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ABSTRACT: In this paper, we analyzed the interaction of Z19 prolamin from a BR451 maize variety and
pennisetin from a BRS1501 pearl millet variety with 1-13C-enriched oleic acid (OA) by13C NMR in
solution. In both proteins, we identified the presence of free fatty acids by NMR in solid state and solution.
The interactions were analyzed at the protein/OA molar ratios of 1:1 and 1:4. In the Z19/OA 1:1 mixture
in 70% ethanol and 30% D2O, the chemical shift of OA C1 was 182.9 ppm, about 3 ppm above that of
the pure OA in the same solvent. In contrast, upon addition of OA to the pennisetin (1:1), the chemical-
shift value slightly decreased by less than 1 ppm. The chemical-shift titration curve of OA C1 in an
apparent pH range of 5.5-7.3 shifted by approximately 0.3 pH units toward higher pH values in the
pennisetin/OA 1:1 complex relative to the pure OA. The results obtained for the pennisetin/OA 1:4 mixture
were similar to the complexes at a 1:1 molar ratio. A significant difference was observed between the 1:1
and 1:4 curves for Z19. The titration curve for Z19/OA 1:1 suggested specific binding at the sites with
electrostatic interaction.

Zeins, the main maize storage proteins, have been exten-
sively studied because of their nutritional and industrial
applications (1, 2). Zeins are classified intoR, â, γ, andδ
zeins according to their solubility and are deposited in
organelles known as protein bodies located in the maize
endosperm (3, 4). TheR zeins represent more than 70% of
the total zeins present in maize and are characterized by the
presence of two protein fractions in sodium dodecyl sulfate-
polyacrilamide gel electrophoresis (SDS-PAGE)1, Z19 and
Z22, with molecular masses of 19 and 22 kDa, respectively
(2, 4). They contain nonrepeatable domains at the C and N
termini and homologous repeats in the central region (5).
They are insoluble in water and soluble in 70% ethanol,
where they show significantR-helical content, up to 60%
as measured by circular dichroism and Fourier transform
infrared spectroscopy (4-7). Recently, we have demonstrated
that R zeins extracted by 70% ethanol have a similar pro-
portion of secondary structures to the ones purified without
contact with an organic solvent, indicating that this solvent
does not increase the helical content as observed in others
proteins (8).

We have recently identified the presence of free fatty acids
in R zeins and protein bodies using1H and 13C nuclear
magnetic resonance (NMR) (9). This finding justified the
comparison of the fatty-acid-binding properties ofR zeins

to those of other proteins from plant and animal tissues that
are able to bind fatty acids. For this purpose, endogenous
fatty acids were extracted from the nonseparated mixture of
R zeins, and preliminary results on the interaction ofR zeins
with 1-13C-enriched oleic acid (OA) were obtained by13C
NMR. It was shown that the interaction involves electrostatic
and hydrophobic components (10). The purpose of the
present work was to analyze the fatty acid interaction with
two purified prolamins, the Z19 fraction from maize cultivar
(BR451) and pennistin from pearl millet (BRS1501), similar
to maize Z22 prolamin (10-12). The study of the binding
of OA with these proteins by13C NMR indicates that Z19
has ionic interactions with this fatty acid, whereas the
interaction of pennisetin with OA is possibly dominated by
the hydrophobic forces.

EXPERIMENTAL PROCEDURES

Sample Preparation.1-13C-OA (99.9% enrichment), deu-
terated DMSO-d6, and ethanol-d6 were from Cambridge
Isotope Laboratories (Andover, MA), and deuterated water
(D2O) was from Isotec (Miamisburg, OH). Water, whenever
used, was deionized (Milli-Q, Millipore, Bedford, MA).
Ethanol (C2H5OH), chloroform (CHCl3), sodium acetate
(CH3COONa), sodium phosphate (Na2HPO4), and sodium
chloride (NaCl) of a reagent or analytical grade were obtained
from commercial sources.

The fraction of Z19 from BR451 maize cultivar grains
and pennisetin from BRS1501 pearl millet cultivar were
obtained as described elsewhere (9). First, apolar lipids were
removed from the cereal grains by hexane extraction for 24
h in a söxlet apparatus. After that, the proteins were extracted
with 70% ethanol and lyophilized, and their purity was
characterized by SDS-PAGE. After the solid-state13C and
1H NMR experiments, the remaining endogenous free fatty
acids were removed by chloroform (9). The lipids extracted
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by chloroform were analyzed by gas chromatography/mass
spectrometry (GC-MS) and1H and13C NMR. GC-MS was
performed on the lipid extracts on an HP-5890 chromato-
graph coupled to a mass detector HP-5970 using a column
of 50-m length and 0.22-mm diameter with a 0.33-µm film
thickness. For1H NMR analysis, the proteins were solubi-
lized in DMSO-d6. For13C NMR spectroscopy of the protein/
OA complexes, the solvent mixture contained either 70%
absolute ethanol and 30% D2O by volume, or 70% absolute
ethanol, 27% 30 mmol/L phosphate buffer, and 3% D2O.
The pH values of the phosphate buffer (herein referred to as
apparent pH) in these preparations varied from 5.5 to 7.3 in
0.25 steps. OA was added to 1 mmol/L protein solutions to
the desirable final protein/OA molar ratio between 1:1 and
1:16.

NMR Analysis.NMR measurements were performed on a
Varian Unity INOVA 400 spectrometer with a magnetic field
of 9.4 T at 30°C, if not stated otherwise. For13C NMR
experiments in solution, the spectral width was 25 kHz, the
acquisition time was 1.2 s, the recycle time was 2.5 s, and
the pulse width wasπ/2. The postprocessing exponential filter
with a line-broadening factor of 5 Hz was applied in the
time domain. The1H NMR solution-state spectra of Z19 and
pennisetin were recorded in DMSO-d6 at 30 °C using 32
scans, aπ/2 pulse, and a 3-s repetition time.

For solid-state13C NMR measurements, the cross polar-
ization technique with magic-angle sample spinning (CP-
MAS) was used. The lyophilized protein samples were
packed into zirconium rotors and spun at 9 kHz. The spectra
were acquired into 2048 data points using the pulse width
of π/2, contact time of 1 ms, recycle time of 3 s, decoupling
bandwidth of 60 kHz, spectral width of 40 kHz, and 3000
scans. All spectra were filtered by an exponential decay
function (line-broadening factor of 20 Hz). In addition, Z19
and pennisetin were analyzed using single-pulse excitation,
i.e., the simplest pulse sequence consisting of only a single
pulse, with magic-angle spinning (MAS) (13). The recycle
time was 3 s, and the number of scans was 10 000.

RESULTS

NMR Characterization of Z19 and Pennisetin.The solid-
state CPMAS spectra of Z19 and pennisetin samples prior
to the chloroform extraction are presented in Figure 1. They
show signals at 175 ppm, from 100 to 160 ppm, from 70 to

45 ppm, and between 45 and 15 ppm, which are the typical
signals of the protein carbons of the carbonyl groups,
aromatic side chains,R carbons, and aliphatic side chains,
respectively. A strong peak at 30 ppm, more intense in Z19
than in the pennisetin spectrum, is not typical of the proteins,
being rather characteristic of hydrocarbon chains. To confirm
the presence of lipids, we applied the single-pulse MAS
technique, which is useful to detect the substances with
relatively high mobility and shortT1 in a solid sample (9,
13). This technique detects only lipids rather than proteins.
Figure 2 shows the absence of characteristic glycerol
backbone peaks at 62 and 69 ppm in the single-pulse MAS
solid-state13C NMR spectra of Z19 and pennisetin, suggest-
ing that the signal originates from fatty acids rather than
triglycerides.

To confirm the presence of free fatty acids, the lipids
extracted by chloroform were analyzed by GC-MS and by
solution-state1H and13C NMR. The GC-MS analysis has
shown myristic, palmitic, stearic, oleic, and linoleic acids
as the main extract components. The1H and 13C NMR
spectra of extracted lipids were typical of free fatty acids,
lacking the glycerol backbone resonances, and showed a high
content of unsaturated fatty acids (oleic and linoleic acids),
similar to the earlier findings in lipids extracted from the
fraction of the totalR zeins and from protein bodies of corn
grains (9). The endogenous free fatty acids represent 5 and
1% of the mass of purified Z19 and pennisetin proteins,
respectively, as measured by chloroform extraction. The
higher content of free fatty acids in Z19 than in the pennisetin
samples was confirmed by the high-intensity signals at 5.3
and 1.2 ppm in1H NMR spectra in solution (Figure 3).

The broad signal at 172 ppm (Figure 2), assigned to the
carboxyl groups of free fatty acids (9) is an indication of its
lower mobility in comparison with other carbons in the chain
and its putative interaction with proteins. To confirm this
hypothesis, we analyzed the interaction of 1-13C-enriched
OA in 70% ethanol by13C NMR.

Interaction of Z19 and Pennisetin with 1-13C OA.Because
the presence of free fatty acids in Z19 and pennisetin proteins
was confirmed, similar to the recent findings in the totalR
zeins (9), an attempt was made to gain insight into the mech-
anism of interaction of these two prolamins with fatty acids.
To this end, the endogenous fatty acids were extracted from
the protein samples by chloroform, and the interaction of
Z19 and pennisetin with exogenous OA was studied by13C

FIGURE 1: High-resolution solid-state13C CPMAS NMR spectra
of the Z19 (A) and pennistein (B) proteins.

FIGURE 2: Single-pulse MAS solid-state13C NMR spectra of Z19
(A) and pennisetin (B).
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NMR in solution. A single peak of the carboxyl C1 carbon,
whose chemical shift depended on the particular sample
conditions, was observed in the OA complexes with both
Z19 and pennisetin, as well as with the totalR zeins (10).

Figure 4 shows an expanded carboxyl region in the13C
NMR spectra of 1 mmol/L 1-13C-enriched pure OA in 70%
ethanol and 30% D2O and of OA in the presence of
pennisetin in the same solvent at molar ratios of pennisetin/
OA of 1:1 and 1:16. In the pure OA, this signal appeared at
178.8 ppm, whereas it was slightly displaced upfield to
approximately 178 ppm when pennisetin was added at
pennisetin/OA molar ratios of 1:1 and 1:16.

13C NMR spectra of 1 mmol/L pure OA in 70% ethanol
and 30% D2O and of OA in the presence of Z19 are presented
in Figure 5. In contrast to pennisetin, the addition of Z19 at
the molar ratio of protein/OA of 1:1 and 1:16 resulted in
the chemical shift increase of the carboxyl carbon of OA to
182.9 ppm.

To obtain more detailed information about the mechanism
of interaction of the pennisetin and Z19 with OA, the
chemical shift of the carboxyl13C of OA was monitored in
the presence of the two proteins. To maintain apparent pH
in the range of 5.5-7.3 [the same range as for the other
fatty-acid-binding proteins (14)], the solutions were prepared
in the mixture of 70% absolute ethanol, 27% 30 mmol/L
phosphate buffer, and 3% D2O. Shown in Figure 6 are the
titration curves of the complexes pennisetin/OA and Z19/
OA and of OA without adding protein. The molar ratios of
prolamin/OA were 1:1 and 1:4. At pH 7 and above, the C1
chemical shift (182.8 ppm) was independent of the presence
of the protein. At pH below 7 in the presence of pennisetin,
the observed chemical shift was lower than that of the pure
OA; i.e., the whole titration curve displaced to the right,
which is equivalent to a moderate increase in the apparent

FIGURE 3: 1H NMR spectrum of Z19 (A) and pennisetin (B) in
DMSO-d6 at 30°C. Residual DMSO signal appears at 2.49 ppm.

FIGURE 4: Expanded carboxyl region of13C NMR spectra of 1-13C-
enriched OA in the pennisetin/OA complexes in 70% ethanol and
30% D2O. (A) Pure OA, (B) pennisetin/OA 1:1, and (C) pennisetin/
OA 1:16. The spectra were recorded at 30°C.

FIGURE 5: Expanded carboxyl region of13C NMR spectra of 1-13C-
enriched OA in the Z19/OA complexes in 70% ethanol and 30%
D2O. (A) Pure OA, (B) Z19/OA 1:1, and (C) Z19/OA 1:16. The
spectra were recorded at 30°C.

FIGURE 6: Titration curves of the13C NMR chemical shift of the
carboxyl C1 carbon in 1 mM 1-13C-enriched OA (9), the 1:1
complexes pennisetin/OA (2) and Z19/OA (b), and the 1:4
complexes pennisetin/OA (1) and Z19/OA (*). Apparent pH states
for the pH value of the phosphate buffer in the solvent mixture
containing 70% absolute ethanol, 27% 30 mmol/L phosphate buffer,
and 3% D2O.
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pK of OA. In contrast, in the presence of Z19, the chemical
shift was higher than that of the pure OA. The peak position
did not experience significant changes over the whole pH
range at 1:1 Z19/OA molar ratio. At the 4:1 excess of OA
over prolamins, the titration curves occupied positions
intermediate between those of the pure OA and a corre-
sponding 1:1 complex, seemingly because both the tightly
bound OA and the excess of OA contributed to the signal.
In the titration curves of the totalR zeins/OA complex, no
significant difference from the pure OA was found (data not
shown).

DISCUSSION

The mechanisms of fatty acid interactions with Z19 and
pennisetin were studied using13C NMR methodology that
was successfully applied earlier to bovine serum albumin
(BSA), which has several binding sites for OA, and to
intracellular fatty-acid-binding proteins (FABPs) (15-17).
For BSA, the authors observed several carboxyl signals at
different concentrations of protein/OA, corresponding to
different types of binding sites (16). In contrast, a single
carboxyl peak, whose position varied with the OA concen-
tration in protein/OA complexes, appeared in the present
study. This finding may be interpreted as the fast (on a NMR
time scale) exchange of OA between binding sites on the
proteins and solution, so that only the averaged signal results.
Fast exchange may be due to the extended linear structure
of zein and pennisetin proteins (11, 18), with fatty-acid-
binding sites exposed to the solvent. Among FABPs that bind
more than one molecule of a long-chain fatty acid, a single
carboxyl signal for OA was observed previously in liver
FABP (15), and rapid exchange of at least one of the bound
OA with the bulk oleate pool has been suggested (17).

We proposed earlier that putative fatty-acid-binding sites
on R zeins involve only arginine residues, because lysines
are absent from these proteins (9). This basic amino acid is
a carrier of the positive charge on the zein surface, and its
guanidinum group could attract the ionized carboxylic groups
of the fatty acids. Indeed, most knownR-zein sequences
contain one to three arginines (2, 19). In particular, the
sequences of Z19 and Z22 (which is similar to pennisetin)
have three arginine residues per molecule, and the positions
of two of them are highly conserved among theR-zein family
(9). Therefore, our initial assumption was that the fatty-acid-
binding sites on Z19 and pennisetin are likely to include the
arginine residues.

Indeed, in the Z19/OA mixture, the chemical shift of OA
C1 was 182.9 ppm, about 3 ppm above that of the pure OA
(Figure 5). This indicates that the OA binding to Z19 occurs
at polar, probably ionizable, sites. Interaction with positively
charged arginines would favor dissociation of the OA
carboxyl group and a downfield shift of the carboxyl carbon
peak (16). Pennisetin, however, showed an opposite trend.
Upon addition of OA to the protein, the chemical-shift value
slightly decreased by less than 1 ppm (Figure 4). This
indicates that the carboxyl group of OA becomes more
shielded, that is, the ionized form of the carboxyl group is
not favored in the presence of pennisetin and that the
hydrophobic interactions between the carbonic chain of OA
and the nonpolar amino acid side chains contribute signifi-
cantly to the mechanism of interaction of OA with pennisetin.

Titration curves of the chemical shift of OA C1 with and
without adding protein were obtained in an apparent pH
range of 5.5-7.3 (Figure 6). In this pH range, the chemical
shift of OA C1 varied from 179.4 to 182.8 ppm. The whole
titration curve for the pennisetin/OA complex shifted toward
higher apparent pH values relative to the pure OA. In
contrast, the C1 chemical shift in the Z19/OA titration varied
from 182.0 to 182.8 ppm, i.e., almost 3 ppm above that of
pure OA at pH 5.5. These results confirm that dissociation
of the carboxyl proton is facilitated in the presence of Z19.
It is well-known that displacements of ionization equilibria
in the system of interacting ionic species result in changes
in the apparent pK values of the species involved (20, 21).
Accordingly, the titration curve for Z19/OA may be inter-
preted as a strong decrease in the apparent pK of OA upon
its interaction with Z19. Similar behavior was reported for
the rat intestinal FABP in the complex with palmitic acid
(22). Titration data in Figure 6 support our hypothesis that
Z19 has an electrostatic interaction with the carboxyl group
of OA, resulting in its ionization. The positive charges on
the protein surface are likely to originate from the guanidi-
num group of the arginine residues; two of the three arginines
are in conserved positions in Z19 (9). We observed a
significant difference between the 1:1 and 1:4 curves for Z19.
This indicates that Z19 has only a limited number (one or
two) of specific binding sites with electrostatic interaction
(which are characterized by a significant pK displacement
to the lower values), whereas the excess of OA molecules
find themselves in an apolar environment, either in the
protein or in the solvent. In the case of pennisetin, however,
this protein showed a predominantly hydrophobic interaction
with OA, resulting in the lower values of the chemical shift
of the carboxyl carbon in the presence of pennisetin.

These results underscore that binding of fatty acids to
prolamins occurs through the intricate network of ionic and
hydrophobic interactions at their binding sites. Despite the
fact that these proteins contain conserved arginines and both
are supposedly linear with binding sites exposed to the
solvent (18), their interaction with OA is determined mainly
by electrostatic forces for Z19 and is mainly hydrophobic
for pennisetin. In other proteins with the ability to bind fatty
acids, different combinations of ionic and hydrophobic forces
are also responsible for a great variability of fatty-acid-
binding sites. Plant lipid-transfer proteins (LTP), found in
maize (23-25) and other cereals and possibly participating
in the movement of fatty acids and other lipids between
membranes, are small (7 and 9 kDa) basic mainlyR-helical
proteins. The binding of fatty acids to maize LTPs has been
characterized by X-ray crystallography, NMR, and fluores-
cent labeling (23, 24, 26-30). It was shown that most of
the fatty acid acyl chain is buried inside the hydrophobic
cavity and the polar head interacts with the charged side
chains at one of the ends of the cavity (27, 28). The presence
of a hydrogen bond between the hydroxyl of Tyr81 and the
carbonyl of the lipid was reported (23). The possible
involvement of the H4 helix (26) and four disulfide bonds
(24) in the lipid-binding site and importance of lipid-lipid
interactions in the binding process (29) were suggested.
Maize LTP shows preferential binding of C16 to C19 fatty
acids and a total binding capacity of two lipids with different
affinity (24, 29, 30). The two different conformations of
bound OA, the structural plasticity of the ligand-binding
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cavity, and the predominance of the van der Waals interac-
tions with the hydrocarbon chain of the fatty acid have been
demonstrated (30). It has been further shown that the modes
of binding and orientation of the palmitate in the maize and
barley LTPs are different, although no conformational
changes occur in either of the proteins upon fatty acid binding
(31).

When different functionally related proteins were com-
pared, it was suggested that some of the myristate-binding
sites in human serum albumin resemble those in the maize
LTP, implying the role ofR-helical domains in the nonspe-
cific binding of fatty acids (30). The presence of two types
of binding sites, which either do or do not form ion pairs
with fatty acids, has been suggested earlier for BSA (32).
Plant LTPs share a lack of specificity and a similar mode of
action with structurally unrelated animal FABPs, where a
delicate balance of ionic and hydrophobic forces also
determines the binding of fatty acids. In a recent NMR
structural study of the invertebrate FABP, a network of
hydrogen bonds of the water scaffold was postulated inside
the ligand-binding cavity, created by polar side chains in
the center section and a cluster of hydrophobic residues at
the bottom of the cavity (33). In the rat intestinal FABP, the
NMR structure and15N relaxation-derived backbone dynam-
ics showed that a single molecule of fatty acid is trapped
inside the cavity protected from the bulk solvent (34). In
the liver FABP, two OA molecules bound within its cavity
(17, 35) and the total solubilization capacity of up to 8 equiv
of OA (17) were suggested based on X-ray and NMR data.
The hydrogen-bonding network within the cavity was shown
to include the carboxyl OA group and the side chains of
arginine and serine residues, whereas the carboxyl moiety
of another OA lies near the FABP surface and is exposed to
the solvent (35).

Although the high-resolution structure of the zein complex
with fatty acids is currently unavailable, the difference in
the mechanism of OA binding to Z19 and pennisetin leads
us to hypothesize that the network of ionic and hydrophobic
interactions and hydrogen bonds may be significantly dif-
ferent for these two proteins. The arginines may be shielded,
or the hydrophobic sites are overwhelming or more attractive
for OA on pennisetin as compared to those (i.e., sites) on
Z19.
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