbon and
proton dimensions, respectively, 400 increments, four
scans and 2K data points.

RESULTS AND DISCUSSION

13C NMR MAS studies

Following some preliminary studies of omega-gliadins
by 13C CP/MAS,® we describe here a more complete
study of the changes in the 13C NMR spectra of omega-
gliadins upon hydration. The 3C CP/MAS spectra of
omega-gliadins as a function of hydration up to 50%
H,O are shown in Fig. 1. The assignment of the main
peaks was made by comparison with the spectra of
model peptides®:® and is indicated in Fig. 1 and Table 1.
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Figure 1. "3C CP/MAS spectra of omega-gliadins at different
hydrations: (a) 0% water, 464 scans; (b) 7% water, 11 720 scans;
(c) 19% water, 32305 scans; (d) 35% water, 5500 scans; and (e)
50% water, 17 732 scans.
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Table 1. Assignment of main peaks observed in the 3C
CP/MAS spectrum of omega-gliadins

Chemical shift (ppm)

Assignment® 0% H,0 50% H,0
Pro Cy 25.5 24.9
GIin CB 27.7
GIn Cy, Pro CB8 30.2 30.8
Pro CS 48.6 Weak shoulder
GIn Ca 52.1 51.2
Pro Ca 60.0 59.8
Phe C¢§, C2¢, C28 128.4 128.5
Backbone C=0 172.2 172.2
175.2
GIn CS 177.5 1771

2 According to Ref. 8.

The spectra clearly show that hydration induces sig-
nificant intensity changes. Care must be taken in inter-
preting such changes since they depend not only on the
number of nuclei but also, and most importantly, on the
efficiency of cross-polarization for each carbon site. A
relative decrease in intensity is an indication of
enhanced mobility which partially averages out the het-
eronuclear dipolar interactions, thus reducing cross-
polarization efficiency. For omega-gliadins, the
signal-to-noise ratio of the whole spectrum seems to
decrease upon hydration, indicating that the whole of
the protein is to some extent mobilized by water.
However, the relative intensities also change, showing
that different carbon sites have distinct dynamic charac-
teristics.

The two aliphatic peaks at 25 and 30 ppm, assigned
as shown in Table 1, show an interesting behaviour.
The peak at 25 ppm arises mainly from Pro Cy and, up
to 20% hydration, decreases about 50% relatively to the
peak at 30 ppm. At 35% H,O, the intensity at 30 ppm
becomes comparable to that at 25 ppm and, at 50%
H,O, the same peak is again decreased more signifi-
cantly. The relative decrease of the 25 ppm peak with
hydration reflects an enhancement of the mobility of
proline ring carbons, relatively to the Gln Cy carbons
which are the main contributors at 30 ppm. This is con-
sistent with the almost complete disappearance of the
peak at 48 ppm, due to Pro C§, indicating that rapid
motions, probably ring puckering, describe most proline
rings. However, at the intermediate hydration of 35%,
glutamine side-chains, as viewed through the CP/MAS
spectrum (Fig. 1), see to adopt a mobility comparable
to that of the proline ring. Consistently, the Gln Cy
resonance in the *3C SPE spectrum is stronger at 35%
than at 50% hydration, relative to the remaining spectrum
(Fig. 2). These results suggest that, at about 35% water,
a change in the system occurs so that glutamine side-
chains are freed from the more immobilized environ-
ment adopted at lower hydration. Infrared results* have
shown that a maximum amount of f-sheet conforma-
tion forms at about 35% water. We suggest, therefore,
that the glutamine and proline residues observed with
comparable intensities in the CP/MAS spectrum [Fig.
1(d)] correspond to the majority of the repetitive chain
of the protein adopting a f-sheet conformation. If so,
similar numbers of proline and glutamine residues are
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Figure 2. "3C SPE spectrum of omega-gliadins with 50% water. The inset shows the aliphatic region of the SPE spectrum of omega-
gliadins with 35% water. The peak marked with an asterisk arises from the probe background.

involved, giving rise to similar intensities in the spec-
trum. Infrared studies showed that, at higher hydration,
such a conformation is broken, giving rise to a looser
extended structure.* According to the spectrum in Fig.
1(e), such a structure involves the immobilization of
some glutamine residues, probably engaged in hydrogen
bonds.

In the a-carbon region the relative intensities remain
unchanged in the hydration range studied, which shows
that the whole of the backbone is affected in a uniform
manner. Phenylalanine residues resonate at about 130
ppm but, at the lower hydrations studied, its signal is
obscured by spinning side bands. It is clear, however,
that the spinning side bands weaken as hydration
increases since the anisotropy of the system is gradually
decreased as motion is induced.

In the carbonyl region, two main peaks are observed
at 172 and 177 ppm, for most of the hydration range
studied. The 177 ppm peak may be assigned to gluta-
mine side-chain carbonyl carbons, GIn C§, in an
environment located in proximity to water molecules.®
The 177 ppm signal is a weak shoulder at low hydra-
tions and it becomes a well resolved peak at higher
hydrations, its intensity gradually increasing relatively
to the peak at 172 ppm. The plot of the intensity ratio
1,77 vpm/I172 ppm @s a function of sample hydration is
shown in Fig. 3. It is clear that the relative intensity at
177 ppm is directly related to the amount of water in
the sample and may thus be used as an expeditious way

© 1997 John Wiley & Sons, Ltd.

of estimating humidity in a sample of omega-gliadin.
The intensity growth at 177 ppm should be carefully
interpreted since it may express both an increase in the
number of Gln side-chains in close contact with water
and the increase in mobility of the backbone carbonyls,
resonating at 172 ppm, due to plasticization of the
backbone which results in an intensity decrease. The
Gln Co peak at 177 ppm is also a main feature of the
SPE spectra (Fig. 2), indicating that a number of those
carbons are very mobile, probably undergoing rapid

Intensity Ratio 177.1 ppm / 172.3 ppm
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Figure 3. Plot of the intensity ratio of the carbonyl peaks at 177

and 172 ppm as a function of hydration. The straight line obtained
corresponds to an r value of 0.9937.
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rotation around the main side-chain axis. Two dynamic
environments may, therefore, describe glutamine resi-
dues when in proximity to water: (1) a more rigid
environment giving rise to a strong CP/MAS peak,
probably corresponding to residues hydrogen bonded
to each other, and (2) a more mobile environment
giving rise to a strong SPE peak, probably correspond-
ing to residues in fast exchange with water and under-
going fast rotation.

At 50% H,O0, a third feature becomes a well defined
in the carbonyl region, at 175 ppm [Fig. 1(e)]. For the
interpretation of this peak use is made of data obtained
for several polypeptide systems differing in secondary
structure in the solid state.!3!5 These studies have
shown that solid-state chemical shifts relate clearly to
chain conformation and comparison of protein peak
positions with those of polypeptides [Glu(OMe)], 314
and [Pro],'°® permit the investigation of the local
protein secondary structure adopted by glutamine and
proline residues. For the drier samples, the chemical
shifts observed for Gln Ca and Gln CO are 51.3 and
172 ppm, respectively. These are in close agreement
with the chemical shifts of Ca and CO in [Glu(OMe)],
with a p-sheet conformation, 51.4 and 172.5 ppm,
respectively.!®1# Similar conclusions for the proline
local conformation are ambiguous since, according to
previous peptide studies,'>:1% both type II and B-turn
proline conformations may be present in both dry and
hydrated protein samples. At 50% hydration, the peak
observed at 175 ppm and the broadening observed in
the Glu Cu region might be in an indication of a change
in local Gln conformation from f-sheet to a-helix con-
formation since the latter conformation is characterized
by Gln Cx and GIln CO chemical shifts of 57.0 and
1757 ppm, respectively. However, infrared studies of
hydrated gliadins* indicated that a loose, extended con-
formation is formed rather than an o-helix conforma-
tion. Therefore, it may be concluded that the intensity
at 175 ppm arises from an increase in the amount of the
looser f-turn proline conformation which resonates at
the characteristic position of 174.2 ppm.1® Proline con-
formations of types I and II would correspond to car-
bonyl resonances at 171.5 and 170.3 ppm,
respectively.!®

It is worth noting that, at 50% water, the most
intense peaks in the CP/MAS spectrum of omega-
gliadins are those resonating at 177 and 30 ppm [Fig.
1(e)]. These peaks correspond to the less mobile carbon

sites in the protein molecule. The main contributions at
those chemical shifts are, respectively, those of Gln Cé
and Gln Cy, that is, glutamine side-chains carbons. This
suggests that a number of glutamine residues are
engaged in hydrogen bonds which are not easily broken
by hydration water. These may involve glutamine resi-
dues that come into direct contact through either inter-
molecular or intramolecular interactions.

The effect of hydration on the dynamics of omega-
gliadins was further investigated by measurement of
carbon T relaxation times for the dry sample and for
the sample hydrated to 50%. These results are shown in
Table 2. The dry sample is generally characterized by
long T; relaxation times which reflect the high rigidity
of the system in the MHz frequency range. As expected,
however, the side-chain carbons, resonating in the
20-30 ppm region and at 48 ppm, are more involved in
rapid MHz motions that backbone carbons as shown
by the shorter T; relaxation times.

Hydration to 50% H,O has a profound effect on all
carbon T; relaxation times (Table 2). The relaxation
times of the side-chains and backbone are shortened by
about one order of magnitude, which shows that the
whole of the protein molecule is affected by plasticiza-
tion. Side-chain carbons remain, however, the most
mobile sites of the protein, in the MHz frequency range.
Carbonyl carbons are characterized by longer T; relax-
ation times, which, for the peaks at 172 and 177 ppm,
are indistinguishable within the uncertainty range. This
suggests that the glutamine side-chain carbonyls,
observed in the CP/MAS spectrum, are as hindered, in
the MHz frequency range, as backbone carbonyls. This
is consistent with the involvement of those glutamine
side-chains in relatively stable hydrogen bonding, prob-
ably between neighbouring glutamine residues.

In an attempt to monitor slower motions in the
mid-kHz frequency range, proton T, relaxation times
were measured for the dry and hydrated proteins. The
dependence of this parameter on spin diffusion effects
must be considered particularly for the dry sample in
which spin diffusion is expected to be most efficient
owing to higher rigidity and proximity within proton
nuclei. A common T;, value is found for all sites at 0%
hydration (Table 2), confirming the importance of spin
diffusion effects in the absence of water. At 50% H,O,
however, the efficiency of spin diffusion is clearly
reduced, as shown by the different T;, values obtained
for the protonated and non-protonated carbon sites.

Table 2. Carbon T, and proton T, , relaxation times for dry and hydrated omega-gliadins

T,(C) (s)
Chemical shift (ppm) 0% H,0
255 5.72 £0.50
30.2 6.57 £0.57
48.6 10.14 £0.53
52.1 22.87 £0.62
60.0 22.66 £1.83
128.4 —
172.2 75.02
1775 —

T1,(H) (ms)
50% H,0 0% H,0 50% H,0
0.52 £0.07 469 £0.14 0.92+0.17
0.48 £0.03 454 +£0.11 1.24+0.12
— 468 +0.18 —
154 +£0.12 4,95 £0.26 0.94+£0.13
1.39+£0.23 4.82+0.23 1.20 £0.28
1.93+0.26 5.23+0.48 —
3.44 £0.79 5.22 £0.45 3.74 £0.49
216 +£0.36 — 4.61+1.13

2 Owing to the very low spin-lattice relaxation of this carbon site, only an estimated value was obtained.
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Interestingly, side-chain and backbone sites seem to be
characterized by identical spectral densities in the
mid-kHz range of motions, since they have similar T;,
values. It is tempting to interpret this similarity as iden-
tical dynamic behaviours in the kHz range. This would
suggest that, although backbone carbons are more rigid
than side-chain carbons with respect to rapid MHz
motions, they would be dynamically equivalent with
respect to slower mid-kHz motions. However, identical
T, values may also arise from the same type of motion
situated in symmetric points on each side of the T;,
curve and/or different types of motion with distinct
amplitudes. Further studies are under way in order to
pursue the interpretation of the proton T;, values
obtained.

1H NMR MAS studies

It has been shown previously®® that MAS significantly
narrows the proton spectra of omega-gliadins. This is
due to the effect of hydration in partially averaging out
the homonuclear dipolar interactions that are
responsible for the typical spectral broadening observed
in solid-state proton spectra. Figure 4 shows the proton
spectrum of omega-gliadins with 50% water at a spin-
ning rate of 15 kHz. This spectrum has been partially
and tentatively assigned by comparison with proton
chemical shifts of the main amino acids in solution®’
(Table 3). The peaks at 1.3 and 5.1 ppm are left unas-
signed and any assignment in the alpha region is hin-
dered by the strong bulk water resonance at 4.7 ppm.
The features observed at 6.9 and 8.2 ppm have been
tentatively assigned to Gln side-chain NH groups and
backbone NH groups, respectively.® The fact that side-
chain NH protons are visible in the spectrum indicates
that they are involved in slow exchange with water.
This observation is particularly interesting since it sug-
gests their engagement in relatively stable hydrogen
bonding.® This is consistent with the results from 3C

water peak
- Leu, Pro, Gin
O s
NHs and ~
Phe sidechains
=
'H-NMR
1 I
10 0
PPM
1 1 1 1 1 1 ]
10 8 6 4 2 0

PPM

Figure 4. "H MAS spectrum of omega-gliadins hydrated to 50%
water at a spinning rate of 15 kHz and with 48 scans.
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CP/MAS which indicated that Gln side-chains are the
less mobile groups in the protein hydrated to 50% H,O.

The resolution of the proton MAS spectrum of
hydrated omega-gliadins may be further improved if a 4
mm HCD-HR-MAS probe is used together with a 4
mm rotor with an inner bottom spacer (see Experimen-
tal section). Figure 5(a) shows the 'H MAS spectrum of
omega-gliadins hydrated to 40% D,O under the above
conditions and at a spinning rate of 6 kHz. Spectral
resolution is improved in all regions of the spectrum,
even compared with the spectrum in Fig. 4 at 15 kHz,
allowing a more detailed assignment by comparison
with solution chemical shifts. Peak linewidths for the
signal at about 7.3 ppm in the spectra of Figs 4 and 5
are 334 and 80 Hz, respectively, which demonstrates the
extent of the improvement in resolution.

Comparison of the protein spectrum with that
obtained for the 24-monomer peptide (PQQPFPQQ);
in solution [Fig. 5(b)] may help to improve the tentative
assignment of the protein spectrum. Since the proton
MAS experiment selects the most mobile portion of the
protein chains, it is possible that the structure of such
portions is similar to the random coil characteristics of
the peptide in solution. However, the possibility of sig-
nificant shifts occurring due to solid-state residual
anisotropy effects or to the presence of chain conforma-
tions other than a random coil must be considered.

Owing to the repetitive structure of the peptide,
unambiguous assignment of the residues sequence is
very difficult. Inspection of the TOCSY, ROESY and
13C/'H correlation spectra of this system allowed,
however, the assignment of the main peaks to residue
type, irrespective of position in the peptide chain. The
observation of some weaker proline peaks indicates the
presence of both cis and trans isomers. The resulting
assignment is shown in Fig. 5(b) and Table 3 shows the
resulting improvement in the assignment of the protein
spectrum, based on the comparison with the peptide
assignments.

However, comparison of the 24-mer and the protein
spectra clearly shows some significant differences. First,
most of the peaks seen for the protein at chemical shifts
under 1.8 ppm are absent in the peptide spectrum. Such
peaks may reflect the small amount of leucine present in
the protein but may also arise from main residue reso-
nances chemical shifted by secondary structure effects.
Protein peaks situated in the 1.7-2.7 ppm region should
arise from overlapped Pro and Gln § and y resonances.
The sharp peak at 2.4 ppm arises from particularly
mobile Gln y and possibly Pro . An interesting feature
of the protein spectrum is that no peaks are observed
between 2.9 and 3.70 ppm. Phe f resonances, expected
at around 2.9-3.2 ppm, are completely absent in the
protein spectrum. Their absence suggests that those
residues remain buried in the most immobilized por-
tions of the protein, thus experiencing significant
dipolar line broadening. This suggests the existence of
hydrophobic, dynamically hindered portions in the
hydrated protein system. Pro & resonances begin to
contribute to the observed intensities at 3.7-4.0 ppm.

The o region is now much more resolved and may be
observed without the interference of the water peak,
owing to efficient water suppression. However, accurate
assignment of this region, which would permit confor-

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, S101-S111 (1997)



MAS NMR OF CEREAL PROTEIN OMEGA-GLIADINS S107

Table 3. 'H MAS tentative assignments of the proton spectra of omega-gliadins obtained under stan-
dard MAS conditions, at 15 kHz, and with the HR-MAS probe at 6 kHz

Chemical shift (ppm)?
Standard 'H MAS,
15 kHz spinning rate

"H HR-MAS,

0.290
0.90 1.081
1.28 1.311
1.473
1.68 1.647
1.790
1.97 2.075
2.27 2.209
2.344
2.46 2.5606
3.478
3.754
3.849
3.99 3.952
4112
4.201
4.341
4.380
4.472
4.68 —
5.10 —
5.644
6.480
6.620
6.86 6.730
6.969
7.32 7.085
7.428
8.22

2 Numbers in bold indicate the most intense peaks.

6 kHz spinning rate

Possible assignments®

Leu &
Leu d, y
Leu y; GIn y; Pro B

Pro B, v

ProB, y;GInB y
ProB, yv;GInB y
Pro B; Proy (cis); GIny; Leuy
Pro B; Giny

Pro é

Pro 6

Pro é

Pro 6

Leu a; GIn a

Leu a; GIn a

Leu a; GIn a; Pro a
Leu a; Pro a; GIn a
Pro a; GIn a; Phe a
Water; Phe a
Water®

GIn 6

GIn 6

Phe 2,6H; 3,5H; 4H
Phe 2,6H; 3,5H; 4H
GIn 6

Backbone NH protons

®Through 2D NMR experiments on the protein and comparison with the 24-monomer peptide proton

spectra.
° Probably water; see text for discussion.

mational studies, can only be achieved by 2D experi-
ments. At this stage, only the residue types contributing
for each peak may be identified (Table 3).

Several features are observed in the higher ppm
region the protein spectrum [Fig. 5(a)]. These features
resemble those observed in the 6.8-7.8 ppm region of
the peptide spectrum [Fig. 5(b)]. The broad feature at
about 6.5 ppm in the protein spectrum should corre-
spond to protons of Gln side-chain amine groups,
observed at 6.8-7.1 ppm for the peptide. The observ-
ation of these peaks in D,O indicates their inaccessi-
bility to the solvent, again suggesting their engagement
in stable hydrogen bonding. A second contribution of
the amino protons is expected at 7.5-7.8 ppm but only
a much weaker feature is observed for the protein at
that chemical shift. Moreover, the protons giving rise to
the two features at 6.8-7.1 and 7.5-7.8 ppm differ sig-
nificantly in mobility, as shown by the effect of the
CPMG experiment. This experiment nulls the latter
peak and leaves the former unaltered (Fig. 5, inset), rela-
tive to the strong peak at 7.3 ppm which should corre-
spond to Phe ring protons. This result suggests that the
protons resonating at 7.5-7.8 ppm are in a more rigid
environment. Further study of this spectral region is
currently being pursued in the hope that detailed infor-

© 1997 John Wiley & Sons, Ltd.

mation on the type of hydrogen bonding involving Gln
residues may be determined.

The accurate assignment of the protein proton spec-
trum requires the use of high-resolution 2D techniques
which can be implemented under the experimental con-
ditions that gave the best resolved spectrum [Fig. 5(a)].
Preliminary 2D experiments were performed on omega-
gliadins hydrated to 40% D,O (Figs 6 and 7).

Figure 6 shows the '3C/'H correlation spectrum
obtained in which only three cross peaks are observed.
The weak peak, A, which relates a carbon resonance at
14.9 ppm to the proton peak at about 1 ppm, should
correspond to leucine methyl groups. According to the
TOCSY spectrum (Fig. 7), the same 1 ppm peak belongs
to the same spin system as a contribution under the 1.5
ppm peak. This suggests that this peak may arise, par-
tially, from Leu 7.

A second cross peak, B, in the correlation spectrum
relates the carbon resonance at 22.7 ppm to a proton
resonance at 2.36 ppm. The carbon resonance
approaches those expected for Leu y (25.7 ppm), Leu J,
(23.5 ppm) and Leu 6, (22.2 ppm),'® but may also have
a small contribution from Pro y in the cis conformation
(22.0 ppm),'® which may be present in a very small per-
centage. The relatively high chemical shift of the proton
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Figure 5. (a) "H MAS spectra of omega-gliadins with 40% D,0 at a spinning rate of 6 kHz and using the HR-MAS probe, 128 scans. The
inset shows the low-field region of the spectrum obtained with a CPMG experiment, 128 scans. (b) "H NMR spectrum of the peptide

(PQQPFPQQ); in D,0 and at 278 K, 32 scans.

resonance suggests that a second environment of Leu y
and, to a lesser extent, Pro y are the most probable
assignments since the Leu & resonances would be
expected at about 1 ppm.!” The absence of visible
TOCSY cross peaks at 2.36 ppm prevents, at this stage,
confirmation of this assignment.

The strongest cross peak, C, in the correlation spec-
trum relates a carbon resonance at 30.8 ppm to the
strong proton peak at 1.49 ppm. As shown through the
carbon studies, Gln y and Pro f should resonate at
about 30 ppm. The proton resonance is, however, con-
siderably shifted to high field relative to the chemical
shifts expected for those sites, based on the peptide
spectrum [Fig. 5(b)]. This suggests that the protein
spectrum may be affected by a significant chemical shift
spread due to structural effects, which are absent in the
simple peptide system in solution.

According to the TOCSY spectrum (Fig. 7), the
strong proton peak at about 1.5 ppm has other cross
peaks with resonances at 1.452/1.214 ppm, 1.507/1.312
ppm and 1.490/1.285 ppm. However, their assignment is
impeded by the low signal-to-noise ratio of the 2D
spectra obtained. Since all the cross peaks relate to the
proton aliphatic region lower than 1.2 ppm, it may be

© 1997 John Wiley & Sons, Ltd.

suggested that they relate to a spread of leucine side-
chain environments, but the contribution of other
amino acid side-chains may not be ruled out. Inter-
ference of residual lipid signals seems unlikely since
expected couplings to higher ppm peaks are absent.

1H relaxation times measurements under MAS

The resolution obtained using a standard MAS set-up
(Fig. 4) allows the measurement of relaxation param-
eters such as proton T;. Proton T; measurements were
made under MAS conditions in previous work for a
sample of omega-gliadins hydrated up to 49%.° In this
work, an attempt to extend those studies was made,
showing that great care is required when interpreting
proton T; relaxation times under MAS conditions. In
fact, proton T, relaxation times for the same sample of
omega-gliadins hydrated to 50% H,O were found to be
dependent on the spinning rate used, in the 4-15 kHz
range. Figure 8 shows the dependence of proton T; for
several peaks observed in the hydrated protein spec-
trum. The changes in T; values with spinning rate may
depend on a number of factors, such as (1) the reduction
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MAS NMR OF CEREAL PROTEIN OMEGA-GLIADINS

S109

ppm
12

144

18C-NMR

16

18

20

22

24

26

28

304

32+

34

36

38+

'H-NMR

40 T T T T
2.6 2.5 2.4 2.3 2.

2

2.

1

2.

0

1.

9

T T T I T T T T T T

1. 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 ppm

Figure 6. "3C/"H correlation spectrum obtained for omega-gliadins hydrated to 40% water, at a spinning rate of 6 kHz and using the
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Figure 7. "H, "H TOCSY spectrum obtained for omega-gliadins hydrated to 40% D,0, at a spinning rate of 6 kHz and using the HR-MAS
probe, 16 scans. Cross peaks (d in w,, é in w,): A (1.51/1.32), B (1.49/1.29), C (1.45/1.21), D (1.45/1.08).
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3.99; (O) 4.68; (%) 5.13 ppm. See Table 3 for tentative assign-
ment of peaks.

in residual static dipolar interactions which results in
decrease in spin diffusion, (2) the increasing force acting
on the sample which may restrict librational motions
and change relaxation rates and (3) the possible slight
heating of the sample at high spinning rates. The depen-
dence of proton T; values on spinning rate has been
studied in detail and will be reported elsewhere,!® since
it requires a more elaborate explanation which is
beyond the scope of this paper.

However, some useful information may be obtained
regarding the behaviour of the Tis of the water peak at
47 ppm and the peak at 5.1 ppm. Those peaks have
very similar T;s up to 13 kHz. This similarity of behav-
iour, separate from that of the protein (Fig. 8), suggests
that both arise from water but that two magnetically
inequivalent sites exist. The T; independence of spin-
ning rate, up to 13 kHz, suggests that water giving rise
to those peaks experiences very weak homonuclear
interactions which are already averaged out at the
lowest spinning rate. However, exchange by diffusion
between the environments may occur to some extent. If,
at very high spinning rates, the dimensions of the diffu-
sion coefficient of one environment become such that
diffusive exchange becomes slow on the time-scale of
T;, then separate relaxation rates will become apparent
since exchange is no longer fast enough to result in
averaging. The rates will increasingly diverge with the
increase in spinning rates increase, as observed in Fig,. 8.

CONCLUSIONS

The changes observed in the protein '3C CP/MAS
spectrum with increasing hydration show a general
mobility increase affecting the backbone and side-chain
sites to a similar extent. Proline residues undergo rapid
ring puckering motions whereas glutamine side-chains
tend to remain slightly more motionally hindered. A
change in this behaviour is observed at about 35%
water and has been interpreted in terms of a conforma-
tional change. Glutamine carbon chemical shift values
suggest that a f-sheet conformation may predominate
up to 35% water, whereas a looser f-turn type confor-
mation forms at hydration levels higher than 35%.
However, even at 50% water, glutamine side-chain
carbons, Cy and C§, remain the most hindered sites in
the protein chain. This is consistent with proton MAS
results which indicate that Gln side-chain amino
protons are inaccessible to the solvent. This suggests
that the side-chain protons are engaged in stable hydro-
gen bonds between glutamine residues belonging either
to the same chain or to neighbouring chains. Proton
MAS shows evidence of the formation of hydrophobic,
slightly dynamically hindered, sections in the hydrated
protein system. These sections involve phenylalanine
residues which may be brought together in space
through a concerted effect of hydrophobic interactions
and glutamine hydrogen bonding. Such hydrogen
bonding may be intra- and/or intermolecular in nature
and may cause the folding of the protein chain, bringing
together the hydrophobic residues.

We have also presented the first 2D NMR MAS
spectra of a cereal protein in the solid state. Such
experiments allowed improvements in the assignment of
the proton spectrum of omega-gliadins and show great
potential for providing detailed conformational infor-
mation on solid proteins. We have also demonstrated
that great care is required when interpreting proton
relaxation parameters under MAS conditions since
proton T; values were shown to be significantly depen-
dent on spinning rate. The T; dependence observed for
water allowed different proton sites to be distinguished.
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