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SUMMARY

Cereal proteins have been extremely difficult to purify and characterize owing
to their heterogeneity, poor solubility and tendency to polymerize. High-performance
liquid chromatography (HPLC) on a 300 A reversed-phase (RP) (C, ) support (Syn-
Chropak RP-P), using acetonitrile as organic modifier in the presence of tri-
fluoroacetic acid, has been found to be capable of high-resolution separations of these
proteins; the resolution is often better than that obtained by any other chromato-
graphic or electrophoretic method. Examples are presented showing separations of
low-molecular-weight gliadins, omega-gliadins and ethanol-soluble reduced glutenin
subunits from wheat and of zein from corn. In addition, proteins may be directly
extracted from ground single kernels and subsequently analyzed by RP-HPLC; appli-
cations in genetic studies, in breeding programs and in varietal identification are
proposed,

In addition-to its high resolution, RP-HPLC is superior to most other methods
in speed, sensitivity, reproducibility and suitability for quantitation. Polypeptide
chains of molecular weight up to 133,000 are recovered in high yields and the column
capacity is high, demonstrating that RP-HPLC is suitable for both preparative and
analytical separations of proteins. RP-HPLC resolves proteins primarily on the basis
of differences in surface hydrophobicity, so it therefore complements, rather than
duplicates, other techniques that separate proteins on the basis of size or charge. RP-
HPLC promises to become an invaluable technique for the fractionation and charac-
terization of proteins from cereals and other sources.

INTRODUCTION

The endosperm storage proteins of cereal grains are mainly of two types,
differentiated by their solubility (prolamins) or insolubility (glutelins) in aqueous
alcoholic solutions following extraction with water and/or salt solutions. Prolamins
are heterogeneous mixtures of monomers of molecular weight (MW) 20,000-70,000,
but oligomeric prolamins also exist. Glutelins are also very heterogeneous and gener-
ally consist of polypeptides uniquely different from prolamins, having MW from
10,000 to 130,000, which are joined covalently and non-covalently into polymers with
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MW ranging to 20 - 10° or more. Most prolamins and glutelins are enriched in gluta-
mine, proline and hydrophobic amino acids; they are insoluble in water or buffered
salt solutions but soluble in solutions containing alcohols, acids or alkali, or follow-
ing treatment with detergents, denaturants or disulfide-cleaving reagents. The pro-
lamins and glutelins from wheat'™, termed specifically gliadins and glutenins, are
representative of these complex protein fractions of all cereals. Gliadin, for example,
has more than 40 components, and glutenin, after disruption of disulfide and hydro-
phobic bonds, contains at least 50 subunits.

Methods used to isolate, characterize and compare cereal endosperm proteins
include selective extraction, gel permeation chromatography, ion-exchange chroma-
tography, various electrophoresis methods and, most recently, hydrophobic interac-
tion chromatography (HIC)3*5. High-performance molecular exclusion chromatogra-
phy is now beginning to be applied to cereal endosperm proteins’, but reversed-phase
high-performance liquid chromatography (RP-HPLC) of these proteins has not been
reported.

RP-HPLC is now frequently used for the isolation, characterization and com-
parison of low-MW peptides® 3. Columns are usually packed with 5-10 um silica
particles having average pore sizes of 80-100 A*!5, Bonded to these particles is an
alkylsilane phase, typically octadecyl (C,g). Most separations employ gradients of
increasing amounts of the organic phases acetonitrile, methanol or 1- or 2-propanol,
so bound peptides are eluted in order of increasing hydrophobicity. The ionic
strength of the mobile phase is frequently elevated to 0.1-0.2 M to suppress residual
silanol group interactions. The pH is usually between 2.1 and 3.2 to protonate free
amino groups and thus reduce elution times of peptides; high-resolution separations
at pH 6 may also be achieved, however'?. Ton-pairing reagents are also frequently
added to modify peptides, the support or both, and thereby alter their interaction;
examples include acids such as phosphoric and trifluoroacetic acids and buffered salts
such as triethylammonium phosphate, ammonium acetate and pyridine formate.

The RP-HPLC of high-MW peptides and proteins has, in general, been less
successful than for low-MW peptides. Proteins may bind so tenaciously that they are
recovered only in low yield, or may be unable to penetrate the 80-100 A pores of
standard supports, and may bind to a very limited extent. Nevertheless, standard
pore size supports have been used for the RP-HPLC of some proteins'>!5'7. The
limitations of these supports have been recognized, however'*18:1° and RP supports
having pore sizes of 300-500 A have been developed. These more porous supports,
with appropriate ion-pairing reagents, are now beginning to be successfully applied to
the RP-HPLC of high-MW peptides and proteins'419721,

During studies using a 300 A pore size C,g column to characterize large pep-
tides, attempts to separate intact cereal proteins were also made. The resolution
achieved for these samples equalled and frequently surpassed that resulting from any
previously used chromatographic or electrophoretic technique. This paper reports
initial experiences with the RP-HPLC of cereal proteins, describes the optimization of
separation conditions and gives examples of the application of the method to several
heterogeneous cereal protein fractions.
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MATERIALS AND METHODS*

Chemicals and reagents

Unless noted otherwise, all chemicals were of reagent grade. Acetonitrile was
obtained from Mallinckrodt (ChromAR grade) or Fisher (HPLC grade), methanol
came from MCB (OmniSolv grade) and 2-propanol (certified ACS spectranalyzed
grade) was a product of Fisher Scientific. Trifluoroacetic acid (TFA) and hepta-
fluorobutyric acid (HFBA) (Sequanal grade) were obtained from Pierce. Water having
a specific resistance of at least 15 MQ cm was obtained using a Barnstead NANO
pure system. All solvents were filtered (0.45 um) and deaerated by sonication prior to
use.

Protein samples

Low-MW gliadin and omega-gliadin were separated from whole Ponca wheat
gliadin on Sephadex G-100 and subsequently were reduced and pyridylethylated
(PE)*?; these samples correspond to fractions f and ¢, respectively, in Fig. 1 of ref. 22.
Ethanol-soluble reduced PE-glutenin from Ponca wheat®® was also characterized
previously??, Zein was isolated from normal corn hybrid P-A-G SX52 and converted
to PE derivatives?4,

Single kernels of the wheat variety Chinese Spring, obtained from Dr. E. R.
Sears, were ground with a mortar and pestle and subsequently extracted for 30 min,
with periodic agitation, with 70 % ethanol or with 50 ¢/ solvent A {159/ acetonitrile +
0.1% TFA) + 509, glacial acetic acid (0.04 mi/mg). Following centrifugation (10 min
at 27,000 g), samples were analyzed immediately or stored frozen. Alternatively,
single ground kernels were first extracted with 0.1 M sodium chloride solution (0.01
ml/mg) under these conditions, and the residues were washed with water and then
further extracted with 70 %; ethanol (0.04 ml/mg).

Apparatus

All data were obtained using Waters Assoc. (Milford, MA, U.S.A.) Models
M6000A and M45 solvent-delivery systems controlled by a Model 660 solvent pro-
grammer, a WISP 710A automatic sample injector and a Model 450 variable-wave-
length detector. A capillary restrictor (Alltech) eliminated outgassing in the detector
flow cell. SynChropak RP-P (250 x 4.1 mm 1.D.), a reversed-phase (C,5) support
having 300 A pores!®, and SynChropak RSC (dry packed into a 25 x 3.9 mm L.D.
guard column) were products of SynChrom (Linden, IN, U.S.A.). Zorbax ODS (250
x 4.6 mm 1.D.) was obtained from DuPont. Columns were maintained at 30-31°C in
an aluminum block connected to a constant-temperature water-bath.

Data were recorded on a Houston Instruments Omniscribe recorder (10 mV
full-scale) and were quantitated using a ModComp computer system. Auxiliary pro-
grams permitted further analysis of chromatographic data, as well as replotting raw
data so that the largest peak in any interval represents full-scale deflection. This
program was used to plot the chromatographic data in this paper; because the solvent
peak, eluting at the breakthrough volume, typically has the highest absorbance, this

* The mention of names of firms or trade products does not imply that they are endorsed by the U.S.
Department of Agriculture over other firms or similar products not mentioned.
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region frequently was not plotted so that the presentation of subsequent protein-
containing peaks was optimized.

Chromatographic conditions

Most cereal proteins were eluted in the presence of 0.1% TFA!%2*27 by sol-
vents containing 15-80 9, of acetonitrile. Combining water with 1009, acetonitrile
causes occasional outgassing at the detector, so solvents A and B were chosen to be
159 and 80°%, aqueous acetonitrile, respectively, both containing 0.1 % of TFA. For
some studies, acetonitrile was replaced by methanol or 2-propanol, or 0.1 %, TFA was
replaced by 0.13%, HFBAZ2%-27-28_ Before use, the columns were regenerated at 1.0
ml/min with either solvent B or 100 %, acetonitrile and were equilibrated at initial
solvent conditions. Samples were dissolved in any appropriate solvent, such as sol-
vent A, solvent B, 50% solvent A + 509, glacial acetic acid, 709 ethanol, 0.1 Af
sodium chloride or 0.1 M sodium phosphate, pH 7.0, containing 0.1 9] sodium do-
decyl sulfate (SDS). Proteins were generally dissolved at concentrations of 0.1-1.0
mg/ml, depending on their heterogeneity. When the proteins were not completely
soluble or were extracted from ground single kernels, samples were filtered (0.45 ym)
using a centrifugal filtration apparatus (Bioanalytical Systems) or were centrifuged
(10 min at 27,000 g). Volumes of 20-100 ul were generally injected, although large
(e.g., 1.0 ml) samples could be applied when the initial solvent conditions were so
polar that no proteins were eluted. Proteins were eluted from the column, usually at
1.0 ml/min (0.5-1.5 ml/min), using a linear gradient of increasing organic modifier
(0.25-1.0%, B/min) over 30-120 min. The final gradient conditions were then main-
tained for 10 min, and the column was re-equilibrated for 10 min at the initial solvent
conditions prior to application of the next sample. The column effluent was typically
monitored at 210 nm using 0.2 (0.02-2.0) absorbance units full-scale (a.u.f.s.). For
semi-preparative runs (up to 5 mg of protein) or to monitor aromatic amino acids, the
effluents were monitored at 280 or 254 nm.

Electrophoresis

Polyacrylamide gel electrophoresis at pH 3.2 was performed in a Bio-Rad
Protean vertical electrophoresis cell by the method of Maier and Wagner®®. Iso-
electric focusing was performed on an LKB Multiphor apparatus, utilizing a mixture
of equal volumes of pH 6-8 and pH 7-9 Ampholines. Isoelectric points of focused
proteins were measured using an Ingold surface electrode, and focused proteins were
then revealed as precipitation bands following immersion in 12.5%] trichloroacetic
acid.

RESULTS

Optimization of conditions

With 15 % and 80 %, acetonitrile containing 0.1 % of TFA as solvents A and B,
respectively, unknown samples are generally resolved initially using a 50-min. linear
gradient from 0 to 100 % B at 1.0 ml/min. Subsequently, the separation conditions are
optimized, using gradients of 0.25-1.0%; B/min, on the basis of the clution positions
of the sample constituents. Typical optimized limits were found to be 20-50 9, B for
wheat gliadins (28-47.5 %, acetonitrile), 0-55%, B for albumins and globulins (15-
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50.75% acetonitrile) and 50-70% B for corn zeins (47.5-60.57; acetonitrile). A
gradient slope of 0.25-0.5% B/min gave optimal resolution for most samples; these
conditions compromised the effects of band spreading due to diffusion in long runs
and of decreased resolution in short runs.

A slow flow-rate (0.5 ml/min) did not significantly improve the resolution over
that obtained at 1.0 ml/min, and a flow-rate of 1.5 ml/min only slightly decreased the
resolution; consequently, 1.0 ml/min (ca. 1000 p.s.i.) was used routinely. However,
higher flow-rates, combined with a steeper gradient slope, can be used to minimize
analysis times. For heterogeneous samples, 0.1 mg in 100 ul is generally applied, and
the effluent is monitored at 210 nm using a detector sensitivity of 0.2 a.u.f.s. For
purified proteins, the amounts applied were 1-10 %, by weight, of that applied for
mixtures. The amounts of protein applied to the column can be increased or de-
creased by 1-2 orders of magnitude, with appropriate adjustment of detector sensi-
tivity, without significantly affecting the resolution. For high sample loads (1-5 mg of
protein), the column effluent was monitored at 254 or 280 nm, as the absorbance was
too great at 210 nm. Monitoring at more than one wavelength is also useful for
differentiating proteins on the basis of their tryptophan and tyrosine contents.

Prior to a series of analyses, and periodically thereafter, it is desirable to re-
generate the column for 5-10 min with acetonitrile or with solvent B to remove any
hydrophobic proteins not eluted by the chosen gradient; a 10-min re-equilibration
{ca. 5 column volumes) at the initial solvent conditions is then sufficient to restore a
stable baseline. It also is desirable periodically to analyze a “blank”, consisting of the
solvent in which proteins are dissolved; this will show any baseline shift during the
gradient, will reveal any peaks due to contaminants in the various solvents, and can
be used to ascertain the need for column regeneration, It also is desirable to analyze a
heterogeneous reference sample periodically (e.g., daily) to indicate any instrumental
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Fig. 1. RP-l_-lPLC separation of PE-low-MW gliadin proteins from Ponca wheat. A sample of 0.1 mgin 100
ul wai :’apphed woa Sythropak RP-P column (250 x 4.1 mm), and eluted with a linear gradient from 20 %
to 505, B during 120 min. The column effluent was monitored at A1 = 0.1 a.ufs./10 mV, Solvent A,

}5 % aqetom’trile + 0.1%; TFA; solvent B, 80 % acetonitrile + 0.1% TFA. Peaks are numbered in order of
increasing elution volume.
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Fig. 2. RP-HPLC separation of PE-omega-gliadin from Ponca wheat. A sample of 0.1 mg was applied in a
volume of 100 ul, and eluted with a linear gradient from 20% to 509, B during 120 min. The column
effluent was monitored at 4,,, = 0.2 a.u.f.s.; other conditions as in Fig, 1.

malfunction or any differences in solvent concentrations. Solvents typically are fil-
tered and deaerated immediately prior to use and are changed daily.

Analysis of isolated protein fractions

Typical RP-HPLC separations of three heterogeneous wheat protein fractions
are illustrated in Figs. 1-3. The abscissa of each chromatogram indicates both the run
time and acetonitrile concentration, displaced 2.0 min to the right (corresponding to
the column’s void volume, determined to be 2.0 ml) to reflect the effluent composition
at the detector.

Figs. 1-3 illustrate the high resolving power of RP-HPLC for cereal proteins,
and the ability or RP-HPLC to differentiate wheat protein fractions and classes. Low-
MW gliadin (Fig. 1) was resolved into 36 peaks (including minor peaks and un-
resolved shoulders) eluting between 34 and 45 % acetonitrile. For this and for all
other figures, additional small peaks and unresolved shoulders could be revealed by
computer-assisted scale expansion (as demonstrated in Fig. 7).

In comparison, omega-gliadin (Fig. 2), which is enriched in 65,000-80,000 MW
proteins*®, is resolved into at least 25 components, including four major ones (peaks
2,3, 12 and 13 in Fig. 2) that elute prior to most major low-MW gliadins (Fig. 1). The
unique nature of these four major early eluting omega-gliadin components was fur-
ther emphasized by column monitoring at 254 nm (data not shown): their absorbance
at 254 nm relative to that at 210 nm is only about 159, of that for later eluting peaks,
suggesting a very low content of tryptophan and tyrosine in these omega-gliadins
compared with low-MW gliadins; this is supported by comparative amino acid analy-
ses of isolated gliadin proteins®*!. The omega-gliadin fraction (Fig. 2) also contains
numerous components having apparent surface hydrophobicities similar to low-MW
gliadins, such as the major component (peak 17) eluting at ca. 399, acetonitrile
(Fig. 2).
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Fig. 3. RP-HPLC separation of PE ethanol-soluble reduced glutenin (0.1 mg) from Ponca wheat. The
sample was applied in a volume of 100 ul, and eluted with a linear gradient from 209, to 50 % B during 60
min, The column effluent was monitored at 4,,, = 0.2 a.u.f.s.; other conditions as in Fig. 1.

Ethanol-soluble reduced glutenin (Fig. 3) exists in the kernel as subunits of
high-MW glutenin rather than as monomers (as in Figs. 1 and 2). RP-HPLC resolves
ethanol-soluble reduced glutenin into approximately 23 components (Fig. 3), eluting
between 30 and 44 9, acetonitrile, and dominated by one peak (peak 17) at 39.99]
acetonitrile; most of these components differ uniquely from polypeptides in other
wheat gluten classes (Figs. 1 and 2).

The same HPLC methods used for wheat proteins, with gradient modifications
to compensate for differences in protein hydrophobicity, are applicable to all cereal
protein fractions examined to date. Another example, the corn prolamin fraction
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Fig. 4. RP-HPLC separation of PE-zein (0.1 mg applied in 100 pl). The chromatogram was developed with
a linear gradient from 50 9/ to 70 %, B during 60 min, and monitored at 4,,, = 0.2 a.u.f.s.; other conditions
as in Fig. 1.
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Fig. 5. RP-HPLC separation of PE-zein (0.1 mg applied in 100 pl). The chromatogram was developed with
a linear gradient from 509 to 70% B during 60 min, and monitored at 4,,, = 0.2 a.u.fs. For this

chromatogram only, solutions A and B contained 0.13% HFBA in place of 0.1 %, TFA. Other conditions
as in Fig. L.

zein, is shown in Fig. 4. Sixteen peaks are resolved, most of which elute between 51.7
and 57.29 acetonitrile. These proteins are significantly more hydrophobic than most
wheat proteins (Figs. 1-3), agreeing with the abundance of hydrophobic amino acids
in zein and with zein’s limited solubility except in the presence of denaturants, de-
tergents or high concentrations of organic solvents.

Fig. 5 shows an example of how selectivity can be modified by changing the
ion-pairing reagent. Using 0.13 % HFBA rather than 0.1, TFA, zein resolves into
about 17 components, most eluting between 53.0 and 58.5 %, acetonitrile. The overall
separations of major zein species and of other cereal protein fractions using HFBA
seem slightly inferior to those obtained using TFA (compare, for example, Figs. 4 and
5); nevertheless, such modification of column selectivity may be useful in difficult
separations of cereal proteins, as suggested for peptides by Bennett et al.>%. As noted
for peptides®?, cereal proteins also exhibit longer retention times in the presence of
HFBA than with TFA.

Analysis of single-kernel extracts

Fig. 6 shows four typical chromatograms obtained by analyzing extracts of
ground single kernels of the wheat variety Chinese Spring. Fig. 6a and b show the
results for sequential extraction of a kernel with 0.1 M sodium chloride solution to
extract albumins and globulins, followed by 70 % ethanol to extract gliadins. Forty-
one peaks were resolved in the sodium chloride extract (Fig. 6a), and 24 in the
subsequent ethanol extract (Fig. 6b). The chromatograms differ greatly; most major
constituents of the sodium chloride extract elute below 409/ acetonitrile, whereas
most in the ethanol extract elute above 409, acetonitrile, Some peaks in the two
chromatograms have similar elution characteristics; e.g., peaks 17, 19, 23, 24 and 25
in Fig. 6a are similar to peaks 7, 8, 10, 11 and 12, respectively, in Fig. 6b. This suggests
that some proteins are soluble in both extractants, and that the initial sodium chloride
extraction was not exhaustive. Fig. 6¢ shows the results of a direct extraction of a
ground kernel with 70 ¢, ethanol; approximately 30 peaks are resolved. The chroma-



HPLC OF CEREAL PROTEINS 227

togram is qualitatively very similar to that in Fig. 6b, but significant quantitative
differences occur, particularly for peaks 9, 15 and 16, which appear to correspond to
proteins soluble in 0.1 M sodium chloride solution (peaks 17, 24 and 23, Fig. 6a). Fig.
6d shows the results for a single wheat kernel extracted with equal volumes of solvent
A and glacial acetic acid, a useful solvent for most proteins examined; approximately
34 peaks result. Although peaks characteristic of albumins, globulins and gliadin are
present, the pattern is dominated by those which are characteristic of gliadin, owing to
its greater relative abundance in the kernel. In addition, however, some uniquely dif-
ferent major peaks are present in the chromatogram of this extract, such as peaks 4
and 5 (Fig. 6d). The proteins in these peaks must have limited solubility in 0.1 M
sodium chloride solution or 70 % ethanol, and probably represent components of
glutenin. The chromatograms in Fig. 6a—d demonstrate the value of selective extrac-
tion procedures for wheat kernels, and show the value of RP-HPLC for monitoring
such fractionations and for differentiating the resulting fractions.
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Fig. 6. RP-HPLC separations of proteins extracted from single kernels of the wheat variety Chinese Spring
by (a) 0.1 M NaCl; (b) 70 % ethanol subsequent to extraction with 0.1 M NaCl; (c) 70 % ethanol (without
prior extraction); and (d) 50 %, solvent A + 50 %, glacial acetic acid. Sample volumes of 100, 150, 50 and
100 pl, respectively, were applied to the column; extraction conditions and concentrations are described in
Materials and methods. The column was eluted with a linear gradient from 20 %/ to 55° B during 55 min,
and the column effluent was monitored at 4,,, = 0.2 a.u.f.s.; other conditions as in Fig. 1.

The gradient used for HPLC of the 0.1 M sodium chloride extract (Fig. 6a)
was, to facilitate comparisons, the same as for the other single-kernel extracts. Still
better resolution of this fraction, particularly for early eluting components (prior to
30-359/ acetonitrile), can be obtained by using a 0-559, gradient (Fig. 7a). This
improved resolution is more clearly seen in a computer-expanded portion of the
chromatogram (Fig. 7b). Whereas Fig. 7a indicates approximately 46 components in
the sample, the expanded-scale chromatograms reveal at least 86 major and minor
peaks in the total chromatogram. As illustrated in Fig. 7b, for example, approxi-
mately 14 additional minor peaks are visible in the first part of the chromatogram.
These results (Fig. 7a and b) illustrate that proteins differing only slightly in hydro-
phobicity are readily separated, and also demonstrate the value of computer-assisted
scale expansion in detecting trace components.
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Fig. 7. RP-HPLC separations of proteins extracted from a single kerne! of the wheat variety Chinese
Spring with 0.1 M NaCl. A sample of 100 ul was applied to the column, and eluted with a linear gradient
from 0% to 559%; B during 60 min; the column effluent was monitored at 4,,, = 0.2 a.u.fs.; other
conditions as in Fig. 1. (a) Entire chromatogram; (b) expanded portion of (a).

Potential of RP-HPLC as a preparative method

The size of sample applied to an RP-HPLC column can be increased markedly
without significantly decreasing the resolution, demonstrating the method’s potential
for preparative applications. As shown in Fig. 8a, for example, 39 peaks were re-
solved from a 5.0-mg sample of PE-low-MW gliadin. This is very similar to the
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number of peaks obtained for a 0.1-mg sample (Fig. 1), but the resolution of majot
peaks seems slightly inferior. 1t should be emphasized, however, that this separation
was performed on an analytical-scale column, so that considerably improved resolu-
tion, together with increased sample size, should be possible on a larger column. It is
also interesting that the relative peak heights in Fig. 8a differ from those in Fig. 1,
owing to the column effluent being monitored at 254 nm (necessary because of the
increased sample size); such spectral differences can be valuable in characterizing and
differentiating proteins having different hydrophobicities.

Similarly, a 5.0-mg sample of PE-zein was separated on the analytical RP-P
column; detection at 254 nm revealed at least 24 major and minor components (Fig.
9a). The resolution and number of peaks were roughly comparable to that for a 0.1-
mg sample (Fig. 4).

Electrophoretic characterization of peaks separated by RP-HPLC

To assess more accurately the separations of cereal proteins obtained by RP-
HPLC, fractions were collected from the two semi-preparative separations shown in
Figs. 8a and 9a and aliquots were analyzed by electrophoresis.

Fig. 8b shows analyses of representative peaks from the chromatogram of PE-
low-MW gliadin (Fig. 8a) by electrophoresis at pH 3.2. It is apparent that, compared
with the parent fraction, the peaks contain significantly purified components. Owing
to the extreme heterogeneity of the sample, few, if any, peaks contain homogeneous
proteins; nevertheless, it is most significant to note that most peaks contain only one
or two major components, and that relatively little overlap occurs, even between
adjacent peaks. Further, it is apparent that the RP-HPLC separation differs markedly
from separations based primarily on charge, demonstrating the complementary
nature of RP-HPLC to other methods. These results are only meant to be representa-
tive of the separations obtainable by RP-HPLC; more detailed characterization and
comparison of separated protein fractions will be reported later. Nevertheless, these
results suggest that excellent preparative RP-HPLC separations of cereal proteins
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Fig. 8. (a) RP-HPLC separation of 5.0 mg of Ponca PE-low-MW gliadin on SynChropak RP-P (250 x 4.1
mm). Sample {1.0 ml of a 5 mg/ml solution in 509 solvent A (159, acetonitrile + 0.1% TFA) + 509,
glacial acetic acid] was applied to the column equilibrated with solvent A, and then eluted with a linear
gradient from 20 % to 50 %, solvent B (80 %, acetonitrile + 0.1 % TFA) during 120 min. The column effluent
was monitored at 4,5, = 0.4 a.u.f5./10 mV. Individual peaks (as numbered) were coliected for subsequent
analyses; those fractions examined in Fig. 8b are indicated by descending and ascending marks super-
imposed on the chromatogram, which indicate, respectively, the beginning and end of fraction collection.
(b) Polyacrylamide gel electrophoresis at pH 3.2 of Ponca PE-low-MW gliadin (Gli) and fractions obtained
by RP-HPLC. Numbers designating fractions correspond to numbered peaks in Fig. 8a; ca. 105 of each
collected fraction was analyzed.

may be obtained. These separations complement other separations based on charge
or size, and should greatly facilitate the isolation of cereal proteins.

Fig. 9b presents isoelectric focusing results for representative fractions from
the RP-HPLC separation of PE-zein (Fig. 9a). Most fractions are still heterogeneous,
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in accord with zein’s complex nature, but all represent a considerable purification
compared with the parent fraction; in addition, it is apparent that only one or two
species predominate in each fraction, and that overlap, even between adjacent frac-
tions, is minimal. Thus, these results also demonstrate the validity and value of RP-
HPLC separations of cereal proteins.

General considerations

Reproducibility and stability. To test the reproducibility of gradient RP-HPLC,
a sample of ethanol-insoluble reduced glutelin subunits?*® was injected repeatedly, and
the elution times of corresponding peaks were compared. The relative standard devi-
ation, averaged for eleven peaks from four separate analyses, was 0.3295; typically,
this means that even late in a chromatogram, the elution times for any protein will
differ by no more than 0.10-0.15 min between runs. Column performance and repro-
ducibility also have been demonstrated by collection of individual eluted peaks, fol-
lowed by concentration, re-injection and analysis; identical elution times are ob-
tained.

The RP column used in these studies has been remarkable stable. No change in
performance is apparent after more than 1000 analyses. The only precautions that
have been taken include careful filtration of all solutions, centrifugation or filtration
of all samples, occasional regeneration of the column with 80-100 %/ acetonitrile, and
repacking of the guard column when any increase in operating pressure is noted
(typically after 200-300 analyses).

Recovery. A standard solution of PE-low-MW gliadin was prepared and an
aliquot was injected on to the RP-P column and eluted with a gradient from 20 %, to
90°% B during 10 min, followed by a 13-min hold at 909, B. The entire column
effluent was collected, and its absorbance was determined spectrophotometrically at
220 and 254 nm. Appropriate corrections were made for buffer and for solvents in the
sample solution, and the corrected absorbance values for the recovered effluent were
compared with the absorbance of an aliquot of the same initial sample. Recoveries of
98.29 and 96.2 % were indicated at 220 and 254 nm, respectively, suggesting that
nearly quantitative recovery is routinely obtained. This agrees with other studies that
report recoveries of 80-100%; for proteins and large peptides from porous RP col-
uml’lSl4’20’21-

Optimization of gradient, flow-rate and run time. Using the described acetoni-
trile-TFA solvents A and B with SynChropak RP-P, it is possible to optimize or alter
the resolution by adjusting the gradient slope, run time or both. Generally, a gradient
slope of ca. 0.5% B/min (i.e., 0.325 9, acetonitrile/min) is most suitable. The resolu-
tion can be improved slightly by using 0.25 % B/min (0.1625 % acetonitrile/min) (e.g.,
20-50%, B/120 min, as in Figs. 1 and 2), but the improved resolution is partially
countered by increased band spreading due to diffusion. Alternatively, gradient
slopes of 1.0 or even 2.0%, B/min (0.65-1.30 % acetonitrile/min) are satisfactory for
screening unknown samples and for less demanding separations. Total run times of
60120 min therefore seem optimal for most separations, although runs of ca. 30 min ,
may be used. For more rapid runs, it may be desirable to increase the flow-rate to ca.
1.5 ml/min to reduce the possibility of precipitation of proteins by concentrated
organic modifier in the mobile phase before the proteins elute from the column. As
the elution of proteins in RP-HPLC is governed primarily by the polarity of the
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mobile phase, the flow-rate generally has little effect on separations; for example,
resolution at 0.5 ml/min is not noticeably better than at 1.0 ml/min. Under very
different chromatographic conditions, proteins can elute at slightly different (e.g.,
about 1 %) apparent acetonitrile concentrations; consequently, describing chromato-
graphic peaks in terms of acetonitrile concentrations at which they elute, although
useful to differentiate proteins, must refer to a specific set of chromatographic con-
ditions.

Comparison of organic modifiers. Substitution of methanol or 2-propanol for
acetonitrile in solvents A and B led to increases or decreases, respectively, compared
with acetonitrile, in the percentage of organic modifier required to elute wheat
gliadins, in accordance with known solvent strengths?®. Although the resolution in all
instances seemed best with acetonitrile, some differences in column selectivity were
apparent using alternative organic modifiers, which may be used to advantage for
difficult separations®3.

Effect of TFA concentration. In the absence of TFA or when only 0.01 9/ of
TFA is present in solvents A and B, extreme peak broadening and poor resolution
occur. Increasing the TFA concentration to 0.2 or 0.3% leads to slight increases
(3.7% and 6.3 %, respectively) in retention times. Some slight differences in selectivity
occur for different peaks, however, suggesting that the resolution can be enhanced
through modification of TFA concentration.

Use of alternative ion-pairing reagents. HFBA can replace TFA in the RP-
HPLC system (Fig. 5), giving a possibly advantageous change in selectivity. Sodium
dodecyl sulfate (SDS) also can be used successfully in the system. Initially, RP-HPLC
was used to analyze glutenin proteins that had been reduced, fully complexed to SDS
and separated by high-performance gel filtration chromatography on TSK-3000SW”.
The resolution was only slightly inferior to that observed with no SDS present; the
retention times increased slightly. Excellent chromatogtaphic separations can also be
obtained when SDS (0.1 %) is included in solvents A and B. For example, glutenin
extracted from a single kernel of Ponca wheat with a solvent containing SDS and §-
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Fig. 9. (a) RP-HPLC separation of 5.0 mg of PE-zein on SynChropak RP-P (250 x 4.1 mm). Sample [1.0
ml of a 5 mg/ml solution in 50 9 solvent A (15 % acetonitrile + 0.1 % TFA) + 509 glacial acetic acid] was
applied to the column equilibrated with 20 % solvent B (80 9; acetonitrile + 0.1°%] TFA) + 80 9% solvent A,
and then eluted with a linear gradient from 50%; to 70°% B during 120 min. The column effluent was
monitored at 4,5, = 0.4 a.u.f.s./10mV. Individual fractions subsequently analyzed in Fig. 9b are indicated
as in Fig. 8. (b) Tsoelectric focusing of PE-zein (Z) and fractions obtained by RP-HPLC. Numbers des-
ignating fractions correspond to numbered peaks in Fig. 9a; ca. 25 %, of each collected fraction was ana-
lyzed. Determined isoelectric points are indicated at the left-hand margin.

mercaptoethanol®* was resolved by RP-HPLC into 37 peaks, most eluting between
41.0 and 73.5 9 acetonitrile. It is obvious that the apparent hydrophobicity of most
proteins increases in the presence of SDS.

" The role of SDS and the nature of SDS-protein complexes in RP-HPLC is
uncertain. SDS has been used as an ion-pairing reagent to separate peptides®>3¢, and
it dramatically increases retention times. However, the mechanism of the ion-pairing
phenomenon is uncertain. These studies have demonstrated that SDS does not mask
differences in surface hydrophobicity between proteins and suggest either that SDS—
protein complexes dissociate during RP-HPLC or that SDS does not react with those
surface areas which determine selectivity. The potential of SDS in RP-HPLC is con-
siderable, both because it can act as an ion-pairing reagent and because it has such
strong solvating properties.
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Use of other chromatographic supports. RP-HPLC of proteins has been found
to be most successful on supports having a large pore size (e.g., 300-500 A)1*37. To
test this, PE-low-MW gliadin (as in Fig. 1) was chromatographed, using the same
acetonitrile-TFA solvent system, on DuPont Zorbax ODS, which is typical of sup-
ports having pore sizes of about 100 A!'%, Poor initial retention was observed, ap-
parently as proteins could not penetrate the pores of the support; strong adsorption
also occurred, so that a high acctonitrile concentration was necessary to elute all
proteins. Pearson ef al.'® also noted poor recovery and resolution for large peptides
on Zorbax ODS.

Potential for varietal identification and genetic studies. Cereal prolamins are
accurate genotypic indicators owing to their heterogeneity and invariant expression
by the genome; consequently, they are frequently analyzed by electrophoresis to
identify cereal varieties*® and may also serve as biochemical markers. As shown in
Figs. 6 and 7, RP-HPLC resolves numerous polypeptides from various single kernel
extracts; further, it can differentiate most wheats, permitting varietal identification.
RP-HPLC has the potential of complementing electrophoresis methods and, in some
instances, of serving as an alternative to them. These studies will be described in a
subsequent publication. Similarly, it is possible to differentiate and study relation-
ships of corn inbreds through analysis of extracted zein proteins, similar to the sepa-
ration shown in Fig. 4, and to determine the chromosomal control of proteins
through analysis of cereal aneuploids.

Applicability to other proteins. During these studies, several non-cereal protein
fractions have also been examined by RP-HPLC. In all instances, excellent separa-
tions of components were achieved. For example, reduced soy glycinin polypeptides
were resolved into approximately 13 major and several minor components eluting
between 35.5 and 65.0 % acetonitrile; the two major peaks eluted at 45.8 and 46.3 9
acetonitrile. These results agree well with studies showing six acidic and six basic
proteins within the glycinin protein complex3°, These and other results indicate that
RP-HPLC using porous supports may become an extremely valuable method for
most, if not all, protein separations.

DISCUSSION

RP-HPLC is the newest, and may become the best, method for analyzing most
proteins, including those from cereal grains. RP-HPLC separates proteins primarily
by hydrophobic interaction or adsorption chromatography; therefore, one of its
major advantages is that it complements most other chromatographic and electro-
phoretic methods, which separate proteins on the basis of differences in size or charged
amino acid residues. The success of RP-HPLC is due primarily to three factors,
namely pore size, particle uniformity and ion-pairing reagents. A support having 300
A or larger pores potentially permits unhindered penetration by virtually any single
polypeptide chain and by proteins with molecular weights up to several hundred
thousand!*. The uniform coating, end capping of residual silanol groups and uniform
small particle size of supports result in highly efficient RP-HPLC columns, in contrast
to HIC on modified agarose supports. In addition, ion-pairing reagents, such as
TFA, modify protein and/or support surfaces so that proteins are retained under
relatively polar solvent conditions; they are then selectively eluted by increasing the
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organic modifier concentration. Seemingly minor variations in surface hydropho-
bicity lead to high-resolution separations of proteins. In addition, initial polar solvent
conditions, combined with the relatively high capacity of the support, effectively
concentrate applied samples into narrow zones on the column.

RP-HPLC separates most of the heterogeneous cereal protein fractions that
have been examined into as many or more components than does any other chroma-
tographic or electrophoretic method used to characterize these samples. In most
instances, the number of peaks observed in RP-HPLC agrees well with estimates of
heterogeneity from these other methods. In addition, electrophoretic analysis of frac-
tions isolated by RP-HPLC (Figs. 8b and 9b) has indicated that each HPLC peak is
enriched in one or only a few polypeptides, which differ from those in adjacent peaks.
Apparently minor differences in charged residues or in size, which may not be readily
detected by other analytical methods, lead to significant differences in surface hydro-
phobicity that are easily recognized by RP-HPLC.

Using the acetonitrile-TFA RP-HPLC system, low-MW gliadin (Fig. 1) and
omega-gliadin (Fig. 2) were separated into 36 and 25 components, respectively; most
compounds were unique to one or the other fraction. Together, low-MW gliadin and
omega-gliadin constitute the major gliadin polypeptides often analyzed by electro-
phoresis in genetic studies and for varietal identification. Two-dimensional electro-
phoresis of whole gliadin, employing a combination of isoelectric focusing and elec-
trophoresis at pH 3.1, resolves a maximum of approximately 46 components*°. Simi-
larly, ion-exchange chromatography and starch gel electrophoresis reveal omega-
gliadin to have eight major components and several minor ones*', agreeing well with
the results in Fig. 2. Thus, the number of peaks resolved by RP-HPLC generally
agrees well with estimates of heterogeneity from other methods.

It is also interesting to compare RP-HPLC results with those from HIC and
with estimates of hydrophobicity of various gliadins. Both Caldwell® and Popineau
and Godon® noted that major omega-gliadins elute first upon HIC on octyl- or
phenyl-Sepharose CL 4B, but other omega-gliadins have longer retention times. For
other gliadins, no clear relationship was noted between electrophoretic mobilities and
surface hydrophobicities. Charbonnier et al.* also demonstrated that omega-gliadin
hydrophobicities, calculated from amino acid compositions, do not predict HIC re-
tention characteristics because surface rather than overall hydrophobicity determines
retention. These results are supported by the present studies, which found low reten-
tion for four major omega-gliadins (Fig. 2) but noted that omega-gliadin also con-
tains numerous components similar in hydrophobicity to low-MW gliadins (Fig. 1).
We also found no clear relationship between RP-HPLC retention characteristics and
electrophoretic mobilities of gliadins. It may be necessary, therefore, to develop a new
nomenclature for cereal proteins, based on apparent hydrophobicities; it will cer-
tainly be necessary to correlate fully the RP-HPLC behavior of cereal proteins with
their characteristics in other separation systems.

The resolution achieved by RP-HPLC for other protein samples also generally
equals or exceeds that obtained by previous methods. Ethanol-soluble reduced glute-
nin was resolved into 23 components (Fig. 3), compared with approximately 20
separated by electrophoresis at pH 3.2 (ref. 22). PE-zein was separated into a total of
16-24 peaks (Figs. 4 and 9), similar to the number of components typically resolved
by isoelectric focusing*! or two-dimensional electrophoresis*Z.
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RP-HPLC has several additional advantages for analysis of cereal proteins. It
is significantly faster (30~120 min per analysis) than most chromatographic or elec-
trophoretic methods, and automatic sample application further increases the ca-
pability of RP-HPLC to analyze numerous samples. Detection at 210 nm is another
significant advantage; it is possible because of the transparency of the acetonitrile—
TFA solvents at this wavelength. The molar absorptivity of most cereal proteins at
210 nm is 50-100 times greater than that at 254 or 280 nm, and detector response at
210 nm is independent of amino acid composition. Hence very small protein samples,
such as from single kernels, can readily be analyzed under our standard conditions.
For isolated polypeptides, approximately 5 ug can be easily analyzed; by increasing
detector sensitivity, the minimum detectable amount of protein per peak in RP-HPLC
can be reduced to approximately 50 ng.

As noted above, a significant advantage of RP-HPLC over most electropho-
retic methods is its excellent reproducibility; another major advantage is the ability to
apply automated data processing to quantitate HPLC results rapidly. As baselines
are very noise-free and retention times are very reproducible, excellent quantitative
results are routinely obtained; in comparison, electrophoresis combined with den-
sitometry suffers from variable background, different sample migration distances,
limited detector sensitivity and possible non-linear detector response.

The chromatograms shown here demonstrate that polypeptides of MW
20,000-80,000 all elute satisfactorily from the porous RP-HPLC column. Further, as
all reduced glutenin subunits are recovered quantitatively, polypeptides of MW up to
at least 133,000 (ref. 43) may be analyzed; therefore, molecular size should be no
deterrent to the RP-HPLC analysis of any single-chain polypeptide. However, the
suitability of this procedure for higher MW multi-chain proteins remains to be de-
termined. We have also shown that the support matrix has a relatively high capacity
for proteins, as 5-mg samples were successfully separated on an analytical column;
undoubtedly separations of increased sample amounts on larger RP-HPLC columns
will prove invaluable for preparative purposes.

In conclusion, we have shown that RP-HPLC can be applied successfully to
characterize protein samples, determine homogeneity or heterogeneity, compare sam-
ples and follow the progress of fractionation schemes. In addition, RP-HPLC analy-
sis of single kernel extracts promises to be useful for genetic studies, for selection and
early generation analysis in breeding programs, for quality control and for varietal
identification and registration. Because it is so powerful, RP-HPLC could potentially
replace numerous other methods of protein analysis for some applications. However,
it may not completely do so for two reasons: first, it is more complex and expensive
than some techniques; and second, as the mode of separation of proteins by RP-
HPLC differs from that in any other chromatographic or electrophoretic method
(with the possible exception of HIC), it complements the other methods. It is certain
that RP-HPLC is an extremely valuable addition to the available techniques for
characterizing and separating proteins.
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