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ABSTRACT

Digestibility of cereal grain protein is conventionally expressed as percentage of protein digested by pepsin in a defined period. Sorghum
has the lowest protein digestibility among cereals especially after wet cooking. If additional details were known as to which proteins are
resistant to digestion, it should be possible to find means to improve this property. In this paper, two approaches are described to extract
and identify proteins undigested by pepsin in uncooked and cooked meal from numerous sorghum and corn varieties. The first, one-
solvent approach involves extracting residues undigested after 2 h with Borate-SDS-ME and separating by PAGE. Improved separation of
undigested sorghum proteins was achieved using NuPAGE Bis-Tris gels. Western blots with antibodies against particular zeins and
kafirins, used to monitor fates of different kafirins, revealed differential digestion rates. A second approach involved extracting undigested
residues sequentially with 60% #-butanol, 60% #-butanol-ME and Borate-SDS-ME. The second, three-solvent approach, coupled with
western analysis, revealed the following. (i) Oligomeric forms of certain kafirins exist that differ in the degree of their susceptibility to
pepsin digestion. (ii) Effect of cooking on the formation and digestion of the oligomers. (iii) Cross-linked forms of most a-kafirins became
more resistant to digestion after cooking. (iv) Most a-kafirins are preferentially extracted in 60% t-butanol-ME while most y-kafirins are
extracted in Borate-SDS-ME buffer. (v) Monomeric y-kafirins are resistant to pepsin digestion. (vi) y-Kafirins form a series of oligomers
that exhibit differential resistance to digestion. Our results suggest that the presently described systematic approach to analyzing the

digestion by pepsin of sorghum prolamins should lead to greater insights into the digestion of specific types of sorghum grain proteins.
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Abbreviations: DAB, 3, 3’-diaminobenzidine; M,, relative molecular mass; ME, 2-mercaptoethanol; MOPS, 3-(N-morpholino) propane
sulfonic acid; PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl sulfate; TMB, 3, 3°, 5, 5’ tetramethylbenzidine

INTRODUCTION

Poor protein digestibility in sorghum grain has negative
nutritional implications in arid regions of Africa and Asia
for millions of the world’s poorest people who depend on it
as their main staple food. Higher protein digestibility is
needed to meet the nutritional needs of these human popula-
tions, who have marginal protein intake, as well as those of
animals (Shewry 2007). The improvement of sorghum
digestibility and nutrition are among the major objectives of
sorghum research. It is known that many factors, both endo-
genous and exogenous, are under the influence of genetics
and environment, and are purported to be responsible for
sorghum’s relatively low protein digestibility (Duodu et al.
2003). Recent results from principal component analysis
revealed that the content of amylose and total starch,
together with protein digestibility, account for 94% of vari-
ation in sorghum digestibility (Wong ef al. 2010). In this
paper our focus is specifically on grain protein digestibility.

Kafirin was named as the first major alcohol-soluble
protein isolated from kafir, also known as Andropogon
sorghum (Johns and Brewster 1916), a synonym of Sorg-
hum bicolor (L.) [USDA Germplasm Resources Informa-
tion Network (GRIN)]. This prolamin is the storage protein
found in sorghum endosperm that comprises about 70% of
total protein in whole grain sorghum flours (Hamaker ef al.
1995). The remaining protein consists of non-kafirins (i.e.,
albumins, globulins and glutelins) that are involved in
cellular functions (Hamaker and Bugusu 2003). Four sub-
classes of kafirins, a-(23 and 25 kDa), B-(20 kDa), y-(28
kDa) and 6-(10 kDa), have been described, based on their

protein characteristics and more recently on DNA sequence
(Shull et al. 1991; Mazhar et al. 1993; Belton et al. 2006).
Each kafirin shares a high degree of homology with the
equivalent class of zein proteins from corn (Garratt et al.
1993; Watterson ef al. 1993).

The kafirins are synthesized and translocated into the
lumen of the endoplasmic reticulum where they form pro-
tein bodies (Taylor et al. 1985). The development of protein
bodies in sorghum may be similar to the process in corn
where detailed studies have been done. In corn, as demons-
trated by immunolocalization, developing protein bodies
initially form as small accretions of B- and y-zeins (Lending
and Larkins 1989). The a- and 8-zeins subsequently accumu-
late within this network as discrete locules that expand and
aggregate to fill the interior. As a result, the B- and y-zeins
are concentrated around the peripheral layer of the more
mature protein body. Interactions among zein proteins are
key determining factors in protein body assembly (Kim et
al. 2002; Coleman et al. 2004).

In sorghum, a-kafirins comprise 70-80% of total kafi-
rins (Hamaker et al. 1995), followed by the y- (~ 15%), B-
(~ 5%) and 6- (< 1%) kafirins. a-Kafirins have low levels of
cysteine residues relative to the B- and y-types (5 and 7
mol%, respectively), whereas &-kafirins lack cysteine but
are rich in methionine (16-18 mol%). The y-kafirin is
localized at the periphery of the protein body where it may
have more of a structural function (Laidlaw et al. 2010)
than a storage role. Storage proteins of sorghum and corn,
kafirins and zeins respectively, have been reported to be
relatively more stable to proteases than other prolamins,
possibly due to extensive disulfide linkages (Hamaker et al.
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1987). Studies in sorghum indicate that y-kafirin is fairly
resistant to proteolysis due to formation of a disulfide-bond
polymer network with itself and/or with B-kafirin (Shull ez
al. 1992; Oria et al. 2000), thus protecting the more diges-
tible and centrally located a-kafirins (Oria ez al. 1995a).

The o-kafirins are more predominant in the outer layers
of the grain, comprising 80 to 84% of the total kafirin frac-
tion in vitreous endosperm and 66 to 71% in opaque endo-
sperm (Watterson ef al. 1993). In the corneous endosperm,
the tightly packed protein matrix (consisting of protein
bodies and non-kafirins) surrounds the starch granules
(Taylor et al. 1984; Shull et al. 1990; Hamaker and Bugusu
2003) and acts as a barrier to starch gelatinization and
digestibility (Chandrashekar and Kirleis 1988; Duodu et al.
2002; Ezeogu et al. 2005) due to cross-linking between -
and B-kafirins and matrix proteins (Oria et al. 1995a;
Duodu et al. 2001; Hamaker and Bugusu 2003).

Cooking reduces protein digestibility by promoting for-
mation and interchange of disulfide linkages (Axtell et al.
1981; Hamaker et al. 1987; Oria et al. 1995b; Duodu et al.
2001, 2002). The negative impact of cooking on protein
digestibility has been mitigated by addition of 2-mercapto-
ethanol (ME) or other reducing agents (Hamaker et al.
1987; Elkhalifa ef al. 1999). These observations have streng-
thened the concept that disulfide bond formation plays a
critical role in reducing sorghum protein digestibility, and
this is widely accepted as a mechanism that acts to reduce
sorghum protein digestibility.

Nitrogen (N) content is conventionally measured by
combustion and protein content, calculated as N x 6.25
(Mosse 1990). Protein digestibility following treatment is
expressed as the proportion of remaining protein divided by
initial protein. But gross protein digestibility does not iden-
tify which protein or proteins are poorly digested and
remain in the residue. Better knowledge of the nature of
these undigested proteins might provide a means to devise
solutions to the problem. In 2001, Aboubacar et al. (2001)
published a rapid gel-based procedure to analyze proteins
remaining in the pepsin-undigested residue in a time-depen-
dent manner. Digestibility of individual proteins in a highly
digestible mutant line of sorghum with high lysine content
was compared to a wild-type variety of sorghum known to
be less digestible. Their conclusion was that a-kafirin was
the main protein remaining undigested by pepsin aftera 2 h
treatment of meal from the highly digestible sorghum line.
Since then, results of several studies have been published
using similar procedures to dissect sorghum protein digesti-
bility (Nunes et al. 2004; Wong et al. 2009, 2010).

We have adapted a similar pepsin digestion protocol
using a novel system of NuPAGE SDS gels that resulted in
improved separation of the extracted proteins and excellent
resolution of the different kafirin types. This procedure also
provides for comparison of protein digestion rates among
different sorghum lines (Wong ef al. 2009, 2010). However,
it is important to note that the migration patterns of the dif-
ferent kafirins are slightly different from those seen with the
traditional Tris-Glycine gel system. An account of the re-
sults using a gel-based system with a one-solvent extraction
method has been reported (Wong ef al. 2010). In the present
paper we present a detailed and systematic approach to
describe the fate of various kafirins during in vitro pepsin
digestion of uncooked and cooked sorghum meal from sel-
ected sorghum lines that differ in their reported digestibility
using one- and three-solvent extraction protocols. Western
blots employing various anti-zein and -kafirin antibodies
were used to identify and follow the oligomeric and mono-
meric forms of the different kafirin types.

MATERIALS AND METHODS
Materials
Several sorghum lines were used. ‘Tx7078°, ‘[A19°, ‘RTx430’

were obtained from USDA-ARS, Lincoln, NE; ‘P898012° was ob-
tained from Pioneer Hi-Bred (Johnston 1A); ‘296B’ was obtained
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from Dr. Ian Godwin, University of Queensland, Australia;
‘TCD898012° (‘TCD’) is a line derived from in vitro tissue culture
of ‘P898012°. Corn line ‘B73’ and its near-isogenic waxy (low
amylose) counterpart ‘T6-9WX’ were obtained from Dr. Jay Hol-
lick, UC Berkeley. Some of these seeds’ characteristics were des-
cribed previously (Wong et al. 2010). In brief, all sorghum lines
are non-waxy; ‘IA19’, ‘P898012” and ‘TCD’ seeds have a tannin-
containing sub-coat. /n vitro protein digestibility ranked as fol-
lows: ‘T6-9WX’ > ‘B73” > ‘P898012° > 296B’ > ‘IA19’ >
‘Tx7078” > ‘RTx430° (71.5%, 70.6%, 58.9%, 52.7%, 44.8%,
42.4%, 42.1%, respectively; SE = 2.6) (Wong et al. 2010). Protein
digestibility of “TCD’ was not previously described.

Pepsin (porcine stomach mucosa, P-7000) was from Sigma-
Aldrich (St. Louis, MO). NuPAGE Bis-Tris gels (Invitrogen,
Carlsbad, CA) or the equivalent Criterion XT Bis-Tris gels (Bio-
Rad, Hercules, CA) were used for protein separation using MOPS
buffer, pH 7.7 (Invitrogen). Two protein molecular weight stan-
dards were used: SeeBlue® Plus2 Prestained Standard (Invitrogen)
and PageRuler Plus Prestained Protein Ladder (Fermentas Inc.,
Hanover, MD).

Mono-specific antibodies against 19 kDa a-zein (B1), 22 kDa
o-zein (B), 27 kDa y-zein, 50 kDa y-zein and 10 kDa §-zein were
from Dr. Rudolf Jung, Pioneer Hi-Bred. Antibody against o-, -
and y-kafirins was obtained from Dr. Bruce R. Hamaker (Purdue
University, West Lafayette, IN).

Methods
1. Preparation of meal

Samples of mature dried sorghum and corn grain were ground in a
Wiley Mill through a 40-mesh screen. Ground meal was stored in
sealed conical tubes for short-term use at ambient temperature and
for long-term use at 4°C. Each sample was composed of two sub-
samples. Three replications were conducted for protein digesti-
bility with one solvent extraction, and 2 replications with three-
solvent extraction.

2. Cooking of sorghum and corn meal

Five hundred mg of meal was mixed with 5 parts of ddH,O (dis-
tilled deionized H,O) in 50-mL Falcon tubes and placed in a
boiling water bath for 20 min with occasional mixing. The gruel
was freeze-dried and then re-ground with a mortar and pestle. The
fine-powdered meal was stored in 50-mL tubes at ambient tem-
perature and used as cooked samples.

3. Protein content

Nitrogen concentration, N % 6.25 (Mosse 1990), of sorghum sam-
ples (3 x 5-6 mg of meal) was quantified by Micro-Dumas com-
bustion method (http://www.uga.edu/sisbl/udumas.html) using CE
Instruments NC-2100 elemental analyzer (Thermo Fischer Scien-
tific, Inc., Waltham, MA). Acetanilide was used as standard.

4. Protein digestibility

Total protein of control and residual protein of 2 h pepsin-digested
samples were quantified as described above. Protein digestibility
was calculated as the difference between total protein and residual
protein after 2 h of pepsin digestion, divided by the total protein;
results were expressed as a percentage.

5. Gel-based assay of time course of in vitro pepsin digestion
with one-solvent extraction

In vitro pepsin digestion at 37°C for various times, extraction of
pepsin-undigested protein using Borate-SDS-ME buffer, pH 10
and their subsequent separation on Bis-Tris gels with MOPS bufter,
pH 7.7 were as described (Wong ef al. 2009, 2010) (Fig. 1, path A).
When proteins were separated under non-reducing conditions, 2-
ME was omitted from NuPAGE Sample Buffer in preparing sam-
ples.
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Table 1 Relative percent of high vs. low M, regions and percentage of each region after subjecting to 2 h pepsin digestion.

Line % high M, to low M, regions in % protein digested in high M, region” % protein digested in low M, region”
untreated control lanes*
‘T6-OWX’ 59.5t039.5 67.5 61.2
‘B73’ 60.0 to 40.0 70.1 61.0
‘RTx 7078’ 52.0t048.0 87.3 54.4
‘1A19° 54.6t045.4 82.5 41.9
‘P89012’ 57.6t042.4 60.1 389
‘TCD? 57.5t042.5 60.8 52.2
‘Tx430° 56.2t043.8 81.5 45.9
296B° 57.7t042.3 85.7 44.0

* Relative percent calculated as adjusted volume (intensity x area) of HM; to LM regions in untreated control lanes.
# 9% Protein digested in each region = (control minus 2 h pepsin digestion)/control x 100

6. Gel-based assay of in vitro pepsin digestion with three-solvent
extraction

Pepsin digestion was as above except 2 h only and pepsin-undiges-
ted residues were sequentially extracted with 0.5 mL each of (i)
60% t-butanol, (ii) 60% ¢-butanol with 2-ME and (iii) 0.0125M
Borate-2%SDS-1% ME buffer, pH 10 (Fig. 1, path B). Extraction
was for 1 h with continuous shaking at ambient temperature. Ex-
tracts were recovered by centrifugation and used for SDS-PAGE
and western analysis after protein determination by the Noninter-
ference Protein Assay.

7. NuPAGE analysis of three-solvent extracted kafirins and
glutelins

Extracted protein samples after in vitro pepsin digestion were
analyzed by NuPAGE under non-reducing conditions. Novex Bis-
Tris gels (Invitrogen) or Criterion XT Bis-Tris gels (Bio-Rad)
provided better separation and resolution of small- to medium-
sized proteins due to the neutral pH environment that minimizes
protein modifications (Bean 2003; Wong et al. 2009, 2010). Ali-
quots (usually 100 pL) of protein extract were precipitated with 5
vol of acetone at -20°C overnight (o/n). Pellets recovered after
centrifugation were re-dissolved in 50 pL 1X NuPAGE sample
buffer with no 2-ME, boiled for 5 min, clarified by quick spin and
then run at RT on a 12% Bis-Tris gel with MOPS buffer, pH 7.7,
for 1 h 20 min at constant voltage of 150 V. M, standard used was
SeeBlue® Plus2 Prestained Standard (Invitrogen). Gels were
stained with colloidal Coomassie G-250 o/n and de-stained in
several changes of ddH,O0.

8. Non-interference (NI) protein assay

This assay was used to determine concentrations of extracted pro-
tein. Interfering substances were removed by precipitating protein
using Universal Protein Precipitation Agent (UPPAI and UPPAII),
according to manufacturer’s instructions (GBiosciences, St. Louis,
MO). Amount of copper ion not binding to the peptide backbone
of the solubilized protein was determined colorimetrically at 480
nm; bovine serum albumin (BSA) was used as standard.

9. Quantification of undigested protein separated on PAGE

Protein gels were scanned with a UMAX PowerLook 1100 scan-
ner (UMAX.com) with Photoshop 6. Gel images in TIFF format
were transferred and lane profiles (intensity) or band volume (in-
tensity X area) of prolamin bands were quantified using the Quan-
tity One program, version 4.6.9 (Bio-Rad). Lane profiles, used to
show relative amounts of each protein band separated, were ex-
pressed as intensity versus relative mobility (Rf) (Fig. 6). In the
volume mode, volume (intensity x mm?) was used to represent the
amount of protein remaining in the gel (Figs. 2, 4). Higher band
volume (i.e., larger amount of protein) indicated lower protein
digestibility and vice versa.

10. Western blots probed with antibodies against various zeins
and kafirins

Equal volumes (5 pL) of pepsin-undigested extracts from in vitro
pepsin digestion experiments were used. Protein samples were
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applied and separated on 12% Bis-Tris gels using MOPS buffer.
Proteins were transferred to nitrocellulose membranes at 70V for
80 min at 4°C. Primary antibody (as specified in Figure legends)
was used at 1:6250 dilutions in 5% powdered milk in TBS buffer
incubated o/n at 4°C. Secondary antibody was goat anti-rabbit
IgG-HRP conjugate (1 h at RT); membranes were developed
colorimetrically with HRP substrate for 30 min. The procedure for
multiple antibodies with color development was as described (Kra-
jewski et al. 1996) with modifications, which included using 5%
powdered milk instead of BSA and omitting the chemiluminescent
detection step. All peroxidase substrates were obtained from Vec-
tor Laboratories (Burlingame, CA). The color substrates used
were: anti o-zein Ab-VECTOR® SG (dark grey) or TMB (purple),
anti y-zein Ab- TMB (purple), anti B-kafirin and §-zein Ab- DAB
(brown).

RESULTS AND DISCUSSION

Separation of kafirin proteins is conventionally performed
using Tris-HCl SDS-PAGE gels developed with Laemmli
Tris-Glycine SDS running buffer (Hamaker ez al. 1995). As
a result, the most commonly used relative molecular mass
(M,) assignments of different kafirin types are based on this
system. Bean (Bean 2003) compared separation of kafirins
using precast NuPAGE Bis-Tris gels to the previously pub-
lished SDS-PAGE gels (Hamaker et al. 1995) and con-
cluded that precast NuPAGE Bis-Tris gels yield resolution
as good as or better than traditional SDS-PAGE gradient
gels. However, the NuPAGE gel system has not been widely
used to analyze sorghum storage protein separation until
recently (Emmambux and Taylor 2009; Wong et al. 2009,
2010).

Gel-based assay of in vitro pepsin-digested
proteins using one solvent extraction

A composite of gels of in vitro pepsin-digested meal from
six sorghum and two corn varieties differing in their diges-
tibility is presented (Fig. 2). Proteins in control and un-
digested (0 time) residues, following extraction with borate-
SDS-ME buffer, were separated on Bis-Tris gels developed
with MOPS buffer, pH 7.7. Control samples not treated
with pepsin (Fig. 2, lanes labeled C) showed a spectrum of
storage proteins with M, ranging from 15 to 200 kDa.
Separation of storage proteins on these gels could generally
be divided into two regions — proteins in the low M; (15 to
30 kDa; labeled “monomers™) and high M, (40 to 200 kDa;
labeled “glutelins and oligomers”) range. Proteins with M,
larger than 40 kDa were glutelins and oligomers of kafirins
or zeins (Nielsen et al. 1970; Hamaker et al. 1986; Wong et
al. 2010) and represented on average about 56.9% (range
52.0 to 60.0%) of the protein volume applied to the gel.
While the lower M, proteins (15 to 30 kDa) were various
monomeric forms of kafirins comprising on average about
43.0% (range 39.3 to 48.0%) of the protein volume applied
to the gel (Table 1). Monomeric proteins were more resis-
tant to pepsin digestion while glutelins and oligomers of
kafirin were less resistant, as judged by notable differences
in all sorghum varieties in the intensity of protein staining
after two hours of digestion (Table 1). Similar differences
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between the high and low M, regions in the two corn vari-
eties are less obvious.

Based on the M, assignments of different kafirins in the
published literature, the most abundant are a-kafirins with
M. of 22 and 25 kDa. If the a-kafirins were protected from
pepsin digestion by the more resistant disulfide complexes
formed by the cysteine-rich y-kafirins (29 kDa) and B-kafi-
rins (18 kDa) that surround them (Oria et al. 2000), the a-
kafirins would be the major proteins left undigested. On
close inspection of the gels (Fig. 2), more protein bands
were resolved in the monomeric region than were previ-
ously reported in the literature, and the 29 kDa kafirin (“y-
kafirin’) band seems to disappear (digest) faster than the a-
kafirins (22 and 25 kDa). These observations raise the ques-
tion about the true identity of the monomeric protein bands
in Fig. 2.

Identification of various types of kafirins with
immunoblots

A suite of monospecific zein antibodies was produced (Woo
et al. 2001), based on genomic analysis of zeins expressed
in corn endosperm. These monospecific antibodies distin-
guish between members of each zein family. Because zeins
are very closely related to kafirins, these corn antibodies
cross-react with orthologous sorghum kafirins (Wong et al.
2010), and therefore provide analytical tools to identify spe-
cific kafirins accurately after separation in reducing SDS-
PAGE gels. This can be seen in Coomassie blue-stained
gels (Fig. 3) of extracts of storage proteins from sorghum
variety ‘296B’ (lane A) and corn variety ‘B73’ (lane H).
Lanes B to G (sorghum) and lanes I to N (corn) show the
immunodetection of polypeptide bands by the monospecific
antibodies.

The 19 kDa a-zein antibody detects multiple bands in
the ‘B73’ corn extract, but only two bands in the sorghum
extract. The two major zein bands detected had M, of 22
and 28 kDa (Fig. 3, lane I); the two recognized kafirin
bands were of similar M,, 20 and 28 kDa (lane B). Reac-
tivity of 22 kDa o-zein antibody with the corn extract was
weaker than that of the 19 kDa o-zein antibody, with the
former antibody only recognizing one zein band at 24.5
kDa (lane J) but two bands with the sorghum extract, 24 and
28 kDa (lane C). The 27 kDa y-zein antibody cross-reacted
with multiple bands in the ‘B73’ corn extract; the M, of the
major band was 27 kDa with several minor bands of higher
M;s— 43, 49, 61 and 70 kDa (lane K). While the 27 kDa -
zein antibody recognized at least four bands in the sorghum
extract, the major band was M; 22 kDa with several minor,
higher M, bands — 43, 60, 72 and 96 kDa (lane D).

The 50 kDa vy-zein antibody recognized one protein
band of 38 kDa in the ‘B73’ corn extract (Fig. 3, lane L)
and at least three bands in the sorghum extract at M, of 40,
58 and 70 kDa with decreasing reactivity (lane E). The pro-
tein bands in the sorghum extract were different from those
that cross-reacted with the 27 kDa y-zein antibody. The 10
kDa §-zein antibody cross-reacted with two protein bands in
corn at M, of 18 and 23 kDa (lane M) and one faint band of
18 kDa in sorghum (lane F). The B-kafirin antibody recog-
nized two very faint bands in sorghum at M, of 15 and 17
kDa (lane G, indicated as arrows) and bands at 14 and 15
kDa with the ‘B73’ corn extract (lane N, indicated as
arrows). There were no detectable oligomers of this kafirin
under the conditions used in these experiments; however, in
other experiments with different sorghum lines a dimeric
form was detected (data not shown).

In Table 2 the M;s of the kafirin and zein bands recog-
nized by each of the zein antibodies in Fig. 3 are compared
to published values (Woo ef al. 2001). Our analyses reveal
that the monomeric y-kafirin migrates slightly faster and
thus is smaller than the corresponding y-zein and is smaller
than most of the a-kafirins. Analysis of results also shows
that a-kafirins have multiple forms with the major ones
being at M; of 23 and 29 kDa. Furthermore, a-kafirin was
shown to form a dimer (see Figs. 7B, 7E). Demonstrating
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Table 2 Assignment of M, of immunoreactive bands on western blots
recognized by various monospecific and polyclonal antibodies against
zeins and kafirins.

Antibody Bis-Tris gel (Fig. 3) Tris-glycine
gel*
Corn Sorghum B73
M,, kDa M,, kDa M,, kDa
22 kDa o-zein ~ 24.5" 24% 28°,18,20  22°
19 kDa a-zein 227, 28° 20", 28° 19%, 22
27kDay-zein  27% 43,49,61,70 22 43,60,72,96 30"
50 kDa y-zein 40, 58,70 40, 58,70 50
10 kDa 8-zein 18 20 10
B-kafirin 16,14 14,12 nd

* Values of M, cited are from Woo et al. (2001).
#Represents major M, forms detected.

that the apparent molecular weights of major monomers of
a-kafirins are larger than y-kafirins has not been reported in
the sorghum digestibility literature.

Fates of various kafirins during in vitro pepsin
digestion

Having the ability to identify specific kafirins and to follow
their fate during digestion using monospecific antibodies
can lead to the development of a more in-depth understan-
ding of the in vitro digestion process. A composite of gel
pictures (Fig. 4) of four sorghum and two corn varieties,
selected from Fig. 2, shows the fates of a-, f- and y-kafirins
(sorghum) and o-, B- and y-zeins (corn) during a time
course of in vitro pepsin digestion. It is well established in
the literature that pepsin digestion of corn meal is faster
than that of sorghum (Mertz et al. 1984). But for the first
time we show in this study that the initial rates of disap-
pearance of zeins are much more rapid than those of kafi-
rins. Among the kafirins, digestion slopes appear relatively
linear throughout the time course, and amounts of each
kafirin are fairly consistent among the sorghum varieties
with: al > 02 > 3 > y+a. A significant finding was that y-
kafirin, which migrates with a minor form of a-kafirin, had
the slowest digestion rate and that digestion of this storage
protein may be a limiting factor in kafirin digestibility. This
finding is still consistent with the fact that y-kafirin is more
resistant to digestion, despite the fact that the M; of this y-
kafirin is 20 kDa rather than 29 kDa. Overall, all different
types of kafirins were digested faster in the more digestible
sorghum varieties (‘P898012°, ‘TCD’) than the less digesti-
ble ones (‘296B°, ‘1A19°).

Detection of oligomers during pepsin digestion
under non-reducing conditions

In addition to monomers, kafirins have been shown to exist
in various oligomeric forms. These higher M, kafirins are
thought to be more resistant to pepsin digestion (Oria et al.
1995b; El Nour et al. 1998; Duodu et al. 2003; Nunes et al.
2005). One way to observe the existence of oligomers is to
separate extracted proteins after pepsin digestion on SDS-
PAGE gels under non-reducing conditions (Duodu et al.
2002; Nunes et al. 2004, 2005).

Four sorghum lines, ‘P898012°, ‘TCD’, ‘296B’, and
‘IA19’, having differing protein digestibility characteristics,
were selected from those in Fig. 2. Proteins were extracted
from pepsin-undigested residues and then resolved on
NuPAGE gels under non-reducing conditions (Figs. 5A,
5C). Corresponding immunoblots, using antibody against
the 27 kDa y-zein, were used to show that the most pro-
minent oligomers were y-kafirins that reacted with the -
zein antibody (Figs. SB, SD). On the protein gels, it was
difficult to clearly define, based solely on M;s, which high
M; protein bands corresponded to oligomers of kafirins
because some of these protein bands are glutelins (Figs. SA,
5C). However, in analyzing the immunoblots made with the
27 kDa y-zein antibody, differences among sorghum lines
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Flour
1 (500 mg)
5 parts of H,0 20 min @ 100°C (cooked)

Flour (raw) /Gruel (freeze-dried)
(50 mg)
1.0 m1 0.1 M phosphate buffer, 1.0 ml Pepsin solution (20 mg/ml in

pH 2.0 (incubate at 37°C for 2 hr) 0.1 M phosphate buffer, pH 2.0)
Incubate at 37°C for 2 hr

Supernate Residue
(Discard) Re-suspend in buffer; then H,O
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Fig. 1 Scheme of in-vitro pepsin digestion. Extraction of undigested pepsin residue when performed with 1-solvent (A) and 3-solvents (B), followed by
gel-based analysis of extracted proteins.

Fig. 2 Composite of protein gels showing time course of in-vitro pepsin digestion of six sorghum and two corn lines of different protein digestibility.
Undigested proteins were extracted with borate-SDS-ME buffer, pH 10 and separated on XT Bis-Tris gel that was developed with MOPS Buffer, pH 7.7.
Sorghum varieties, ‘Tx7078’, ‘IA19°, ‘RTx430’, 296B°, ‘P89012°, ‘TCD’, and corn varieties, “T6-9WX’, ‘B73’, indicated at the top of gel. Duration of
pepsin digestion indicated at the bottom of gel. Molecular weight markers indicated in kDa on right.

Fig. 3 Composite of protein gels showing storage proteins of sorghum and corn. Stained proteins (lanes A, H) and western blots showing immuno-
detection of polypeptide bands (lanes B-G; I-N) from sorghum (‘296B’) and corn (‘B73”) by monospecific zein and kafirin antibodies. Antibodies are
0Z19B: 19 kDa o-zein; 0Z22: 22 kDa a-zein; yZ27: 27 kDa y-zein; yZ50: 50 kDa y-zein; 6Z10: 10 kDa 3-zein; PKafirin: B-kafirin. The color substrates
used were: anti a-zein AB-VECTOR®SG (dark grey) or TMB (purple), anti y-zein Ab- TMB (purple), anti B-kafirin and 3-zein Ab-DAB (brown).
Molecular weight markers indicated in kDa on left and right.

Fig. 4 Digestion profiles of kafirins and zeins. Amount of indicated kafirins (al, a2, B, y, hg) remaining after various pepsin digestion times (0, 30, 90,
120, 180 min) are indicated for four sorghum (‘P898012°, ‘TCD’, ‘296B’, ‘1A19’) and two corn (‘T6-9WX’, ‘B73”) lines. The band (hg) is a 39 kDa
protein that resists digestion but does not cross-react with any of the antibodies tested. The identity of this protein band is not known, and might be a
residual protein derived from pepsin because its presence is always detected when pepsin is added to samples.
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Fig. 5 Composite of protein gels showing storage proteins separated on NuPAGE gels under non-reducing conditions. Samples from four sorghum
varieties (‘P898012°, ‘TCD’, 296B’, ‘IA19’) include undigested (C) and pepsin-digested (0, 30, 90, 120, 180 min) that were separated on NuPAGE under
non-reducing conditions. Gels on left (A, C) are stained. Gels on right (B, D) are westerns probed with antibody to 27 kDa y-zein. Corn extract of ‘B73’
was included as reference in all four panels (A-D). Molecular weight markers indicated in kDa on left, in middle and on right. Specific molecular weights

of interest are indicated as 20, 42, 58, 78, 96.

Fig. 6 Scans of NuPAGE gels showing effects of cooking on formation of oligomers. Two sorghum varieties, ‘296B’ and ‘IA19°, were used. In (A) and
(B), black line indicates uncooked samples, red line cooked samples. In (C) and (D), susceptibility to pepsin digestion of various oligomeric forms of
kafirins in sorghum variety ‘296B’ are profiled in uncooked (C) and cooked (D) samples. In E and F, similar profiles of sorghum variety ‘IA19” are shown
for uncooked (E) and cooked (F) samples. Solid line is control sample with no pepsin treatment; dashed line is 2 h pepsin-treated sample. Positions of
monomers, dimmers, trimers and tetramers are indicated with bracket (monomers) and arrows. Protein intensity, indicated on y axis at left, is determined
by gel scanning. Migration distance (Rf) is indicated on top. Molecular weights in kDa are indicated on x axis at bottom.

are noted. The 20 kDa monomer of y-kafirin in “TCD’ dis-
appeared more rapidly than in the other sorghum varieties
and the dimer, trimer and tetramer forms in ‘TCD’ and
‘IA19’ were not detectable (Figs. 5B, SD). The rapid dis-
appearance of y-kafirin and the absence of its oligomeric
forms were taken as evidence that ‘“TCD’ is the most diges-
tible of the four sorghum lines studied. This conclusion is
consistent with “TCD”’s protein digestibility (Figs. 2, 4).
‘P898012° and 296B’ appear to be intermediate in diges-
tion (Figs. 2, 4) and both show evidence of dimer and
trimer forms of y-kafirin (Figs. SB, 5D). Similar to ‘TCD’,
immunoblots of ‘IA19’ show no detectable dimer, trimer
and tetramer forms of y-kafirin; however, unlike ‘TCD’,
digestion of ‘IA19”s 20 kDa y-kafirin appears to be the
slowest and is consistent with its slow protein digestibility
(44.8%). In the case of ‘TA19’, it is tempting to attribute
low protein digestibility to the presence of tannin in its testa
layer. Tannin has been shown to inhibit enzymes and bind
to y-kafirin, rendering it harder to digest and extract (Taylor
et al. 2007). However, ‘P898012° and ‘TCD’ also have a
testa layer with tannins. This serves as a good example to
show how multiple approaches to a problem can lead to a
better understanding and explanation of observations.

Effect of cooking on formation of kafirin oligomers

Cooking promotes formation and interchange of disulfide

linkages among proteins with cysteine residues (Axtell ez al.
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1981; Hamaker et al. 1987; Oria et al. 1995b; Duodu et al.
2001, 2002) that impede digestion. Because y-kafirins and
B-kafirins are rich in cysteine residues, they are prone to
form disulfide-bond polymer networks, either among like
kafirins or with each other (Shull et al. 1992; Oria et al.
2000), that are protease-resistant and thus protect the more
labile and centrally located a-kafirins (Oria ef al. 1995a). In
fact, it has been stated that the amount of high M, oligomers
formed is proportional to the degree of indigestibility
(Duodu et al. 2002; Nunes et al. 2005; Byaruhanga et al.
2006).

The effect of cooking on the formation of high M,
oligomers of kafirin in ‘296B’ and ‘IA19’ is shown in Figs.
6A and 6B, respectively. The effects of pepsin digestion on
the fate of monomers and oligomers of kafirins were also
studied in uncooked and cooked samples of 296B’ (Figs.
6C vs. 6D) and ‘TA19’ (Figs. 6E vs. 6F), respectively.
Cooking is shown to promote formation of disulfide-linked
oligomers and polymers; preliminary evidence suggests that
a- and B-kafirins can form dimers but other oligomers are
predominantly formed by y-kafirins. But the proportion of
oligomers formed is relatively minor compared with the
major monomeric regions (Figs. 6A, 6B), so it is premature
to conclude that the formation of indigestible oligomers is
related to protein indigestibility and further investigation is
needed. The methods and procedures described in this paper
will provide the tools necessary to better understand the
impact of oligomer/polymer formation on the digestibility
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of sorghum.

The one solvent extraction protocol described above
yielded interesting information about the variability in
digestion of various kafirins from different sorghum vari-
eties. The y-kafirins represent a small percentage of total
kafirins yet seem to be present in the pepsin-undigested
residues under several circumstances, while the a-kafirins, a
multi-gene family that make up 80% of the total kafirins, do
not. This suggests the idea that a-kafirins might participate
in forming oligomeric networks with themselves and/or
with other kafirins.

Sequential extraction by three solvents of pepsin-
undigested residues of uncooked and cooked
sorghum and corn meal

El Nour et al. (1998) showed that kafirins exist in oligo-
meric forms, when meal is extracted using 60% ¢-butanol as
the extraction solvent. Based on their work and others (EI
Nour et al. 1998; Nunes et al. 2004, 2005), we adopted a
sequential, three-solvent system to extract the protein re-
maining undigested by pepsin. We used this approach (Fig.
1, path B) to attempt to assess the relative contributions of
the various oligomeric forms of kafirin toward sorghum’s
indigestibility. In addition this approach provides an op-
portunity to determine how cooking affects formation of
oligomers and their subsequent susceptibility to pepsin
digestion. The three-solvent system was used to extract pro-
teins from uncooked (Fig. 7) and cooked (Fig. 8) sorghum
and corn samples, both before and after 2 h pepsin digestion
(Fig. 1, path B). Results are presented in the form of protein
gels and immunoblots.

1. Extraction with 60% t-butanol

Extraction with 60% ¢-butanol was used to extract prol-
amins in their native state to determine if any oligomeric
forms of prolamin existed in uncooked samples. Several
groups of proteins were observed in the sorghum residues,
yielding approximately similar amounts of protein in low
M; (14 to 28 kDa) and mid M; (45 to 51 kDa) regions, with
a trace amount in the higher M, regions, i.e., 60 to 70 kDa, >
95 kDa (Fig. 7A); extracts of corn showed exceptions
(lanes 5 and 6, see below). Sorghum lines ‘P898012° and
‘TCD’ had more proteins extracted in the low and mid M,
regions relative to sorghum varieties ‘296B’ and ‘IA19’
(Fig. 7A, lanes 1 and 2 vs. 3 and 4). The extracted oligo-
meric forms (45 to 51 kDa) seemed to be more resistant to
pepsin digestion than the monomeric forms (Fig. 7A, lanes
7-10 +pepsin vs. 1-4 -pepsin). Corn was very different from
sorghum. Much more protein was extracted with 60% ¢-
butanol from the undigested meal and also higher quantities
and more forms of zein oligomers were observed than in
sorghum (Fig. 7A, lanes 5 and 6 vs. lanes 1 to 4). Zein
oligomers disappeared almost completely following 2 h
pepsin treatment (Fig. 7A, lanes 11 and 12).

Notably, cooking affects the extractability of the oligo-
mers. Trace amounts of kafirin oligomers were extracted
with 60% #-butanol from cooked samples of sorghum (Fig.
8A, lanes 1-4), and much lesser amounts of proteins were
extracted from cooked samples of corn (Fig. 8A, lanes 5
and 6), under the same conditions. The zein oligomers were
much more susceptible to pepsin digestion (Fig. 8A, lanes
11 and 12) relative to those of sorghum samples (Fig. 8A,
lanes 7 to 10). These observations corroborate the fact that
cooking affects sorghum protein digestibility much more
than that of corn (Mertz ef al. 1984).

2. Immunoreactivity of proteins extracted with
60% t-butanol

Polypeptides extracted with 60% ¢-butanol showed visible
immunoreactivity with the 22 kDa a-zein antibody but not
with 27 kDa y-zein antibody in both uncooked (Figs. 7B vs.
7C) and cooked (Fig. 8B vs. 8C) samples. This indicates
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that the polypeptides extracted with 60% z-butanol in sorg-
hum and corn were made up predominantly of a-kafirin and
a-zein subunits, respectively.

3. Extraction with 60% t-butanol plus 2-ME

The addition of 2-ME to this extraction procedure is used to
reduce disulfide linkages between prolamin subunits and
improve their solubility in 60% ¢-butanol. Thus, a majority
of kafirins was extracted (Figs. 7D, 8D), indicating that the
cross-linking affected their solubility in #-butanol. Two
groups of proteins were extracted with this procedure. The
major group, with M, ranging from 16 to 28 kDa, represents
the monomeric forms of kafirin or zein and this group is
much more extractable with this solvent than with #-butanol
alone (Figs. 7D, 8D vs. Figs. 7A, 8A). A minor group, with
M, around 45 to 51 kDa, include the dimeric forms of
kafirins and zeins (Fig. 7D, lanes 1 to 6), which appear to
resemble proteins of similar M, extracted with 60% #-buta-
nol alone (Fig. 7A, lanes 1 to 6). Kafirin proteins with M,
above 60 kDa were not extractable under these conditions.
The extracted dimeric kafirins showed differential suscepti-
bility to pepsin digestion. In three out of four uncooked
sorghum samples analyzed (Fig. 7D, lanes 1 to 4 vs. lanes 7
to 10), the monomeric forms were very susceptible to pep-
sin digestion except ‘IA19’ (lane 10). All forms of zein in
uncooked corn were extremely digestible (Fig. 7D, lanes 5
and 6 vs. 11 and 12). Dimeric forms of kafirin also digested
readily to a certain level (Fig. 7D, lanes 1 to 4 vs. 7 to 10),
to a lesser extent with ‘IA19’ (lane 10).

As judged by staining intensity, similar amounts of the
monomeric, as well as dimeric, forms of kafirins, are re-
covered from cooked vs. uncooked samples, when extracted
with the addition of 2-ME (Fig. 8D, lanes 1 to 4 vs. Fig. 7D,
lanes 1 to 4) but they are more resistant to pepsin digestion
when cooked (Fig. 8D, lanes 7 to 10 vs. Fig. 7D, lanes 7 to
10). This observation suggests that heating affects kafirin
structure causing the proteins to become more resistant to
pepsin digestion in the four sorghum lines analyzed. This
observation is in contrast to corn where any structural change
caused by heating does not seem to affect zein protein
digestibility (Figs. 8D vs. 7D, lanes 5 and 6 vs. lanes 11 and
12).

4. Immunoreactivity of proteins extracted with
60% t-butanol-ME

Most monomeric forms of kafirin (18 to 28 kDa) in the
undigested, uncooked meal cross-reacted strongly with the
22 kDa o-zein antibody with the characteristic M;s at 28
and 23 kDa and with fainter reactivity at 20 and 19 kDa
(Fig. 7E, lanes 1 to 4). The faint reactivity of the kafirins
with the 27 kDa y-zein antibody (Fig. 7F, lanes 1 to 4)
strongly suggests that most proteins extracted with 60% ¢-
butanol-ME in uncooked samples were o-kafirins that exis-
ted in cross-linked forms because they were not extracted in
t-butanol alone. Cooking may promote some interaction
between a- and y-kafirin as indicated in Fig. 8F, lanes 1 to
3. The trace reactivity of dimeric forms of kafirin at 50 kDa
with the 22 kDa a-zein antibody, but not with the 27 kDa -
zein antibody (Fig. 7E, lanes 1 to 4 vs. Fig. 7F, lanes 1 to
4), suggests that a-kafirin can form dimers. In summary,
proteins extracted with 60% #¢-butanol-ME were comprised
of predominantly a-kafirins.

Different observations were found in corn. In addition
to cross-reaction with the 22 kDa a-zein antibody, a signifi-
cant amount of extracted protein also showed cross-reac-
tivity with the 27 kDa y-zein antibody in both the mono-
meric and dimeric regions in uncooked (Figs. 7E vs. 7F,
lanes 5 and 6) and cooked samples (Figs. 8E vs. 8F, lanes 5
and 6), although the proteins were very susceptible to pep-
sin digestion in both uncooked (Figs. 7E and 7F, lanes 11
and 12) and cooked samples (Figs. 8E vs. 8F, lanes 11 and
12). It is important to note that 60% ¢-butanol-ME did not
appear to extract y-kafirin effectively.
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Fig. 7 Composite of protein gels and immunoblots of residual proteins following pepsin digestion of uncooked sorghum and corn samples.
Samples with (+) and without (-) pepsin were extracted sequentially with 60% #-butanol (A to C), 60% #-butanol + 2-ME (D to F), and borate-SDS-ME (G
to I). Extracts were precipitated and pellets redissolved; equal volumes were separated on Criterion XT gel under non-reducing conditions. Samples are
‘P898012’: lanes 1, 7; ‘TCD’: lanes 2, 8; 296B’: lanes 3, 9; ‘[IA19’: lanes 4, 10; ‘B73’ (corn): lanes 5, 11; ‘“T6-9WX’ (corn): lanes 6, 12; reference is
‘P898012°, borate-SDS-ME extract dissolved in reducing buffer: lane 13. Stained protein gels are presented in panels A, D, G; westerns using 22 kDa a-
zein antibody in panels B, E, H; westerns using 27 kDa y-zein antibody in panels C, F, I. The major protein band at 39 kDa is the same as hg in Fig. 4.

Molecular weights in kDa are indicated on left of each gel and far right.

Fig. 8 Composite of protein gels and immunoblots of residual proteins following pepsin digestion of cooked sorghum and corn samples. Samples
with (+) and without (-) pepsin were extracted sequentially with 60% z-butanol (A to C), 60% t-butanol + 2-ME (D to F), and borate-SDS-ME (G to I).
Extracts were precipitated and pellets redissolved; equal volumes were separated on Criterion XT gels under non-reducing conditions. Samples are
numbered as in Fig. 7. Stained protein gels are presented in panels A, D, G; westerns using 22 kDa a-zein antibody is panels B, E, H; westerns using 27
kDa y-zein antibody in panels C, F, I. Molecular weights in kDa are indicated on left of each gel and on far right.

5. Borate-SDS-ME extraction

This solvent is traditionally used to extract cross-linked glu-
telins (M, >40 kDa) after dilute salt and alcohol extractions
(Hamaker ef al. 1986) and is the same solvent used for the
one-solvent extraction (Fig. 2). Glutelins contain large num-
bers of disulfide-linked polypeptides relative to albumins,
globulins and kafirins (Nielsen et al. 1970). Using this
borate solvent extraction method, large numbers of proteins
were extracted with several prominent bands in the M,s
range of 39 to 97 kDa. Considerable smearing occurred
when the gel was run under non-reducing condition, when
samples were not denatured by boiling in the presence of 2-
ME. The ‘glutelin’ fraction in both sorghum and corn
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showed no differential susceptibility to pepsin digestion in
uncooked samples, as all protein bands were easily digested
with the exception of two protein bands, i.e., 39 and 20 kDa
(Fig. 7G, lanes 1 to 6 vs. 7 to 12). Cooked samples had
fewer extracted proteins (less intense staining); this might
be due to aggregation promoted by high temperatures that
rendered proteins less extractable (Fig. 8G, lanes 1to 6 vs.
Fig. 7G, lanes 1 to 6). But, digestion by pepsin of the
cooked samples appears almost equal to that of uncooked
samples (Fig. 8G, lanes 7 to 12 vs. Fig. 7G, lanes 7 to 12).
Of the two resistant protein bands, the major one,
around 20 and 27 kDa for sorghum and corn respectively,
was present in all control samples and was resistant to
pepsin digestion in all uncooked sorghum and corn samples
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Table 3 Percent protein N in residues after 3-solvent sequential extraction.

Sample Uncooked Cooked
% Protein N % Protein N
Control Post-pepsin _ Control Post-pepsin

‘P89012° 2.69 2.41 2.50 225
‘TCD’ 2.19 222 2.72 2.44
296B° 3.88 3.13 5.03 3.88
‘TA19’ 4.19 4.03 5.84 5.19
‘B73’ 2.31 225 225 1.84
‘T6-9WX®  2.53 2.03 3.44 3.06

(Fig. 7G, lanes 1 to 6 vs. lanes 7 to 12). The other band, M,
around 36 to 38 kDa, which does not appear in control
samples (lane 13), was less abundant than the 20 kDa
protein in both uncooked (Fig. 7A, lanes 7 to 12) and cooked
(Fig. 8G, lanes 7 to 12) samples of sorghum and corn. The
identity of this protein band is not known, and might be a
residual protein related to pepsin because its presence is
always observed where pepsin is added.

6. Immunoreactivity of proteins extracted with borate-
SDS-ME

The 27 kDa y-zein antibody cross-reacted strongly with
several extracted protein bands at 20, 43 and 58 kDa in all
uncooked sorghum and corn lines except ‘1A19° (Fig. 71,
lanes 1 to 3, 5 and 6 vs. 4). These bands represent the
monomeric, dimeric and trimeric forms of y-kafirins that
were readily extracted with this solvent system. This ob-
servation is important in that it explains why y-kafirin is
absent when extracting with 60% #-butanol and 60% ¢-
butanol with 2-ME; because y-kafirin and its oligomers are
readily extracted in this solvent, as reported previously
(Evans et al. 1987). There was a minor presence of a-kafi-
rins in this extracted fraction of uncooked samples, as
evidenced by the slight reactivity with the 22 kDa a-kafirin
antibody (Fig. 7H, lanes 1 to 4); similar results were found
in the cooked samples (Figs. 8I vs. 8H, lanes 1 to 4).
Immunoblot analyses reveal that native dimeric forms of o-
kafirins exist but the majority of dimer, trimer and tetramer
forms that exist are made up predominantly of y-kafirins
(Figs. 71 and 81, lanes 1 to 6).

Even after using the three-solvent extraction system, ex-
traction is not complete. Table 3 shows 2 to 5 % of protein
remains in the residues after sequential extractions with the
three solvents. And it is notable that the more indigestible
‘IA19’ variety has more of these residues than the other
more digestible varieties. Identification of these un-extrac-
table proteins requires further investigation.

CONCLUDING REMARKS

The extent of kafirin digestion has long been associated
with total digestibility of sorghum meal. The gel-based,
one-solvent extraction of pepsin-undigested residues used
previously gives an overall approximation of digestion rates
of sorghum meal. The superior resolution of individual pro-
teins with the Bis-Tris gel system showed that a-, -, y- and
d-kafirins are digested at different rates in the pepsin indi-
gestible residues. Immunoblot analysis revealed that the
most predominant protein band is a y-kafirin with an M,
lower than most a-kafirins. The a-kafirin family is observed
as multiple bands reflecting that they are products of a
multigene family. They can be detected in dimer form;
however, y-kafirins represent most of the oligomeric forms
identified when using a one-solvent extraction system.
Gel-based analysis of extracted proteins using the three-
solvent system adds more detailed information than the
one-solvent system. Through the use of the three-solvent
system, we have shown that a-kafirins are more hydropho-
bic than y-kafirins because most are extracted in 60% ¢-
butanol in the presence of 2-ME. A small percentage of the
a-kafirins exist as dimers extractable without a reductant,
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but the majority exists as disulfide-linked forms, causing
their extraction to require the addition of a reducing agent
during butanol extraction. y-Kafirins are, however, pref-
erentially extracted in Borate-SDS-ME buffer, pHI10.
Because of the differences in their solvent solubility, the use
of the Borate-SDS-ME buffer (one-solvent extraction)
favors the extraction of y-kafirins over a-kafirins, a feature
that likely explains why both the monomeric and oligo-
meric forms of y-kafirins are more protease resistant than o-
kafirin, i.e., the buffer is preferentially extracting more y-
kafirins than a-kafirins. This observation argues for the
need to use the 3-solvent system to crosscheck findings
related to specific kafirin digestibility.

Cooking promotes the formation of disulfide linked
oligomers and polymers, especially among y-, B- and o-
kafirins. But the proportion of these oligomers formed is
relatively minor when compared with the monomeric forms.
Further investigation is, therefore, needed to establish whe-
ther the formation of indigestible oligomers is proportional
to negative effects on protein digestibility. The analytical
systems described in this study provide a useful set of tools
to dissect the role of these kafirin oligomers and polymers
in digestibility.

Sorghum, like all crops, is subject to environmental
influences that can affect the digestibility of the grain. In
order to make improvements in grain protein digestibility, a
thorough understanding is needed of how various types of
storage proteins form and interact and how they behave
when subjected to digestion. The approaches used in this
study provide a systematic set of tools to analyze in detail
how the formation and interaction of specific kafirins affect
their behavior during pepsin digestion. The knowledge
gained will lead to a better understanding of the mecha-
nisms involved in protein digestibility, thereby making pos-
sible the manipulation of identified genes responsible for
protein formation and composition to delineate further their
effects on digestibility. Thus, new conventional or molecu-
lar strategies to improve sorghum digestibility may be
devised.
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