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ABSTRACT

By screening two rice (Oryza sativa L.) seed cDNA libraries, recom-
binant cDNA clones encoding the rice prolamine seed storage protein
were isolated. Based on cross-hybridization and restriction enzyme map
analyses, these clones can be divided into two homology classes. All
clones contain a single open reading frame encoding a putative rice
prolamine precursor (molecular weight = 17,200) possessing a typical
14-amino acid signal peptide. The deduced primary structures of both
types of prolamine polypeptides are devoid of repetitive sequences, a
feature prevalent in other cereal prolamines. Clones of these two homol-
ogy classes diverge mainly by insertions/deletions of short nucleotide
stretches and point mutations. An isolated genomic clone about 15.5
kilobases in length displays a highly conserved 2.S-kilobase EcoRI
fragment, repeated in tandem four times, each containing the prolamine
coding sequence. Close homology is exhibited by the coding segments of
the genomic and cDNA sequences, although the 5’ ends of the untrans-
lated regions are widely divergent. The sequence heterogeneity displayed
by these genomic and cDNA clones and large gene copy number (~80-
100 copies/haploid genome) indicate that the rice prolamines are encoded
by a complex multigene family.

mRNA transcripts differ by about 3- to 4-fold in abundance
levels during the early stages of endosperm development. South-
ern blot analysis of rice DNA and sequence data of recombinant
DNA clones suggest that the rice prolamines are encoded by a
complex family of genes.

MATERIALS AND METHODS

Plant Material. Rice (Oryza sativa L. cv Biggs M-201) was
grown in an environment controlled chamber as described in
detail (14). Panicles were tagged on the day of anthesis and
harvested at different stages of seed development. The seeds were
frozen immediately in liquid N, and stored at —80°C.

RNA Isolation. Total RNA was obtained by a method adapted
from the established protocols reviewed by Lizzardi (16) with
slight modifications as described (24). The total RNA was pre-
cipitated overnight at 4°C by addition of 5 volumes of 4 M LiCl
(3). Poly(A)*RNA was obtained by oligo(dT)-cellulose
chromatography.

c¢DNA Library Construction and Screening. The preparation
of double-stranded DNA complementary to rice seed
poly(A)*RNA and its ligation to lambda gt 11 arms or to plasmid
vector were performed as described by Huynh et al. (9) and
Heidecker and Messing (6), respectively. Lambda gt 11 recom-

Prolamines, typified by their solubility in alcohol solutions,
are the major seed storage proteins in most of the cereals. These
proteins accumulate during endosperm development and serve
as a source of nitrogen, carbon, and sulfur for the young devel-
oping seedling (12, 26). The rice prolamines have molecular sizes
of about 12 to 17 kD and, as seen for other cereal prolamines,
contain a high mole percentage of glutamine residues and low
levels of lysine, histidine, cysteine, and methionine (18, 22). They
are initially synthesized around 10 DAF (17, 31) and are depos-
ited in protein bodies formed by direct dilation of the RER
lumen (13). SDS-PAGE analysis of in vitro translation products
purified by immunoprecipitation using a rice prolamine antibody
revealed the synthesis of a 16 kD precursor form presumably
containing a single peptide (14, 32).

Recently, we showed (21) that the rice prolamines are immu-
nologically distinct from other cereal prolamines. DNA sequence
analysis of a single near full length prolamine cDNA clone
revealed that the derived primary sequence of the rice prolamine
did not exhibit significant homology to prolamines from the
major cereals (11). In this study, we report that the rice prolam-
ines are encoded by at least two gene classes whose respective
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binants were plated on host strain Y1090 at a density of 3 x 10*
plaque-forming units/90-mm plate and screened with a partially
purified rice prolamine antiserum as described (9). Screening of
the cDNA library with a radiolabeled cDNA insert was per-
formed by an established procedure as described (19).

Dot Blot Hybridization. Selected plasmids containing prolam-
ine cDNA inserts were immobilized onto Zeta-Probe membrane
filters (Bio-Rad, Richmond, CA) and incubated with prolamine
cDNA inserts radioactively labeled by random priming (5) ac-
cording to the manufacturer’s recommendations. The hybridi-
zation buffer contained 50% formamide, 0.25 M sodium phos-
phate (pH 7.2), 0.25 M NaCl, 7% (w/v) SDS, 1 mm EDTA, 2x
Denhardt’s solution (19), and 7.5% (w/v) PEG 8000. Filters were
then washed with 0.2x SSPE (19) and 0.1% SDS for 45 min at
various temperatures as indicated in the text (19).

DNA Sequencing. cDNA inserts were isolated from cDNA
clones and subcloned in M13mp18 and M13mp19. These cDNA
inserts were serially deleted by exonuclease III, treated with mung
bean nuclease, religated, and subcloned into Escherichia coli
JM101 (7). This clustered set of overlapping cDNA inserts was
then sequenced using the dideoxynucleotide chain termination
method (25).

Isolation of High Molecular Weight DNA. Each gram of rice
leaf pulverized under liquid N, was suspended in 2.5 mL of
extraction buffer (8.0 M urea, 50 mm Tris-Cl [pH 7.5], 20 mm
EDTA, 350 mm NaCl, 2% [w/v] Sarkosyl, 5% [v/v] phenol, and
20 mM B-mercaptoethanol). After successive extractions with
phenol:chloroform and then chloroform, the aqueous phase was
concentrated by ethanol precipitation and centrifugation. The
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pellet was resuspended in 10 mM Tris-Cl (pH 7.5) and 1 mMm
EDTA adjusted to a density of 1.5 g/mL by the addition of
saturated CsCl, and the DNA was banded overnight in a vertical
rotor at 200,000¢. The DNA band was collected, extracted with
1-butanol, and dialyzed extensively against 10 mm Tris-Cl (pH
7.5) and 1 mM EDTA.

Southern and Northern Blot Hybridization. DNA was cleaved
with various restriction enzymes and then concentrated by
ethanol precipitation. Cleaved DNA (5 ug) was separated on a
0.4% agarose gel alongside gene copy number standards. Total
RNA was resolved on 1.2% agarose-formaldehyde gels (19). Both
types of gel were transferred by capillary blot to membrane filters
and hybridized with cDNA inserts as described above.

Genomic Library Construction and Screening. Rice leaf DNA
was partially digested with EcoRI and fractionated on a 5 to 20%
(w/v) sucrose gradient. Fragments between 10 and 20 kb* were
pooled and concentrated by ethanol precipitation. The genomic
fragments were ligated into purified EcoRI lambda Charon 35
arms, packaged into phage virions, and transfected into E. coli
KHB802 (17). The libraries were screened by established proce-
dures using radioactively labeled cDNA probes (19).

DNA and Protein Sequence Analysis. The nucleotide and
derived amino acid sequences of the prolamine clones were
analyzed by the computer programs developed by the University
of Wisconsin Genetics Computer Group (4). Hydrophobicity of
the prolamine primary sequences was calculated according to
Kyte and Doolittle (15) using an average window span of 7
residues.

RESULTS

Isolation and Classification of Prolamine cDNA Clones. By
antibody screening of a cDNA lambda gt 11 library, several
putative prolamine cDNA clones were obtained. Restriction
enzyme digests of DNAs isolated from these clones indicated
that all, except pProl 7, contained inserts of about 400 to 500
bp, approximately 50% of the mRNA transcript size as estimated
by Northern blotting (data not shown). To obtain full length
inserts representative of the prolamine genes, a second cDNA
library was constructed using the methods of Heidecker and
Messing (6). From analysis of about 500 cDNA clones with a
radiolabeled prolamine cDNA insert, nine positive prolamine
clones were obtained. Subsequent analysis by restriction enzyme
digestion and agarose gel electrophoresis revealed that all of the
clones contained inserts at least 700 bp in length. Two clones,
pProl 14 and pProl 17, were 870 bp in length and were estimated
to contain almost all of the sequence information of the prolam-
ine transcript.

These near full length cDNA clones were further characterized
by restriction endonuclease mapping (Fig. 1). Single restriction
sites for Fokl, Kpnl, Sphl, Pstl, Xbal, and EcoRV were evident
at the same relative position for both pProl 7 and pProl 14. In
contrast, pProl 17 shared only the unique Ps/ site and lacked
sites for Kpnl, Sphl, and Xbal. Identical analysis of the remaining
recombinant DNA clones indicated that they could be classified
either with pProl 7 or pProl 17 by these criteria.

The extent of homology among cDNA clones was examined
by the dot blot hybridization technique. Purified, random-
primed cDNA inserts were hybridized at 45°C to Zeta-Probe
blotting membrane filters containing 250 ng of each plasmid,
and two types of cross-hybridization pattern were obtained.
Figure 2 represents the dot blot cross-hybridizations of the three
near full length cDNA clones. When membrane filters were
washed at 45°C after hybridization, pProl 7 and pProl 14 inserts
cross-hybridized extensively to each other, but these two inserts
hybridized only weakly to pProl 17 (Fig. 2A, lanes 1 and 2).
When the insert of pProl 17 was used as a probe, strong hybrid-

2 Abbreviations: kb, kilobases; bp, base pairs; pProl, prolamine cDNA.
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FiG. 1. Restriction enzyme map analysis of three near full length
prolamine cDNA clones. F, Fokl; H, Haell; K, Kpnl; P, Pstl; S, Sphl;
R, EcoRV; X, Xbal.
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FiG. 2. Dot blot hybridization analysis of the prolamine cDNA se-
quences. Two hundred fifty ng of plasmid DNAs containing prolamine
cDNA inserts were immobilized onto Zeta-Probe membrane filters and
hybridized to *?P-labeled prolamine cDNA inserts according to the
manufacturer’s recommendations. Filters were washed at 45°C (A) or
65°C (B) with 0.2x SSPE and 0.1% SDS. 1, pProl 7; 2, pProl 14; 3, pProl
17. The cDNA probes utilized are indicated at the left.

ization signals were obtained to its own DNA but cross-hybridi-
zation to pProl 7 and pProl 14 occurred to a lesser degree (lane
3). When these filters were washed at 65°C, these differences in
cross-hybridization patterns were even more evident (Fig. 2B).
Overall, these results, together with those obtained by physical
mapping of restriction enzyme sites, indicate that the prolamines
are encoded by at least two classes of genes.

Structure and Primary Sequence of Rice Prolamine cDNA.
DNA sequence analysis of pProl 14 and pProl 17 revealed that
these two prolamine transcripts contain a single open reading
frame encoding 148 and 149 amino acids, respectively (Fig. 3).
Both pProl 14 and pProl 17 possess a relatively long 5’-untrans-
lated region about 160 and 150 bases in length, respectively,
followed by coding regions of 444 to 447 bp. The nucleotide
sequence of the 5’-untranslated region of pProl 14 is identical to
the analogous region of pProl 7 except for two point mutations
and a single nucleotide insertion (11). In contrast, the 5’ end of
pProl 17 is highly divergent from comparable sequences of pProl
7 or pProl 14. Despite the heterogeneity displayed by the 5’
untranslated segments of pProl 14 and pProl 17, both regions
are highly enriched for G-C nucleotides and contain no potential
AUG translational initiation codons. The 170-nucleotide 3’-
untranslated region of pProl 14 contains two putative polyade-
nylation signals (AATAAG and AATAAA), whereas only a single
polyadenylation signal (AATAAG) is present within the 40-base
long 3’-untranslated region of pProl 17.
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A
7 TTGCITCTTCCCCGTCCTCCCCGCTTGGGCTCTTEGGGCGCCCGTTCCGGGCG-CCCCCTCCCTCCTCCCTCCGCGGTACCCGGCCGCCTCA  -116
14 x C -116
7 *TC CT -GG GG C GG GC TA -—- C T c -11i2
7  CTICCICTGCTGGACCTCCGGCCGCCCCGGGCCGCGCCCCATCCCGGTGCGCGACCCATCGTTCACACAGTTCAAGCATTATACAGAAAAA -26
~é C T -26
7 C G GC CTTCA A TC AA A -- TCC TTIC ACC A CG C C T AC A -= CG ~26
A
7 TAGAAAGATCTAGTGTCCCGCAGCAATGAAGATCATTTTCGTCTTTGCTCTCCTTGCTATTGC TGCATGCAGG-CCTCTGCCGAGTTTGA 64
14 CG GC 65
17 GCAT CA AA TA CA T GAA T CG GC 65
7 TGITTTTAGGTCAAAGTTATAGGCAATATCAGCTGCAGTCGCCTGTCCTGCTACAGCAACAGGTGCTTAGCCCATATAATGAGTTCGTAA 154
14 - A 154
17 C GT -AC GT < mmmmm—mmmo———————— A GCCG 136
7 GGCAGCAGTATGGCATAGCGGCAAGCCCCTTCTTGCAATCAGCTGCATTTCAACTGAGAAATAACCAAGTCTGGCAACATCAGGCTGGT - 243
14 C G TC GCTIG- 243
17 GCA c T C C C C TG CTG AT G G TGCT CC 226
T mmmmm e GGC---CAACAATCTCGCTATCAGGACATTAACATTGTTCAGGCCATAGCGTACGAGCTACAACTCCAGCAAT 313
14 e TGGCG A C cC G 316
17 AACAGCTCAGGATGATC CG--- G A GC C G G G TTCGC G A A G 313
7  TTGGTGATCTCTACTTTGATCGGAATCAGGCTCAAGCTCAAGCTCTATTGGCTTTTAACGTGCCATCTAGATATGGTATCTACCCTAGGT 403
14 T G-—=——= 400
17 TC GCG C A GC A C A G GCC A T G AT GC A C 403
7  ACTATGGTGCACCCAGTACCATTACCACCCTTGGCGGTGTCTTG--~-TAATGTGTTTTAACA--GTATAGTGGTTCGGAAGTTAAAAATA 488
14 -—= AG 487
17 A CAC TC TGAG--- cT GC T A G TAC G —=———- G G--AG A ACAG A A GC TG 482
7 ACCTCAGATATCATCATATGTGACATGTGAAACTTTGGGTGATATAAATAGAAATAAAGTTGCCTTTCATATTT 562
14 T * 552
17 TCA G GGC* 492
B
\/ .
7 MKIIFVFALLAIAACRPLPSLMFLGQSYRQYQLQSPVLLQCQQCVLS 4%
14 SASAQFDV 45
17 F E SASAQFDAVT v == === M 39
7 PYNEFVRQQTGIAASPFLQSAAFQLRNNQVWQHQAG - - - - - - G -0 83
1 QL L--=-=--- \ 84
7 C G CsTV T F PV C M Q CCQQLRMIA- 83
7 QSRYQDINIVQAIAYELQLQQFGDLYFDRNQAQAQALLAFNVPSR 128
24 H Q0 L - - 127
17 HC A S S Voo S GV QA M G L L I 128
7 YGIYPRYYGAPSTITTLGGVL* 149
pRA * 148
17 C S NTV E - P \ IWY 149

FiG. 3. Nucleotide (A) and deduced amino acid sequences (B) of prolamine cDNA clones. 7, pProl 7; 14, pProl 14; 17, pProl 17. Only the
differences in the nucleotide and amino acid sequences among the cDNA clones are shown. Numbers on the right are in bp (A) or amino acid
residues (B) relative to the translational start site. The putative translational initiation and polyadenylation signals are underlined. Dashed lines
indicate gaps to align the nucleotide and amino acid sequences. The 5’- and 3’-ends of the cDNA clones are indicated by asterisks. The arrowhead

represents the putative cleavage site of the signal peptide.

The encoded proteins of pProl 14 and pProl 17 are about 17.2
kD and this deduced molecular size is in good agreement with
the value obtained by SDS-PAGE of the putative prolamine
precursor (14). The composition of the first 14 amino acid
residues of both proteins is typical of a signal peptide in displaying
a basic amino acid, lysine, at residue 2 followed by a core of
hydrophobic amino acids (Fig. 3B). These 14 amino acid residues
are highly conserved in pProl 14 and pProl 17 except for Val/
Phe and Ile/Glu exchanges at residues 6 and 12, respectively.
Although the N terminus of the rice prolamine is blocked to

Edman degradation (2), the cleavage site of the signal peptide is
likely to occur between alanine (residue 14) and cysteine (residue
15), since it best conforms to von Heijne’s rule for determining
the signal peptide cleavage site (30). Consistent with the results
from dot blot hybridization analysis, the coding sequence of
pProl 14 is 95% homologous to pProl 7, whereas pProl 17 shares
only 75% nucleotide sequence homology with pProl 7 or pProl
14. The predicted derived primary sequences of pProl 14 and
pProl 17 share only about 63% homology. Short stretches (615
nucleotides) of insertions/deletions and numerous point muta-
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Table 1. Amino Acid Composition (%) of Deduced Mature
Prolamine Polypeptides

pProl 14 pProl 17
Ala 10.4 8.1
Val 6.7 8.1
Leu 11.9 6.7
Ile 4.5 5.2
Pro 4.5 5.2
Phe 5.2 5.2
Trp 0.7 0.7
Met 0.0 3.0
Lys 0.0 0.0
His 0.7 0.7
Gly 5.2 44
Thr 2.2 3.7
Cys 0.7 5.9
Tyr 7.5 44
Asx 7.5 3.7
Glx 20.1 23.7
Ser 7.5 8.2
Arg 4.5 3.0

tions are evident between pProl 14 and pProl 17, most of which
result in amino acid replacements. In spite of the close DNA
homology between pProl 7 and pProl 14, 8 of the 9 amino acid
residues at the N terminus of the deduced mature proteins are
dissimilar between these two polypeptides. This heterologous N
terminus is due to a single nucleotide (C) insertion at +48 bp
and a nucleotide (T) deletion at the +72 bp of pProl 14.

The deduced mature proteins of pProl 14 and pProl 17 are
about 15.3 kD in size. The amino acid composition of the mature
polypeptide of pProl 14 showed a high mole percentage of
glutamine and hydrophobic amino acids and relatively low levels
of charged residues such as lysine and histidine (Table I). The
proline content of rice prolamine (5%), however, is lower than
the 10 to 30 mole percentage evident in other cereal prolamines
(12). The relatively higher proline content of prolamines from
maize, wheat, barley, and rye (12, 26) is due in part to the
presence of a tandemly repeated conserved peptide rich in this
amino acid. Therefore, the lower content of proline in the rice
prolamine is expected, since these proteins lack repetitive pep-
tides prevalent in other cereal prolamines. No methionine and
lysine residues are found in this rice polypeptide. This amino
acid composition is in good agreement with the known rice
prolamine composition (18, 22), supporting the identification of
this clone. The deduced mature protein of pProl 17 also contains
a high mole percentage of glutamine as well as hydrophobic
amino acids. However, in contrast to pProl 7 or pProl 14, 4
methionine and 8 cysteine residues were found in this polypep-
tide (Table I). The presence of cysteine residues suggests that the
pProl 17 polypeptide is likely to be soluble in alcohol solutions
only in the presence of reducing agents.

The entire primary structures of the precursor polypeptides of
pProl 14 and pProl 17 were analyzed by a function of hydropathy
index (Fig. 4). The hydropathy patterns of pProl 14 and pProl
17 are similar except for three regions. These differences in
hydropathy are due to changes in residues mediated by point
and DNA segment mutations at these regions. Other than the
hydrophobic N-terminal region containing the signal peptide,
the hydropathy of the primary sequence of both prolamine
polypeptides is quite neutral.

Relative Abundance of Prolamine mRNA Transcripts. The
relative abundance levels for the two different types of prolamine
mRNA transcripts were examined by Northern blot analysis
(Fig. 5). Total RNA was isolated from rice seeds at 10 and 25
DAF and immobilized onto membrane filters. These filters were
hybridized with 3?P-labeled pProl 14 (lane A) and pProl 17 (lane
B) cDNA inserts, respectively. At 10 DAF of rice seed develop-
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FiG. 4. Hydropathy graph of deduced prolamine precursor polypep-
tides. Top, pProl 14; bottom, pProl 17. The negative values of the vertical
axis represent the hydrophilicity of the amino acids and the positive
values show the hydrophobicity. The horizontal axis indicates the amino
acid residue number. Arrows indicate the different hydropathy regions
of the prolamine polypeptides.

ment, mRNA transcripts for pProl 17 are present at 3- to 4-fold
higher levels than pProl 14 transcripts, whereas the relative
abundance of these two mRNA transcripts is similar at 25 DAF.
Overall, the expression levels of both prolamine mRNA tran-
scripts are higher at 25 DAF than at 10 DAF.

Organization of the Rice Prolamine Genes. The organization
and copy number of the prolamine genes were determined by
using the genomic Southern blotting technique (Fig. 6). Rice leaf
DNA was digested with EcoRI, HindIIl, and BamHI and probed
with the 32P-labeled pProl 14 insert. Amounts of pProl 14 equiv-
alent to 1, 2, 10, and 20 copies/haploid genome were run on gel
lanes adjacent to the rice DNA fragments. With all three en-
zymes, complex patterns of rice DNA restriction fragments con-
taining the prolamine gene sequences were obtained. The EcoRI
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FiG. 5. Northern blot analysis of rice seed RNA. Five ug of total
RNA isolated from 10 and 25 DAF seeds were resolved on a 1.2%
agarose-formaldehyde gel alongside identically treated EcoRI/Scal cut
pUC 19 fragments as molecular size standards. The gel was blotted onto
membrane filter and the blot was hybridized to **P-labeled cDNA inserts
of pProl 14 (lane A) and pProl 17 (lane B), respectively.
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FIG. 6. Southern blot analysis of rice ggnomic DNA. Five ug of rice
leaf genomic DNA were digested with EcoRI, HindIlIl, and BamHI and
resolved on a 0.4% agarose gel along with prolamine cDNA gene copy
number standards. The genomic blot was hybridized with 32P-labeled
pProl 14 cDNA insert. Bands labeled 1, 2, 10, and 20 indicate the
number of gene copies of the prolamine insert sequence/haploid rice
genome.

and HindlIII digestions of rice DNA gave about 10 to 20 copies
of a 2.5-kb fragment when its autoradiographic signals are com-
pared to those displayed by the internal standards. Several addi-
tional bands of 5 kb or larger size were also detected, all contain-
ing multiple copies of the prolamine sequence. Overall, the
results from genomic Southern blot analysis are consistent with
the notion that the number of genes for prolamines is extremely
large (~80-100 copies/haploid genome).

Isolation and Characterization of the Prolamine Genomic
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FiG. 7. Physical restriction enzyme map analysis of prolamine ge-
nomic clones. A, the 5.7-kb LProl 1b genomic fragment; B, the LProl 4a
genomic clone, which contains a conserved 2.5-kb EcoRI fragment
tandem repeated four times. E, EcoRI; H, HindIll; K, Kpnl; P, PstI; Sp,
Sphl; Ss, Sstl; X, Xbal.

Clones. A lambda Charon 35 rice genomic library, produced
from DNA partially digested with EcoRI, was screened using a
¢DNA insert of pProl 14 as a probe, and two genomic clones
were isolated. One of the isolated genomic clones, LProl 1b,
contained an insert of about 12.0 kb and another, LProl 4a,
possessed an insert about 15.5 kb in length. These clones were
characterized by restriction enzyme mapping and Southern blot
analysis using the cDNA insert as a probe. The LProl 1b clone
contained two EcoRI fragments of 6.0 and 5.7 kb and the cDNA
probe hybridized to a 3.0-kb Xbal-Ps:I fragment within the 5.7-
kb EcoRI fragment (Fig. 7A). Interestingly, LProl 4a genomic
clone was found to contain four tandem repeats of a highly
conserved 2.5-kb EcoRI fragment, each containing the prolamine
gene sequences as shown in Figure 7B. The prolamine gene
sequences resided in 1.1-kb Sphl-SstI fragment within these
conserved EcoRI fragments (Fig. 7B). One of the 2.5-kb EcoRI
fragments was randomly subcloned into M13mpl8 and
M13mp19 and analyzed by DNA sequencing (Fig. 8). The en-
coded protein is 95% homologous to pProl 14 polypeptide. No
introns are present in the coding region. Putative TATA and
CAAT regulatory sequences are present at —271 and —330 bp
from the translational codon. The 5’-flanking region of this
genomic clone, however, contains several AUG codons in addi-
tion to the presumed authentic translational start. A protected
band at —221 position from the AUG translational start signal
was observed by an S1 protection experiment (results not shown).

DISCUSSION

Although extensive studies have been conducted on the major
cereal prolamines, there has been limited information about these
proteins from rice seeds. As the first step to study the rice
prolamines, we isolated several prolamine cDNA clones. Based
on cross-hybridization and restriction enzyme map analysis, our
cDNA clones can be divided into two homology classes (Figs. 1
and 2). DNA sequence analysis of pProl 14 and pProl 17,
representative of these two homology classes, revealed that these
cDNAs share about 75% homology at the nucleotide level and
63% homology in their derived primary sequences (Fig. 3). The
divergence between the prolamine classes is due to various inser-
tions/deletions (6-15 nucleotides) and point mutations at codon
positions 1 and 2. Despite the involvement of insertion/deletion
events in prolamine gene evolution, both gene classes encode
polypeptides of almost identical size (15.2 kD). This result is
consistent with our earlier observation that only a single prolam-
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GAATTCAGTATAAACCAAATCCTTGCTATAATCAAATGTTCGGTACCGCATCAACGGAACAATAAAAAGCG -618
CCCATGGCGTACCATAATTTTGTCATTCTTGTTGAAATTTGTAATT TAAGATGCATGAGGCCACACGACCTTAATGTTCAACGTGTCATG -528
CATTAGTGAAATAATAGCTCACAAACGCAACAAATATAGCTAGATAACGGT TGCAATCCTTACCAAACTAACGTATAAAGTGAGCGATGA -438
GCATATCATTATCTCCCGCTGCTAACCATCGTGTACACCATCCGATCCCAAAAATGACAACTTCTAGGGATGACCTGGACAAGGTTAGGG -348
TTAGGGATGAATCTGGACAAATGATTGTTCAGGTTCATCCCTAGATGT TGGTTTCTCCTTACGTGATGGAGGGAAGIATATGTGATGGAC -258
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4a ACAAAAGTTACTTTCATGATGAAACCAAAGGGGATTTGTTGGGGCACCTAATAGAACATCTGTCCAAATGGCATGACTCACTTATATCCT -168
4a AATAGGACATCCAAGAAAAACTAACACTCTAAAGCAACCGATGAGGAATTGAAAGAAAATACGTGCCACCGCATCTATAAATCCACAAGC -78
14 TTCC G GC CCCTCCCT CTC CTC GCGGTACC G CC CCIC C CCTCTGCTIGG CCC GG CC GGGCCGCG C C T ~-74

4a GCAATGGAAACCCTCCTCATCGTTCACACAGTTCAAGCATTATACAGCAAAATAGAAAGATCTAGTGTCCCGCAGCAATGAAGATCATTT 13

4a M K I I
14CG ----GG C T A 13
14 \/

4a TCGTCTTTGCTCTCCTTGCTATTGCTGCATGCAGCGCCTCTGCGCAGT TTGATGTTTTAGGTCAAAGT TATAGGCAATATCAGCTGCAGT 103
4daF V F AL L AIAACSASA AQFDVILGOQSYUROQY QUL Q

14 A 103
14

4a CGCCTGTCCTGCTACAGCAACAGGTGCTTAGCCCATATAATGAGTTCGTAAGGCAGCAGTATGGCATAGCGGCAAGCCCCTTCTTGCAAT 193
4as P V L L Q Q0 VL sS P Y NZEUFVROQOQYGTIAASU?PTFTILQ

14 193
14

4a CAGCTGCGTTTCAACTGAGAAACAACCAAGTCTGGCAACAGCTGGCTGGTGGCGGTCAACAATCTCACTATCAGGACATTAACATTGITC 283
4as A AF QLRNVNO OVW®WOQOLAGG GG QO QSUHYOQODTINTIV

14 A C GCIG TG CG 283
14 L vV A

4a AGGCCATAGCGCAGCAGCTACAACTCCAGCAGTTTGGTGATCTCTACT TTGATCGGAATCAGGCTCAAGCTCAAGCTCTGTTGGCTTTTA 373
440 A I A 0 QL QLOQQ@FGDTILYTFDTZRNOAOQAT® QATLTLAF

14 N 367
14 L - -

4a ACGTGCCATCTAGATATGGTATCTACCCTAGGTACTATGGTGCACCCAGTACCATTACCACCCTTGGCGGTGTICTTGTAATGAGTTITAA 463
44N VP SRYGTIYPRYYGAPSTTITTTLGGVL

14 T 457
14

4a CA--GTATAGTGGTTCGGAAGTTAAAAATAAGCTCATATATCATCATATGTGACATGTGAAACTTTGGGTGATATAAATACCAAAAAAGT 551
14 aG G GA_T 547
4a TGTCTTTCATATTTAAATACCATGCCTCTATAAGGATATATCCTAGTACGTTGTCGTGACTAATTACCATCATCGGTACTCTACAATTTT 641
14 * 552
4a ACTGTGTGCTTACATTCGATCCGAAGCTACTTTGTTTTTAAGATAGAAATGGAGCGTATAAAGGATGTCCGTCCTTTTATTCCAATAAGA 731
4a ACAAACACAAAGCACATATGGAAAATACTAAATCCACTACAACAAAATCATAGACCATACAAAGCAGGTAAAGATGTAGCAAGACCAGCA 821
4a TATGAAAGGCCGCATATGCATGATCATTGTGAATATGACATGCCCTTGTCGAGCAAACGTGTCACTTCATGCAAATATGTTATTTCAAGC 911

4a GACATCAATATATGGTTACACAATTTTAAACATTGGTATATTAATGACTTTCATATATGCATATTAATTTCAATTGAAAGACATCTTGTT 1001
4a GTCCATCATTCCTAACAAGAGGTAGTGTACAAGGCATTATTTAGTTGACGTCTCGCTCACTTTGCATCACAGAAGCATAACCTAGACATA 1091

4a GGTAATTCATTATAGAATCAAAAACTGCAG

1121

Fig. 8. DNA and amino acid sequence comparison of the 2.5-kb EcoRI fragment of LProl 4a genomic clone to pProl 14. Only the sequence
differences between the two clones are shown. Numbers are the bp relative to translational start site. The regulatory sequences, putative TATA,
CAAT, and polyadenylation signal are underlined. Dashed lines indicate the insertion/deletion segments between the genomic and cDNA clones.
The asterisk indicates the 5’- and 3’-end of pProl 14. The arrowhead represents the putative cleavage site of the signal peptide. The putative

transcriptional start site is underlined with bold letters.

ine band is detected on SDS-PAGE (14, 21). The 5’- and 3'-
untranslated regions are also highly heterologous. Even within
the same homology class, the N termini of the deduced polypep-
tides differ substantially because of a nucleotide insertion fol-
lowed 24 bases later by a base deletion. Furthermore, varying
levels of mRNA transcripts of these two prolamine classes are
detected during seed development (Fig. 5), suggesting that these
two classes of genes are differentially regulated.

Based on the Osborne fractionation of seed proteins, several
studies have shown that prolamines constitute only a minor
portion (3-5%), whereas glutelin composed the predominant
protein fraction (80%) of seed protein (10, 28). The reduced
glutelin fraction, when resolved by SDS-PAGE, was found to be
composed of four major groups of polypeptide bands having
molecular sizes of about 51, 34 to 38, 21-22, and 14 kD (14,
29). Based on Western blotting analysis, the 14 kD polypeptide
was found to be a prolamine and was the major contaminant of
the glutelin fraction (14). The amino acid composition of de-
duced prolamine polypeptides of our cDNAs exhibits an amino
acid composition typically observed for rice prolamine (Table I).
The encoded protein of pProl 17, however, contains an unusually
high mole percentage of cysteine (5.9%) and methionine (3.0%),
suggesting that this polypeptide is not a typical alcohol-soluble

prolamine. Because of this unusually high percentage of cysteine
residues, it seems likely that prolamine encoded by pProl 17 will
remain in the glutelin fraction during the serial extraction steps
of the Osborne fractionation scheme (10, 28) and therefore
account for the major 14 kD contaminant observed in the
glutelin fraction. In addition, Northern blot analysis using pProl
14 and pProl 17 cDNA inserts as probes revealed that pProl 17
mRNA transcripts are 3 to 4 times more abundant than pProl
14 transcripts at 10 DAF of rice seed development (Fig. 5). These
results suggest that the percentage of prolamine present in total
seed protein fraction is probably underestimated by the serial
extraction analysis (10, 28).

Southern blot analysis of rice leaf DNA suggests that the
number of genes encoding the prolamine is extremely large (~80-
100 copies/haploid genome). This result is consistent with the
findings from other studies (12, 26) that cereal prolamine poly-
peptides are encoded by a complex family of genes. We have not
discounted the possibility, however, that many of the hybridiza-
ble bands observed by Southern blot analysis may be due to
prolamine-like sequences present in the rice genome and that
the number of authentic genes is much smaller.

One of the isolated rice prolamine genomic clones contains a
highly conserved 2.5-kb EcoRI fragment, repeated in tandem
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four times. Hybridization studies indicate that the prolamine
gene sequences are contained within this conserved EcoRlI frag-
ment (Fig. 7). Such a contiguous tandem arrangement of seed
protein genes has been previously observed for those encoding
wheat vy-gliadin (23) and maize zein (27) storage proteins. South-
ern blot reconstruction data indicate that this 2.5-kb EcoRI
fragment is present at about 10 to 20 copies/haploid genome
(Fig. 6), suggesting the presence of several sets of closely linked
prolamine genes on the rice chromosome. This tight clustering
of the prolamine genes may be a consequence of the relatively
small genome size of rice (~0.6 X 10° bp/haploid genome) as
compared to other cereals (1).

One of the randomly chosen 2.5-kb EcoRI fragments was
shown by DNA sequence comparison to encode a prolamine
which is highly homologous to pProl 7 and pProl 14 (Fig. 8). As
shown for other prolamines, the rice gene was devoid of introns
(12). The 5’-untranslated region, above —70 bp from the trans-
lational start site, however, was heterologous among genomic
and cDNA clones. S1 nuclease protection study indicated that
the genomic clone corresponded to an RNA whose 5’ end
mapped to —221 bp from the AUG translational start signal, but
the S1 nuclease signal obtained was very faint after prolonged
autoradiographic exposure. Moreover, the TATA box showed
only weak identity to the plant consensus sequence (20). These
results and the presence of several additional potential AUG
translational starts in the 5’-untranslated region indicate that
this gene may be only weakly expressed and does not represent
a major prolamine transcript.

The alcohol solution-soluble prolamines, the predominant
storage proteins of cereal seed, share a number of common
features. They are encoded by multigene families and contain
high amounts of glutamine and proline residues and low levels
of basic amino acids such as lysine, which account for their
solubility in alcohol solution (12, 26). The rice prolamines,
however, are unique in lacking repetitive sequences, a common
structural feature of other major cereal prolamines (12, 26). In
addition, no significant homology is detected between rice pro-
lamines and prolamines from other cereals (11). The absence of
repetitive sequences and homology to other cereal prolamines at
both the DNA and protein level suggests that the rice prolamine
genes may have evolved from an ancestral gene distinct from
those that gave rise to the prolamines of the other major cereals.
This distinctive property of the rice prolamine as well as the close
sequence homology evident between the rice glutelin and legume
11S storage proteins (8) may indicate that rice diverged very
early during the evolution of the grasses.
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