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Abstract

The 13kDa prolamins, one of the rice storage proteins, consist of complex mixtures of polypeptides
encoded by multigene family that show heterogeneity both in size and solubility. Although many researchers
have isolated prolamin ¢cDNA clones, it has not been possible to correlate most of these cDNA clones with
individual 13kDa prolamin mature polypeptides. We isolated three new prolamin cDNA clones, ARMI,
ARM4 and ARMS9. Further more, we purified six 13kDa prolamin polypeptides from rice type I protein
bodies, and determined these amino acid sequences. Here we demonstrate a classification for the 13kDa
prolamin polypeptides which can be divided four classes, 13-1, 13-IIa, 13-1Ib and 13-II1. Cysteine labeling of
the prolamin polypeptides indicated that 13- contains cysteine residues, but 13-I1a or 13-IIb have no cysteine
residues. The 13-1 polypeptide was soluble in nonreducing solution when their cysteine residues form
intramolecular disulfide bonds, but not soluble at intermolecular honding.

Abbreviations

ABD-F, 4-{aminosulfonyl) -7-fluoro-2,1,3,-benzoxadiazole; CBB R-250, Coomassie Brilliant Blue R-250;
EST, expressed sequence tag; FPLC, Fast Protein Liquid Chromatography; 1EF, isoelectrofocusing electro-
phoresis; PB-T’s, type I protein bodies; PB-II’s, type II protein bodies; SDS-PAGE, sodium dodecyl sulfate
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—polyacrylamide gel electrophoresis; TBP, tri-#-buthyl phosphine; TFA, trifluoroacetic acid

1. Introduction

Rice seed endosperm cells contain two types of
storage proteins, prolamin and glutelin that are
defined as alcohol-soluble and alkaline (and/or acid)
soluble proteins, respectively. It has been shown that
prolamin accumulates in the type [ protein bodies (PB
-T's), and glutelin in the type II protein bodies (PB-
[I’s) [Tanaka ef a/. 1980]. The population of PB-I
proteins are 18-35% of all endosperm protein
[Ogawa et al., 1987, Li and QOkita 1993, Krishnan and
White 1995] , but almost these proteins are wasted
from the viewpoint of human nutrition; cooked PB-T’s
pass through the human digestive tract as discrete
particles [Tanaka et al., 1973, Tanaka ef al., 1978,
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Resurreccion and Juriano 1982] . Although rice is
identified as one of the carbohydrate sources for
World’s population, many Asian pecple depend on rice
as a major protein source. In order to improve the
availability of rice PB-I proteins, it is necessary to
elucidate the correspondences of prolamin genes in
PB-I's with their proteins.

Prolamins are encoded by the multigene family, and
separate into three major polypeptide bands with
apparent molecular sizes of 10 kDa, 13kDa and 16 kDa
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) [Ogawa ef af., 1987] .
Micro heterogeneity exists within the 13kDa and the
16kDa prolamin classes. Ogawa ef al., [1989]
reported five distinct 13kDa prolamin polypeptides
separated by two-dimentional electrophoresis. They
also found that some 13kDa prolamins, designated
”13a”, could be extracted in the complete absence of
while the remaining 13kDa
prolamins ”13b” required reducing conditions, as do
the 10kDa and 16kDa prolamins. Hibino ef al.,

reducing agents,
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[1989] extracted prolamins with 609 1-propanol and
showed that isoelectrofocusing electrophoresis (IEF)
separated the 13kDa prolamins into seven polype-
ptides. Horikoshi ef af., [1991] reported resolution
of five 13kDa prolamins by IEF.

Amino acid sequencing and ¢cDNA cloning of rice
prolamins have been reported. A ¢cDNA encoding the
10 kDa prolamin has been isolated by Masumura ef al.
[1989b] . The predicted NH,-terminal sequence is
identical to that of purified 10kDa prolamin polype-
ptide. Horikoshi e¢f af., [1991] purified a "major
prolamin” and reported its complete amino acid
sequence, the molecular size of the “major prolamin”
was estimated at 15,000 by SDS-PAGE [Horikoshi e?
al., 1991] . Tt’s sequence is highly homologous (85—
999% sequence identity) to deduced amino acid
sequences from isolated cDNA clones, pProl 7 [Kim
and Okita 1988a] , pProl 14 [Kim and Okita 1988b] ,
pX24, pS23 [Shyur and Chen 1990] and ARM?2
[Yamagata ¢f /. 1992] . In addition, three cDNA
clones, ARM7 [Masumura et al., 1990] , pS18
[Shyur et af. 1992] and pProl 17 [Kim and Okita
1988b] have also been reported, but these amino acid
sequences share lower homology (58-709% of amino
acid identities) with that of the “major prolamin”
purified by Horikoshi ef af., [1991] . Most of the
prolamin ¢cDNA clones have not been identified by
corresponding sequences of purified prolamin polype-
ptides.

In order to resolve the characteristics of the
prolamin polypeptides , it is necessary to identify the
amino acid sequences of prolamin polypeptides corre-
sponding to c¢DNA We report here
purification of six 13kDa prolamins by reverse-phase
column chromatography and determination of partial
amino acid sequences for their tryptic peptides. We
have also isolated three new prolamin ¢cDNAs distinct
from previously reported prolamin genes. By these
approaches it should be possible to identify proteins
corresponding to specific prolamin clones, and to
classify the cDNA clones, together with the prolamin
clones isolated previously, into four classes.

clones.

2. DMaterials and Methods

2.1 Preparation of the vice PB-1 fraction

The PB-1 fraction was prepared by the method of
Ogawa et al., [1987] with some modifications.
Matured rice seeds (100 g) (Owyza sative, 1. Japon-
ica cv. Nipponbare) were homogenized in homogen-
ization buffer (50 mM Tris-HCI, pH7.5, 50mM potas-
sium acetate, 5mM magnesium acetate including
0.5 M sucrose) at 0°C using a polytron homogenizer
(Kinematic). The homogenate was centrifuged at
5,000 X g for 10 min. The precipitate was resuspend-

ed in 50m/ of the homogenization buffer supplement-
ed with 0.2% (w/v) Cellulase "Onozuka RS”, 0.2%
{w/v) Maserozyme and 0.02% {w/v) Pectolyase, and
incubated at 37°C for 18 h. The incubated mixture
was centrifuged at 200xg for 10 min. The super-
natant was recentrifuged at 5,000 < g, and the 5,000 x
g precipitate was washed with the homogenization
buffer. The fraction named “total PB fraction” was
resuspended in 10 m/ of the homogenization buffer and
stored at 4°C hefore using. To prepare the PB-I
fraction, the total PB fraction was resuspended in (0.2
M sodium acetate-HCl, pH1.7 containing 10 ggm/{™
pepsin (2,660 units mg~!, Sigma). The mixture was
incubated at 37°C for 2 h with gentle shaking. After
incubation, the remaining particles were pelleted and
washed with the homogenization buffer, then stored at
4°C until use.

2,2 Fractionation of polyvpeptides from the vice
PB-I fraction

Polypeptides were extracted from the PB-I fraction
by shaking for 1 h at room temperature in N buffer
(62.5mM Tris-HCl, pH7.0 with 4 M urea and 2%
(w/v} SDS). After shaking, suspensions were
centrifuged at 15,000 X g for 10 min. The supernatant
and the pelleted materials were subjected to SDS-
PAGE using a 16% (w/v) acrylamide gel, after
resuspending in R buffer (62.5mM Tris-HCl, pH7.0
with 4 M urea, 10mM tri-s-buthyl phosphine (TBP)
and 29 (w/v) SDS). Separated polypeptide bands
were stained by Coomassie Brilliant Blue R-250 (CBB
R-250).

2.3 Reduction and fluovescent labeling of polype-
plides

Fluorescent labeling of protein fractions by reaction
with 4 -(aminosulfonyl)-7-fluoro-2,1,3,- benzoxadi-
azole (ABD-F, Dojin) was performed according to
the method previously described by Kirley [1989] .
Reactions were performed in 50 mM Tris-HCl, pH7.0,
4 M urea, 29% (w/v) SDS, 15% (v/v) DMSO and 8 mM
ABD-F at 56°C for 1 h at protein concentrations
ranging from 0.2 to 2mg m/~'. After labeling, the
reaction mixture was separated by SDS-PAGE. Gels
containing fluorescently labeled polypeptides were
placed under UV illumination {365nm) and photogra-
phed using Polaroid film (No.667). Afterwards the
gels were stained with CBB R-250.

2.4  Purification and amino acid sequencing of the
13 kDa prolamin polypeptides

The 13kDa prolamin polypeptides were extracted

from the rice PB-I fraction by shaking in N buffer at

55°C for 2 h. An equal volume of ethanol was added

to the extract and the mixture was centrifuged at



15,000xg for 10 min. The 50% ethanol soluble
prolamin fraction was evaporated in wvacuo at 25°C
until it’s volume was reduced to half. The prolamin
fraction (N fraction) was concentrated by
ultrafiltration using Centriprep-10 (Amicon). After
extraction of N fraction, another prolamin fraction
(R fraction) was extracted from residual PB-I frac-
tion by shaking in R buffer.

The N fraction was further fractionated on a Fast
Protein Liquid Chromatography (FPLC) system
(Pharmacia) using a Cosmosyl 1,C;3-500 column
{Nakalai Tesque) equilibrated with 0.1%
trifluoroacetic acid (TFA). The fraction (500 ug of
proteins) was applied to the column, then eluted with
a 309 to 609 linear acetonitrile gradient in 0.1%
TFA at a flow rate of 0.2m/ min™' at room tempera-
ture. Elution was monitored by UV absorbance at
280nm. Five eluted peaks were rechromatographed
to enhance their purity. After labeling with ABD-F,
the reaction mixtures were desalted by gel filtration
using Bio-Gel P-6 (BIO-RAD) in 5mmX100mm
disposable columns. The R fraction was also
fractionated using nearly the same procedure after 3
-pyridylethylation by 4-vinylpyridine [Geisow and
Aitkin 1989] .

Each purified polypeptide (100ug)} was digested
with 4 ug of trypsin (Promega) in 100 g/ of 50mM
Tris-HCI and 4 M urea, pH8.2 under N, gasfor 6 h at
37°C as described [Findlay and Geisow 1989] .
Tryptic peptides were isolated by the Tricine SDS-
PAGE system [Schigger and von Jagow 1987]
using 10% polyacrylamide gels. The separated pe-
ptides were blotted to PVDF membranes (BIO-RAD).
The peptides on the membranes were sequenced using
a model 477A protein sequencer (Applied Biosys-
tems).

Proteins quantities were estimated by the Bradford
method [Bradford 1976] using bovine y-globulin as
the standard.

2.5 Isolation of novel prolamin cDNAs from
a developing vice seed cDNA library

To obtain candidate clones for seed storage pro-
teins, a Agtll cDNA library prepared from developing
rice seeds (22 days after DAF)
[Masumura et al., 1990] was screened with a single
stranded cDNA probe. The plaques were transferred
onto Hybond-N nylon membranes (Amersham).
Total RN As were prepared from developing seeds (14
DAF) by the SDS-phenol method [Yamagata ef al.
1986] . Poly(A)* RNA was purified from the total
RNA wusing a oligo(dT)- cellulose column
[Yamagata and Tanaka 1986] . The poly(A)* RNA
was reverse-transcribed in the presence of [a—3P]
dATP by RAV-2 reverse transcriptase (TAKARA)
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to generate a single stranded cDNA probe. The
membranes were hybridized with the single stranded
cDNA probe for 16 h at 37°C in 6 XSSC solution
containing 50% formamide, 0.19% SDS, 5XDenhardt’s
solution, and 200 g m/~' denatured salmon sperm
DNA. The membranes were washed twice at 25°C
for 45 min with 6 X SSC solution containing 0.19% SDS.

To select novel prolamin ¢cDNA clones, candidate
clone’s plaques were transferred to membranes and
then hybridized with a mixture of previously isolated
rice storage protein cDNA clones; ARP10 (10kDa
prolamin) [Masumura et af., 1989b] , ARG21
(glutelin) [Masumura ef al., 198%9a] and ARGI
[Masumura ef @/, unpublished] (identical to pREE61
[Takaiwa ef af., 1986]). The membranes were wa-
shed twice at 25°C for 45 min with 1XSSC solution
containing 0.19% SDS. Insert fragments of nonhy-
bridizing clones were subcloned into the FcoR 1 site of
pBluescript KS* (Stratagene), and their end
sequences were determined.

2.6 DNA sequencing and analyses of novel
prolamin ¢cDNAs.

Nucleotide sequencing were performed using the
Tag Dye Primer Cycle Sequencing kit in combination
with a model 373A DNA sequencer (Applied Biosys-
tems). Nucleotide and amino acid sequence data
were analvzed using the GENETYX (SDC}, as well as
a multiple sequence alignment program, Clustal W
[ Thompson et al., 1994] , and a phylogenic tree draw-
ing program, TREEVIEW [Page 1996] , and signal
peptide prediction program, Signalp Ver.1.0 [Niel-
sen ef al., 1997] .
out by the neighbor-joining method [Saito and Nei
1987] . Database searches were performed with the
NCBI BLAST algolithum search program [Altschul
el al., 1997] .

A phylogenic analysis was carried

2.7 Northern and Southern blof analyses

Total RNAs were prepared from 8, 14, 22 and 28
DAF developing seeds by the SDS-phencl method
[Yamagata ef af., 1986] . Tengug of total RNAs
from each tissue were fractionated on 1.29% (w/v)
agarose gels containing formaldehyde, then blotted
onto Hybond-N membranes. Filters were hybridized
with #?P-labeled cDNA inserts of prolamin clones, A
RM1, ARM4 and ARMY, in 509 formamide, 6 X S5C,
5x Denhardt’s solution, 0.5% SDS and 100 zg mi™!
salmon sperm DNA at 42°C overnight, and washed
with 0.2xSSC and 0.19% SDS at 65°C.

For Southern blotting, genomic DN A was prepared
from rice germ as described [Ausubel et af/. 1987] ,
then digested with restriction enzymes (EcoR 1 and
Hind IIT). These DNA fragments were separated on
0.89% agarose gels and transferred to Hybond-N
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membranes. Filters were hybridized with 32P-
labeled ¢DNA inserts of prolamin clones, 1RMI,
ARMA4 and ARMSY, in 6 X SSC, 5% Denhardt’s solution,
0.5% SDS and 100 g m!™! salmon sperm DNA at
55°C overnight, and washed with 0.2 xSSC and 0.1%
SDS at 65°C.

3. Results

3.1 Extraction of 13 kDa prolamin polypeplides

We extracted prolamin polypeptides from the PB-I
fraction with solutions containing 4 M urea and 2%
SDS in the presence or absence of a reducing agent,
TBP (Fig.1-A). The PB-I fraction was enriched
from a homogenate fraction of developing seeds by
centrifugation, and then purified by pepsin digestion as
described [Ogawa ef al., 1987] .
experiments indicated that neither 4 M urea nor 2%

Our preliminary

SDS alone permitted extraction of prolamin polype-
ptides, but buffer containing both these reagents led to
a good extraction of the 13kDa polypeptides (Fig. 1-
B). Under nonreducing conditions, mainly the 13 kDa
polypeptides were extractable in N fraction from the
PB-I fraction. In the presence of TBP, more the 13
kDa polypeptides were extracted in R fraction from
the residue together with the 10kDa and 16kDa
prolamins. These results indicated that there were
two classes of the 13 kDa prolamin polypeptides which
differed in their solubility under reducing conditions.
Ogawa ef al., [1987] defined two types of the 13kDa
prolamins, 13a and 13b, based on a slight difference of
their mobility in an SDS-PAGE gel in the presence of
the reducing agent. As ”13a” was extracted both in
the presence and in the absence of the reducing agent,

we defined "13a-1" as the 13 kDa prolamin polype-
ptides that were extracted under nonreducing condi-
tions, and "13a-2” as the 13kDa prolamin polype-
ptides whose extraction required reducing conditions.
All 13b polypeptides were extractable under nonreduc-
ing conditions (Fig. 1-B).

3.2 Cysleine contents of the 13 kDa prolamin polype-
plides

The presence or absence of cysteine residues in the
13kDa prolamins polypeptides was determined using
a cysteine labeling reagent, ABD-F (Fig.2). The
13b polypeptides showed no labeling with the reagent
even after reduction with TBP, suggesting no cysteine
residue in the polypeptides. Indeed, the prolamin
polypeptide sequenced by Horikoshi ef al., [1991]
contains no cysteine residue. It is likely that this
prolamin belongs to the 13b prolamin. The 13a-1
polypeptides were not labeled with ABD-F before
reduction. However, the reduced polypeptide was
labeled with the reagent. The molecular sizes of
13a-1 polypeptides that were determined using an
SDS-PAGE without any reducing agent was smaller
than that of the reduced polvpeptide (Fig.1-B).
These results indicate that the 13a-1 polypeptides
have neither free SH groups nor intermolecular
disulfide bonds.

The 13a-2 polypeptides extracted under reducing
conditions were also treated with the labeling reagent,
and were indeed labeled. The amounts of the 13a-2
polypeptides extracted positively correlated with the
concentration of the reducing agent used for extrac-
tion as well as that of 10kDa and 16kDa polypeptides

(Fig.3). The increases of soluble polypeptides also

A B
N N R PB-
PB- fraction PB-I fracticn 1OMMTBP - + + +
N buffer
4 M Urea kDa
2 % SDS — R buffer
4 M Urea 66 —
2 % SDS 45 —
10 mM TBP
Pp. 29
R buffer dh) -
4 M Urea
2% SDS
sup. sup. 10 mM TBP sup. 18.4 —
i ) , 14.3 —
N fraction R fraction Total PB-I fraction

Fig.1 Protein extraction from the rice PB-I fraction.
(A) Schematic representation of the fractionation of rice PB-I proteins. (B) SDS-
PAGE profile of fractions from rice PB-1. N, N fraction; R, R fraction; PB-I, total PB-I
fraction. Proteins in the N fraction were reduced or not with 10 mM TBP before SDS
-PAGE. After separation by SDS-PAGE using a 16% (w/v) gel, gel was stained by CBB

R-250.



ABD-F

Fraction N
+
TBP -

++ 2
++ D
T,
++ =
++ @

kDa
66 —
45 —

CBB

Fig. 2 Fluorescent cysteine labeling of PB-I proteins.

N, N fraction extracted with N buffer (62.5

mM Tris-HCI, pH7.0 with 4 M urea and 2%

(w/v) SDS) from the PB-I fraction; R, R

fraction extracted with R buffer (62.5mM

Tris-HCI, pH7.0 with 4 M urea, 10mM TBP

and 2% (w/v) SDS) from the residual PB-I

fraction after extraction with N buffer; PB-I,

total PB-I fraction. Proteins in fractions were

labeled with ABD-F in the absence or in the

presence of TBP. After separation by SDS-

PAGE using a 16%(w/v) gel, protein bands

were visualized by staining with CBB R-250

(left) and by UV light illumination (right).

Arrows and arrow head show cysteine-

containing and cysteine - lacking 13kDa
prolamins, respectively.

correlated with the increased labeling of the polype-
ptides with ABD-F, indicating SH groups were pres-
ent in the reduced polypeptides.

TBP(mM) 0 0103 1 3 10

18.4—

143 <132

CBB
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3.3 Purification and amino acid sequencing of 13
EDa prolamin polypeptides

The 13a-1 and 13b polypeptides extracted in N
fraction without reducing agents were purified by
reverse—phase column chromatography for amino acid
sequencing (Fig.4). The five major fractions (13n-1,
13n-2, 13n-3, 13n-4 and 13n-5) were collected for
amino acid sequencing. The R fraction that was
extracted from the PB-I fraction with reducing
agents contained the 13a-2 polypeptides. The 13r-1
fraction were also purified from the R faction by
reverse-phase column chromatography (data not
shown). SDS-PAGE analysis indicated that the
molecular sizes of 13r-1, 13n-1, 13n-2 and 13n-4
polypeptides were equal to the size of 13a polype-
ptides, the molecular sizes of the 13n-3 and 13n-5
polypeptides correspond to that of 13b polypeptides.
These polypeptides were subjected to trypsin diges-
Each tryptic peptide was separated by Tricine
SDS-PAGE and sequenced. NH,-terminal sequences
of the tryptic peptides are shown in Table 1.

After trypsin digestion, purified 13n-1 polypeptide
was separated by Tricine SDS-PAGE in the presence
or absence of a reducing agent, TBP. A peptide band

tion.

with an apparent molecular mass of 12,000 in the
absence of TBP migrated as three separate bands
with apparent molecular masses of 7,000, 4,000 and 3,
000 when TBP was present (data not shown).
3.4 Isolation and sequencing of novel 13kDa
prolamin cDNAs

Toward the comprehensive isolation of the 13kDa
prolamin cDNAs, we screened ¢cDNA clones which
were relatively abundant in a developing seed cDNA

library. For isolating abundant cDNA clones from

B

TBP(mM) 0 0103 1 3 10
kDa

66 —
45 —

29 —

18.4 —
14.3 —

uv

Fig.3 Polymerization of polypeptides in rice PB-I's by intermolecular disulfide bonds.

After removing of the N fraction, residual PB-I polypeptides were extracted in solutions containing
various concentrations of TBP as a reducing agent. The soluble polypeptides in the solutions were
labeled with ABD-F prior to SDS-PAGE. After separation by SDS-PAGE using 16% (w/v) gels,
protein bands were visualized by staining with CBB R-250 (A) and by UV light illumination (B).
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Fig.4 Purification of the 13kDa prolamin polype-
ptides.
(A) Fractionation by reverse-phase column
chromatography of the N fraction from rice
PB-I's. Numbers with solid bars indicate frac-
tions (13n-1, 13n-2, 13n-3, 13n-4 and 13n-3)
applied for further analyses after rechromato-
graphy. (B) and (C), The SDS-PAGE profile
of fractions separated by the reverse-phase
column chromatography. Lane 1-5, reduced
and ABD-F treated fractions corresponding to
the numbered fractions in panel A; lane 6 and
7. nonreduced fractions 13n-1 and 13n-2,
respectively. After separation by SDS-PAGE
using 16% (w/v) gels, protein bands were
visualized by staining with CBB R-250 (B)
and by UV light illumination (C).

the ¢cDNA library, the library was screened with a
single-stranded c¢cDNA probe synthesized from poly
(A)" RNA of developing seeds (14 DAF). Twenty
positive clones were tested to hybridize with a mix-
ture of previously reported storage protein cDNAs
encoding 10kDa prolamin and glutelins. Seven
clones didn't hybridize with the mixed probe. These
clones were subcloned into the pBluescript KS* and

sequenced. Searches of protein database using the
BLAST algorithm revealed that three clones were
novel prolamin ¢DNAs. These clones, ARM1 (601
bp), ARM4 (596 bp) and ARM9 (617 hp) seemed to be
full - length clones. The amino acid sequences
deduced from these cDNAs were homologous each
other, although the gene product of ARM4 carried
deletions of five amino acid residues, in comparison
with that of ARM1 (Fig.5). A striking feature of
the prolamin encoded by ARM4 was the absence of
cysteine residues in their amino acid composition.
The hydrophobic regions (19 residues) at the NH,-
termini of the prolamins seemed likely to be signal
sequences for targeting to the ER membrane.

Based on the amino acid sequences, we classified
these newly isolated prolamin genes, together with
those previously isolated, into four classes, 13-1
(IRM1, ARM7 [Masumura e! af., 1990] and pS18
[Shyur et af. 1992]), 13-IIa (ARM4, pProl 7 [Kim
and Okita 1988a] , pProl 14 [Kim and Okita 1983b)
and pX24 [Shyur and Chen 1990]), 13-IIb (ARM2
[Yamagata el af., 1992] , and pS23 [Shyur and Chen
1990]) and 13-III (ARM9 and pProl 17 [Kim and
Okita 1988b]). The polypeptides corresponding to 13
-III prolamin have not been purified. However the
two clones are classified as 13-1I1 (Fig. 6 and Table 2},
because the nucleotide and amino acid sequences of
the two ¢cDNA clones share high homology with those
of the other 13kDa prolamin ¢cDNA clones.

Comparison of amino acid sequences determined by
protein sequencing and cDNA cloning of the 13kDa
prolamins showed that ARM1 (156 amino acid resi-
dues with the molecular mass of 15,672) encodes the
13n-1 polypeptide, while ARM4 (150 amino acid resi-
dues with the molecular mass of 14,747) encodes the
13n-3 polypeptide (Table 1). The amino acid
sequence encoded by ARM4 perfectly matches a
polypeptide purified and sequenced by Horikoshi et af.
[1991] .

The gene product predicted for ARM9Y comprises
150 amino acid residues with a molecular mass of 14,
888. No amino acid sequence of purified polypeptides
which correspond to the ¢cDNA clone (ARM9) has
been determined in any study, including this manu-
script. Therefore, it is not clear whether the 13-111
prolamin gene products delineated above belong to the
13kDa prolamins (see Discussion).

We used the nucleotide sequences of the three
clones as queries to search the GenBank expressed
sequence tag (EST) data base, and identified a great
number of EST entries that were nearly identical to
the cDNA clones (Table 2). The numbers of entries
for 13-1, 13-11a, 13-IIb and 13-II1 prolamins are 105,
95, 1 and 162, respectively.
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Table 1. Correspondences of the purified 13kDa prolamins with the prolamin cDNA clones.

Fraction Class*! Peptide sequences Corresponding clones (position)
13r-1 13a QQYSIVATPFXQPATFQLINNQV ARM7 (53-75)
13n-1 13a QYXLXXXLLLXXQVLXPC ARMI (30-47), ARMT7T (30-47)
13n-2 13a QQYSIVATPFWQPATFQLINNQVMQ ARM7 (563-77)
13n-3 13b QQYGIAASPFLQSAAFQLXNNQVWQ ARM4 (563-77), pProl 14 (53-77)

pX24 (52-76), pProl7 (53-77)

13n-4 13a QQYSIAASTFLQSAAFQLXNNQVLYQ  ARM2 (63-77)
13n-5 13b QYQVQSPLLLQQQVLSLY pS23 (29-46)

*! These class were defined by Ogawa ef /., [1989] based on molecular sizes of the 13kDa prolamins on SDS-PAGE.

ARM1
1 |:}\:Ru7
psSLis
ARM4
DpProlld
I]a|: pXzd
pProl7
ARMZ
Hb[ pS23
ARMS
I pProll
ARN1 156
| [Juurl - 156
pSls 158
ARMd . 150
pProlld . 148
Mal Cxaa ... 149
pProl? . 145
ARM2 151
IIb[ 150
156
I [ 149

An alignment was calculated using the multiple alignment program Clustal W [Thompsom e? af.
1994] with following rice prolamin sequences (GenBank accession numbers of the sequences are
indicated in parentheses): ARM1, ARM4 and ARM9 (this werk), pProl 7 (M23743) [Kim and
Okita 1988a] , pProl 14 (M23744) [Kim and Okita 1988b] , pProl 17 (M23745) [Kim and Okita
1988b] , pS23 (L36819) [Shyur and Chen 1990] , pX24 (M28159) [Shyur and Chen 19907 , pS18
(X60979) [Shyur ef af., 1992] , ARM7 (X14392) [Masumura ef &/., 1990] , ARM2 (D11385)
[Yamagata ef al., 1992] . The conserved amino acid residues among rice 13kDa prolamins are
shaded. Dashes indicate gaps in the amino acid sequences used to optimally align the sequences.
The putative cleavage site of the NH,-terminal signal peptide is marked by an arrowhead. The
positions of four conserved cysteine residues among 13-1 and 13-III prolamins are marked hy

asterisks. The amino acids identified by peptide sequencing are boxed.

3.8  Northern and genomic Southern blot analyses

Expression of the prolamin genes was examined in
developing seeds by Northern blot analysis (Fig. 7).
Full-length inserts of the cDNA clones were used as
probes. Transcripts of the prolamin genes were
weakly detected at 8 DAF, and increased after 14
DAF and remained high until 28 DAF.

Genomic Southern blot analysis was performed
using the same set of the probes as Northern blot
analysis, Multiple signals were detected with all
probes (Fig.8). The hybridization patterns of A
RM1 and ARM4 were similar to those of ARMY?
[Masumura et al., 1990] and pProl 14 [Kim and
Okita 1988b] , respectively. The numbers of genes

hybridized with ARM?7 and pProl 14 have been esti-
mated 7-10 [Masumura ef al., 1990] and 80-100
[Kim and Okita 1988b] copies per haproid genome,
respectively. Our results support that all 13kDa
prolamin polypeptides (13-, IIa and III) are encoded
by multigene families.

4. Discussion

In this study, we purified and sequenced six 13kDa
prolamin polypeptides from the rice PB-I fraction.
And we cloned three cDNAs that encode 13kDa
prolamins. Based on the homology of amino acid

sequences and the numbers of cysteine residues, we
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Table 2 Classification of rice prolamins and their corresponding cDNA clones.

Classes Purified Cysteine EST Corresponding ¢cDNA clones/
proteins residues clones*'  Reference
13kDa prolamin
13-1 13r-1, 13n-1, 13n-2 4 105 ARMl{this work]
ARM7[Masumura et al. 1990]
pS18[Shyur ef al. 1992]
13-1la 13n-3, 0 95 ARMA4 [this work]
major prolamin pProl 14[Kim and Okita 1983b]
[Horikoshi ef al. 1991] pX24[Shyur and Chen 1990]
pProl 7 &im and Okita 1988a]
13-1Ib 13n-4, 13n-5 0 1 ARM2[Yamagata et al. 1992]
pS23 [Shyur and Chen 1980]
13-111*2 not purified 7-8 47 ARMO[this work]
pProl 17{Kim and Okita 1988b]
10kDa prolamin 10kDa prolamin 10 162 ARP10[Masumura et al. 1989b]
16kDa prolamin 16kDa prolamin 12 38 ARP16
[Mitsukawa ef af. unpublished
results]

*INumbers of EST clones which show more than 909% homology with the corresponding ¢cDNA clones in thier

amino acid sequences.

*2Proteins in this class have been not purified and estimated their molecular sizes. However due to similarities
of type III cDNA clones with the cDNAs in other 13 kDa classes, the type III clones are clasified as one of the

13 kDa prolamin classes.

E

Fig. 6 Unrooted phylogenic tree inferred from amino

acid sequences of following rice 13kDa
prolamins (GenBank accession numbers of the
sequences are indicated in parentheses):

ARMI, ARM4 and ARMS (this work), pProl 7

(M23743) [Kim and Okita 1988a] , pProl 14
(M23744) [Kim and Okita 1988b] , pProl 17
(M23745) [Kim and Okita 1988b] , pS23
(L36819) [Shyur and Chen 1990} , pX24
(M28159) [Shyur and Chen 1990] , pS18
(X60979) [Shyur et al., 1992] , ARM7
(X14392) [Masumura ef af, 1990] , ARM2
(D11385) [Yamagata ef «l., 1992] . The

amino acid sequences were aligned using the
multiple alignment program Clustal W
[Thompson ef al., 19947 . Based on this align-
ment, a phylogenic analysis was carried out by
the neighbor-joining method [Saito and Nei
1987] and a phylogenic tree was drawn using
the software TREEVIEW [Page 1996] . The
scale bar indicates a divergence of 0,1 amino
acid substitution per site.

classified the 13 kDa prolamins into four classes, 13-1,
13-Ifa, 13-1Ib and 13-1I1.

13-1II prolamin polypeptides have not been purified.
So there is no conclusive evidence that 13-III prolamin
cDNA clones belong to the 13kDa prolamin family.
The complete amino acid sequences of the “major
[1991]
matched perfectly with the deduced amino acid
sequence of ARM4 (13-Ila prolamin), which was
estimated to have a molecular mass of about 15,000.
The partial amino acid sequences determined from
NH,-termini of 13kDa prolamin polypeptides by
Masumura et af. [1990]
ITa prolamin cDNA clones. Although Shyur et al.,
[1992] reported molecular cloning of a ”16kDa
prolamin” NH,- terminal

prolamin” determined by Horikoshi et al.,

also correspond with 13-

and sequencing of a
prolamin, the gene and the protein belong to the 13-1
and 13-Ila prolamin, respectively. The lengths of
ORFs of pProl 17 (149 a.a.) and ARM9 (156 a.a.) are
very similar to the length of ORFs of 13-1 and 13-1I
prolamin cDNA clones (148 a.a.-156 a.a.). DBut we
cannot exclude the possibility that the 13-III polype-
ptides might migrate as 16kDa bands in SDS-PAGE
due to their peculiar amino acid composition. How-
ever we classify 13-1II prolamins as one of the 13kDa
[1980] because
amino acid and nucleotide sequences of 13-1IT ¢cDNA
clones share higher homology with 13kDa prolamins
than a 16 kDa prolamin [Mitsukawa ef «l.
lished results] .

Cysteine contents and disulfide binding manner of 13
kDa prolamins affect their solubility in nonreducing
We demonstrated that the insolubility of

prolamins defined by Tanaka et al.,

unpub-

solutions.
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Total RNAs (10 ug) from developing seeds (8, 14, 22 and 28 DAF) were used
Northern blot analysis. Filters transferred the RNAs were hybridized with the
32P-1gbeled inserts from ARM1 (A), ARM4 (B) and ARM9 (C) cDNAs, and
washed with 0.2XS8SC and 0.1% SDS at 65°C.

A B

EcoR |
Hind 11

ARM1

Fig. 8 Southern blot analyses of ARMI1, ARM4 and ARMSY. Rice genomic DNA (10
mg) was digested with EcoR I and Hind III, and separated on 0.89% agarose

gels. Filters transferred genomic DNAs were hybridized with the *P-labeled

inserts from ARM1 (A), ARM4 (B) and ARM9 (C) ¢cDNAs, and washed with
0.2xSSC and 0.1% SDS at 65°C.

13-1 prolamin polypeptides in nonreducing solutions is
attributed to intermolecular disulfide bonds which
consequently polymerize the individual polypeptides
into much larger aggregates (Fig.3). The 13-I
prolamin polypeptides contain four cysteine residues.
These polypeptides were soluble in nonreducing solu-
tion when their cysteine residues form intramolecular
disulfide bonds, but were not soluble at intermolecular
bonding. The position of cysteine residues in amino
acid sequences of 13-1 and 13-1II prolamins are con-
served as in an oat avenin sequence [Egorov ef al.,
1994] . All eight cysteine residues in the avenin form
intramolecular disulfide bonds [Egorov et al.
1994] , so this avenin polypeptide is soluble in
nonreducing solutions. 13-IIa and 13-1Ib prolamin
polypeptides have no cysteine residues, they are easily
extracted from PB-I's using nonreducing solutions.

231 —

4.4 —

ARM4

C

EcoR |
Hind 1l
EcoR |
Hind I}l

kb

231 —
94 —

ARM9

It seems that both 13- and 13-Ila prolamins are
major polypeptides among all 13kDa prolamin clas-
ses. The total amount of purified 13-1 prolamin
polypeptides (13r-1, 13n-1, 13n-2) is equal to the
amount of 13-Ila prolamins. The 13n-3 fraction was
separated as a major peak with the reverse-phase
column chromatography. Horikoshi ef af., [1991]
reported purification and sequencing of a "major
prolamin” encoded by ARM4. The elution profile of
our reverse-phase column chromatography is similar
[1991] .
The major prolamin seems to be same as 13n-3 frac-
tion. Search of EST database also reveals that 13-1
and 13-1Ia homologues are abundant among rice
prolamin homologues in the database entries (Table
2).

Further investigation will be needed to determine

to the profile reported by Horikoshi ef a/.,
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the characteristics of 13-II prolamin polypeptide.
The 13-1II prolamin sequences (ARM9 and pProl 17)
have a high number of cysteine residues, so the 13-11I
prolamin polypeptides will be extractable only in
reducing solutions. Elucidation of correspondences
of prolamin polypeptides with their cDNA clones will
be possible to make DNA markers for individual
proteins. The DNA markers for individual prolamin
polypeptides should be useful for the breeding of more
nutritional rice.
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