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We have isolated genomic clones encoding the two
major classes of seed storage proteins in oats, the 12 S
globulins and the avenins. The globulin genes encode
glutamine-rich, sulfur-poor storage proteins that are
highly conserved in sequence and structure. The glob-
ulin genes contain three short introns whose positions
in the coding sequence are the same as in storage
globulin genes in legumes and other dicots, The avenin
genomic clone contains four tightly linked genes that
belong to both of the two avenin gene subfamilies. The
avenin genes encode glutamine-rich, lysine-poor pro-
teins that vary in length due to differences in the
number of peptide repeats. Although globulin and av-
enin genes are expressed coordinately during oat seed
development, their promoter regions do not contain
any conserved sequence elements that might determine
developmental timing. Previous studies showed that
there are roughly equal amounts of globulin and avenin
mRNAs in developing oat seed, despite there being
much more globulin than avenin in mature seed. Stor-
age protein synthesis in oats must therefore be con-
trolled partially by post-transcriptional mechanisms.
Sequence analysis of globulin and avenin genes has
provided several clues as to why globulin mRNAs may
be translated more efficiently than avenin mRNAs.

Cereal seeds contain large amounts of storage proteins that
are degraded during germination to provide nutrients to the
seedling. Most of these seed storage proteins fall into two
classes, the alcohol-soluble prolamines and the saline-soluble
globulins (1). The seeds of most cereals contain relatively
large amounts of prolamine storage proteins and small
amounts of globulin storage proteins. Oat seeds are unusual
in this regard in that they store, by weight, only 10-20%
prolamines, called avenins, and 75-80% globulins (2, 3).

The oat globulin shares structural features with the 11 S
globulins of legumes and other dicots, although it is much less
soluble (4). The protein is isolated as a 340-kDa hexamer with
a sedimentation coefficient of about 12 S (5). Each of the six
subunits consists of a 35-kDa acidic polypeptide disulfide
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bonded to a 22-kDa basic polypeptide. The globulin subunits
are synthesized on rough endoplasmic reticulum membranes
and are proteolytically processed into acidic and basic poly-
peptides before deposition in the vacuole (6).

The avenins of oats comprise a group of alcohol-soluble
proteins ranging in size from 17 to 23 kDa (7). Amino-terminal
sequence analysis revealed homology both between avenin
polypeptides as well as between the avenins and the prolam-
ines of wheat, rye, and barley (8). More recently, sequences
have been determined for several of the polypeptides (9, 10),
although many of them are blocked to Edman degradation.

An important consequence of the high-globulin, low-pro-
lamine composition of oat seeds is that oat protein provides
a better balance of the amino acids essential for humans and
other monogastric animals than does seed protein from most
other cereals. We are attempting to gain an understanding of
the genetic basis for the high-globulin, low-prolamine com-
position of oat seeds. We have isolated cDNA clones corre-
sponding to globulin and avenin mRNA sequences (11, 12).
Despite the predominance of globulin in the mature seed, we
found that nearly equal amounts of globulin and avenin
messenger RNA are present in developing oat endosperm
(12). The control of storage protein synthesis in oat seeds is
clearly complex, involving both transcriptional and post-tran-
scriptional mechanisms. To gain further insight into the
regulation of oat seed storage protein synthesis, we have
isolated and characterized genomic sequences for both the
globulins and avenins of oats.

MATERIALS AND METHODS

Materials—Restriction endonucleases and mung bean nuclease
were purchased from Bethesda Research Laboratories, Gaithersburg,
MD. [a-**P]dATP (3000 Ci/mmol) and [a-*S]dATP (1000 Ci/mmol)
were obtained from Du Pont-New England Nuclear, Wilmington, DE.
Sodium trichloroacetate was purchased from Aldrich Chemical Co.,
and recrystallized by the method of Murray (13). Nick translation
kits were obtained from Amersham Corp., and Sequenase sequencing
kits from United States Biochemical Co., Cleveland, OH. Nitrocel-
lulose was purchased from Schleicher and Schuell, Keene, NH.

Genomic Library Screening—A library of oat genomic sequences in
lambda phage Charon 34 was obtained from Dr. Mike Murray (Agri-
genetics Corp., Madison, WI). For isolation of both globulin and
avenin genomic clones, 0.9-1.2 X 10° phage were transferred to
nitrocellulose filters as described by Maniatis et al. (14). Clones
containing globulin gene sequences were identified by hybridization
with a mixture of three DNA fragments labeled with **P by nick
translation: a 350-bp' EcoRI-Scal fragment isolated from the 5’ end
of oat globulin ¢cDNA clone pOG2 (11); a 390-bp Xhol-Spel fragment
isolated from the 3’ end of pOG2; and a 343-bp BamHI-Dral fragment
isolated from a globulin clone previously obtained from the same
library by hybridization with oat globulin cDNA clone pOG77 (15).
This latter genomic clone contains a missense mutation in its trans-
lation initiation codon.

Clones containing avenin gene sequences were identified by hy-
bridization with a mixture of 32P-labeled inserts from avenin cDNA

! The abbreviations used are: bp, base pair; kb, kilobase pair; SDS,
sodium dodecy] sulfate.
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clones pAV10, 21, 31, 41, and 122 (11).

Hybridizations were in 6 X SSC (1 X SSC = 0.15 M Na(l, 0.015 M
sodium citrate (pH 7.5)), 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1%
bovine serum albumin, 0.01 M EDTA, 0.5% SDS, and 0.1 mg/ml
sheared calf thymus DNA for 18 h at 65 °C. The filters were washed
four times for 15 min in 2 X SSC, 0.5% SDS at room temperature
and four times for 15 min in 2 X 8SC, 0.1% SDS at 65 °C. Filters
were then exposed to Kodak X-Omat film overnight at room temper-
ature.

DNA Sequence Analysis—Globulin and avenin genomic clones
were mapped with restriction endonucleases, and the restriction
fragments containing gene sequences were identified by DNA gel
blotting and hybridization with the cDNA fragments used in library
screening by the procedures of Meinkoth and Wahl (16). These
fragments were eluted from the gels, subcloned into the pGem-3Z
plasmid (Promega, Madison, WI), and their sequences determined by
the dideoxy chain termination method according to the instructions
accompanying Sequenase sequencing kits. Fig. 1 shows the sequencing
strategy used for one globulin and one avenin genomic subclone. For
each subclone, 100% of the sequence was determined from both
strands. DNA sequences were analyzed using the Microgenie com-
puter program (Spinco Division, Beckman Instruments, Inc., Palo
Alto, CA).

Transcript Mapping—RNA transcripts were mapped to the glob-
ulin and avenin genomic sequences by mung bean nuclease protection
assays as described by Murray (13) except that the reaction mixture
was extracted with phenol chloroform isoamyl alcohol (25:24:1) and
precipitated with one-half volume of 7.5 M ammonium acetate and 2
volumes of ethanol. In these assays we used total RNA from mem-
brane-bound polysomes isolated from developing oat seeds (8-10 days
after anthesis) by the procedure of Larkins and Hurkman (17).

RESULTS

Isolation and Characterization of 12 S Globulin Genes—A
library of oat genomic sequences in lambda phage Charon 34
was screened by hybridization with three DNA fragments,
two derived from oat globulin cDNA clone pOG2 (11) and the
third from a previously isolated globulin genomic clone that
contains an inactive gene. Nine different clones were isolated
and their restriction endonuclease sites mapped. DNA gel blot
hybridizations indicated that each clone contained a single
gene copy (data not shown). One clone, designated AOG1,
contained a complete gene sequence on a 3.3-kb EcoRI frag-
ment. This fragment, O0G1-E1, was subcloned into the plasmid
pGem-3Z, and after additional rounds of subcloning of smaller
fragments, its nucleotide sequence was determined (Fig. 2).

The fragment OG1-E1l contains a complete 12 S globulin
coding sequence, as well as 982 bp of 5’-flanking sequence
and 459 bp of 3’-flanking sequence. Comparison of this se-
quence with that of oat globulin ¢cDNA clone pOG2 (11)
reveals the presence of three introns of 117, 126, and 100 bp.

A
Ec Xb SpSt Xm NcXmSc Hc cl St HdXh Xb Sp Ec
| 3 i — ) h 5
— - —— — -
— . — —— — > ——- —»
-— -— - -— e e
-— e a—— -— -— -
B
Xb Hd Fs Pv PsScSpNs NsSa ScNsHd Hd Sp  Xb
1 h P & SO i )
200 bp

FiG. 1. Sequencing strategy for globulin genomic subclone
OG1-El (A) and avenin genomic subclone AV45-X1 (B). Ar-
rows indicate the direction and length of nucleotide sequence deter-
minations. Restriction endonuclease sites are indicated as follows: CI,
Clal; Ec, EcoRl; Fs, Fspl; He, Hincll; Hd, HindIII; Nc, Ncol; Ns, Nsil;
Pv, Puull; Sc, Scal; Sp, Spel; St, Stul; Xb, Xbal; Xh, Xhol;, Xm,
Xmnl.
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These introns interrupt the coding sequence in the same
positions in the coding sequence as the introns in genes for
the storage globulins of soybean (18), pea (19), and other
legumes (1), as well as the storage glutelin of rice (20, 21).
Characteristic of introns in general, the three introns in 0G1-
E1 are AT-rich, consisting of 73% A + T compared to 54% A
+ T in the coding sequence. The splice sites of these introns
conform to the GT/AG cleavage rule for eukaryotic genes
(22).

Clone OG1-E1 encodes a polypeptide of 518 amino acids,
including a 24-amino acid signal peptide, a 293-amino acid
acidic polypeptide (M, 33,112), and a 201-amino acid basic
polypeptide (M, 22,758). The mature polypeptide is rich in
the amidated amino acids (21% Gln + Asn) and deficient in
the sulfur-containing amino acids (2.0% Cys + Met), which
is characteristic of seed storage globulins. The amino acid
sequence of OG1-E1 has 97% identity to that encoded by oat
globulin ¢cDNA clone pOG2 (11). Like pOG2, OG1-E1 codes
for four glutamine-rich octapeptide repeats near the COOH
terminus of the acidic polypeptide (Fig. 2).

The 5’ end of the mRNA was mapped by a mung bean
nuclease protection assay (13) to a T residue 38 bp upstream
of the ATG codon (Fig. 2). Potential TATAA and CCAT
sequences are at positions ~27 and —60 with respect to the
start of the mRNA. There is one potential “CACA” element
(23) at position —162 with the sequence 5'-CAACACAT-3’.
The CACA element has been found in glycinin and 8-congly-
cinin genes of soybean and has been shown to interact with
embryo nuclear proteins.”

The 5 -flanking region of this gene lacks a number of
conserved sequence elements that have been identified in
other seed storage protein genes. These include the “legumin
box” in pea legumin genes (24), the AACCCA element in
soybean (-conglycinin genes (25, 26), the —300 element in
several cereal prolamine genes (27, 28), and the CATGCATG
RY element in many seed protein genes (29).

The translation initiation sequence in OG1-E1 is 5’-AAT-
CATGGC-3’; the same sequence is found in oat globulin
¢DNA clones pOG2 and pOG3 (11) and genomic clone AOG7
(data not shown). This is a seven out of nine match with the
consensus sequence for plant genes (5-AACAATGGC-3’)
reported by Lutcke et al. (30). The 3’-flanking region contains
two 5'-AATAAA-3’ polyadenylation sequences located 33 and
83 bp downstream of the TGA translation stop codon.

Isolation and Characterization of Avenin Genes—The oat
genomic library was screened for avenin sequences by hybrid-
ization with inserts from four avenin ¢cDNA clones (12). Out
of about 1.2 X 10° phage clones, only four hybridizing phage
were identified. Restriction endonuclease mapping showed
that two of the four clones (\AV17 and AAV54) were identical
and that the third (A\AV45) was the same as those two except
about 3.2 kb longer at its 5’ end. The restriction map of the
fourth clone (AAV53) was unrelated to the other three. Based
on these results, clones AAV45 and AAV53 were characterized
further.

DNA gel blotting showed that AAV45 contained all or parts
of four avenin genes (Fig. 3) and that AAV53 contained only
one coding sequence (data not shown). Preliminary sequence
analysis revealed that the direction of transcription of all four
genes on clone AAV45 is the same (Fig. 3). The presence of
these four closely linked genes indicates that at least some
avenin genes are tightly clustered in the oat genome.

Subcloning and DNA sequencing confirmed that clone
AAV53 contains only one gene sequence. Detailed sequence
analysis and comparisons with avenin ¢cDNA sequences re-

% L. Pérez-Grau and R. B. Goldberg, personal communication.
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Fic. 2. Nucleotide and deduced
amino acid sequence of oat globulin
genomic subclone OG1-E1. Shown is
the complete sequence of a 3341-bp
EcoRI fragment isolated from genomic
clone AOG1. Potential TATAA and
CCAT sequences are underlined as are
AATAAA polyadenylation sequences.
The 5’ end of the mRNA was mapped to
the T residue numbered +1. A potential
CACA sequence at position —162 is over-
lined. The presumed site of signal pep-
tide cleavage is indicated by a solid ar-
rowhead. The site of proteolytic process-
ing into acidic and basic polypeptides is
indicated by an open arrowhead. The
cysteine residues involved in interchain
disulfide bond formation are double-
underlined. The octapeptide repeats at
the COOH terminus of the acidic poly-
peptide are boxed.

vealed that the coding sequence of AAV53 contains four in-
frame translation stop codons, seven single-base insertions or
deletions, and a central deletion of about 100 bp. Moreover,
the 5’ noncoding region does not possess TATAA or CCAT
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GAATTCTTIT
ACAAAATTGT
CTTITTATGT
TGTGCTATGA
CCATACACAC
TCTTGTTACA
ATATATTGTT

ATTTGACGTC

ACAAAGTTAT

GACTACTTTT

ProSerLeul
CCATCATTGT

1yGlyLeuvAr
GAGGTTTAAG

161luGInPhe
TGAGCAATTT

IleLeuGlnG

ATCCTTCAAG

CAATGAAACA

nAlaGlnFhe
AGCCCAGTTT

GlyIleValH
GGCATAGTAC

ys

AGGTAACTAT

GTITAACTTC

GlnlLeuLeuS
CAACTTCTTA

euGlnFheLe
TTCAATTCTT

TGGAAAGTCA TTTTGCCICC
AAAMATTGCT AGTGATATAT
GATTTGAAAT CACTATACTA
ATCATAGGCT ACATCCTGAT
GAAATCTCCA CTCAATTCTT
ATGTGGACAT GACTCITCCA
GIGCATAGAA CAAAACACAA

GGACAATGGC CAAGAGCTAC

ATCTATTCAC ATTTAAAACC

TATGGCTATA_AAATCAAACT

euFheTyrSe
TGTTITACTC

rTyrIlePhe
CTATATTIIT

8GlyCysArg
GGGGTGCAGA

PheAspArgL
TTIGATAGGC

ArgCysAlaG
CGTTGTGCAG

lyValSerVa
GTGTATCCGT

GTTAGTGICT AATTGATTAT

1yA
AATGTGTTTT CTTTTAGGTA
ALaGluGlyG
GCTGAAGGTC

1nSerGlnSe
AAAGCCAAAG

isTrpCysTy
ACTGGTGCTA

rAsnAspGly
CAACGATGGT

ACAACTTAAT GCACACAAAA

Gl
ATCGATATAA AATTTTAGGA
erGluAlale
GTGAGGCCCT

uGlyIleSer
TGGTATAAGT

uLysProFhs
GAAGCCTITT

ValSerGlnG
GTTICCCAAC

TGAACTCCAG
CCCACAAACG
CAGATCTACA
TTATTTTTAG
TTATACATTA
CTTTTGGGCT
GCAAGCCATG

ATATAAAAGA

ATGATCTGTT

TACAATAAGG

LeuLeuCysA
CTCIIGTGCA

auGlnAlaFh
TACAAGCATT

1IleArgArs

CATCCGTCGT

AAAAATTGCC

rgGlyFPheTh
GGGGATTCAC

rGInAsnLeu
CCAAAATCTT

AspAlaProl

GATGCACCGA

TATATACAAC

uPheLsuLeu
GTTCTTGITG

GlnGlnValA
CAGCAAGTAG

1nGlyProVa
AAGGACCAGT

TGTTTICCTAT
TGCAAAATCT
ATTTIGTICT
AATTTITIGG
TCTTTCTATA
TTATGTTGTA
AAAAAGGAGT

TGGTGCTAGA

GAGTCACCAT

+1
AAACTAGCAC

snGlySerMe
ATGGGTCAAT

eGluProLeu
TGAACCACTT

VallleGluP

GTTATTGAGC

TTTGTTATAC

rGlyLeuThr
AGGGTTGACT

LysAspGlul
AAGGATGAAC

leValAlsVa

TIGTAGCTGT

TATTTACAAG

AlsGlyAsnA
GCTGGTAACA

laGlnLysIl
CACAAAAGAT

1GluBisGln
AGAGCATCAA

TTATTAAAAA AAACTAAAAA
CAATTTGAAG TGCTTTGTAT
TTTTGTGAAG CTATAAATAC
AACCTAAAAT ATGTICTAGA
TCTACTAACG TGGATTATAC
TGGATATACT CATGACATGG
CACAGGTGCC ACAAACTGTT

TITGTGAGTC AGCACCAGCT

GAATATCTTC TTATCTATGT

CAATCCACCT TCTACAATCT

tAlaGlnLeu
GGCTCAGCTA

PheGlyGlnS
TTCGGGCAGA

ArgGlnvValG
CGACAAGTGG

lySerGlnAl
GGTCACAAGC

roGlnGlyLe
CTCAAGGCCT

uLeuleuPro
CITGTTACCT

TTCACTTAGG ATTTAGATGT

PheProGlyC ysProAlaTh
TTCCCTGGAT GCCCGGCGAC

1BisHisIle
TCACCACATC

13GinArgVa
ACCAAAGAGT

1TyrValPhe
CTATGICTTC

AspValAsnA
GACGTAAACA

TGATCCAACT ATGATTTGAA

snLysArgGl
ACAAGAGAGA

uGlnGlnFhe
GCAACAGTTT

oGlnSerGln
TCAGAGTCAA

AsnAspGlnA
AATGACCAAA

CTATATITAT
TTCGAGCTAC
ACATTATITT
TTATTITTTA
ATCATAGTAA
AATTTTGTCC
GTAGGAAGTA

GTAGGCAGAA

TAATAATTAC

CTTCAAACAA

erFheThrPr
GCTTTACCCC

aGlyIlelle
GGGTATCATT

GlnTyrHisA

CAATACCACA

GCCAAATGTT

rPheGlnGln
CTTCCAACAA

LysGlnGlyA
AAACAAGGAG

snAsnAlads

ACAACGCTAA

GTATACATTA

GlyGlnAsnI
GGACAAAACA

T8GlyGlull
GAGGTGAGAT

AAGTTTGAAA
ACAAAAATGA
GAGTTGAGAT
AAAAGTGGGA
GTTTCTITACT
ACACACGTAG
TAACTAGTAT

AACAACACAT

ATGTCATCAT

MetAlaTh
TCATGGCAAC

oTrpGlnSer
ATGGCAAAGC

GluTyrFPheA
GAGTACTTIG

snAlaProGl

ACGCTCCTGG

ACACCGTTCA

GlnPheGlnP
CAGTTCCAAC

spValValAl
ATGTTGTTIGC

nGlnLeuGlu

TCAGCTTGAA

GTGGGATATT

lePheSerGl
TATTCAGTGG

eIlleArgVal
AATICGTGTG

AAATCATGAA
CAAAGTGTGA
TTTTCATGTT
TCATTGATGC
ACATGTGCTT
AACCATCCAT
GAGGCCTTIT

ATCTTTTGAG

GTTTATCCTG

rThrArgFhe
TACTAGGTTT

SerArgGlnG
TCTCGACAAG

spGluGlnAs
ATGAGCAGAA

yLeuValTyr

CTTGGTGTAC

TATTTTTTAA

roFheAspGl
CATTTGATCA

alLeuProAla
TCTACCGGCT

ProArgGlnL

CCAAGGCAAA

AATGAACTCT

yFheSerVal
ATTCAGTGTC

SerGlnGlyl
AGTCAAGGCC

InSe
AAAG

AlaTyrGlnP roll:
GCCTACCAAC CAAT

£GinGluGlu
TCAAGAAGAA

GlnSerThis
CAATCAACOC

InTyrGlnVa
AATACCAGGT

1GlyGlinSer
AGGGCAATCA

PrqGInIyr6 1nGluGlyGl
CCi TATC AAGAAGGACA

nSerThiGln
ATCAACTCAA

TyrGlnProG
TACCAGCCAG

1yGlnSerTr
GACAGICATG

spGlnSer
ACCAAAGT

LeuGluAlai
TIGGAGGCAA

euAsnLeuVa

TTAACCTGGT

TACAACCGAT

aGlnGlyArg
CCAAGGACGT

ValValleul
GTTGTICTCA

euArgAlale
TACGTGCATT

eThrProlLys
CACCCCTAAG

AACTAGTATA

TTTCTIGTAC
TAGTCCACTT
TCAGCAAACC
GGTCGACTCT

sGluAsnPro
CGAAAACCCE

rgGlnAsnIl
GGCAAAACAT

1G1nMetSer
GCAAATGAGT

AlaThrArgV
GCTACAAGAG

TAATAATATG GCATACAAAT

InValValAs
AAGTTGTCAA

AlaArgValG
GCTCGAGTTC

yaLysAlaGl
AGAAGGCAGA

uArgGluGly
GCGTGAAGGA

ValleuAlaA
GTCCTCGCCA

uFroValAsp
GCCCGTTGAT

PheThzGlnT
TTTACACAAA

hzGlySerGlL
CGGGCTCCCA
GIGAAATAAA GGCATCGCAT
TTTAICTTTT
TATITTTTGG
AAATTGTGAA
TCCCCGGGCa

TCTTCTTAAT
GTACTAGATT
TAGCCACCTA
AGAGGATCGA

LysArgAlad
AAACGTGCCG

alAsnLeuTy

TAAATTTATA

AATTGCTATT

nAsnHisGly
TAACCATGGT

CyaGlnTyrl
TGCCAGTATA

snAlaTyrAr
ATGCATACCG

nSexTyrGln
GAGTTACCAG

GTTTGCAGCC

ATGATCAACC
TACTATCTTT
TCACATACCT
AGCTCGAATT

spThrTyrAs
ACACGTACAA

Gln
CCAGGTATTT

AsnAls
GCAGAATGCT

GlnThrValP
CAGACCGTAT

leSerPhely
TTTCATTCAA

glleSearArg
CATTTCTAGA

AspGluGlyG
GACGAGGGGG

TAGTGGTATA

AACTTACCTC
TGIGGTTTGA
TCAAATTTCT
<

GlyArzglleT
GGCAGGATAA

nProArgAls

CCCACGTECT

ATGATACTAC ATTCAACACA

IleLeuSerP
ATTCIITCAC

roTyrTrpAs
CATACTGGAA

heAsnAspll
TCAATGACAT

eleuArgArs
TCTICGTCGC

sThrAsnPro
GACCAACCCC

AsnSerMetV
AATTCCATGG

GlnGluAlaG
CAGGAAGCCC

InAsnLeuly
AAAACCTCAA

rThrGlulys
GACTGAGAAG

LluSerSerSe
AGTCAICTTIC

TAACCGCTTA TCTCAATAAA

TCTTCTICAA TTTICTGCCA
GTATTTCITA GGTCCGATAA
ATGCCAAAGT GIGCGATTTT

P‘hoAgyL
TICAATGGTT

hrBislesuls
CACATCICAA
CTATCTITATT

nlleAsnAla
CATTAATGCT

GlyGlnLeul
GGACAACTGC

alSerGlnIl
TTAGCCAGAT

sAsnAanArg
AAATAACCGT

AlaSerGluE
GCATCCGAGT

AAAGTTTCTC
CTCTTCACAT

AAACATTCAA
TAIGTTCTAT

euGluGluAs
TGGAGGAGAA

nSerlysAsn

TAGCAAGAAT

TTTAGATATT

HisServalM
CACAGTGTCA

eullellePr
TAATCATACC

eAlaGlylys
CGCAGGAAAG

GlyGLluGluP
GGAGAAGAGT

nd
GAATAAGTGA

CGTIGTTATAT
ATGCATATCA

TTTACTGATG
AGATCCAAGC

nPheCysSer
TTTCIGTICA

PheProThrl
TTTCCCACCC
CTAAGCTTCA

etHisMetIl
TGCACATGAT

oGlnHisTyr
ACAACACTAT

ThrSerIlel
ACCTCCATCC

heAspAlaFPh
TTGATGCATT
GTGTAATGGA
TGTTTGCTTG
AGGAGACGTA

CTAAATTTIT
TTGGGCTGCA

sequences or any of the conserved sequence elements found
in cereal prolamine genes (see later discussion). We concluded
that the gene on clone AAV53 is inactive and did not charac-
terize it further.
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F1G. 3. Physical map of restriction sites of avenin genomic
clone AAV 45, The total size of the insert is 14.4 kb. For simplicity,
only the sites for Xbal are shown, each denoted by Xb. The Xbal
fragments are numbered according to their size from 1 to 9. The
avenin coding regions are indicated by the filled boxes. The direction

of transcription of each gene is denoted by an arrow.

-350
-290
-230
-170
-110

-50
+11

+71

+131

+191

+251

+311

+371

+431

TCTAGAACAA TCCTTCCTGT TACTAGTTTA ATCTACCTTA TACACAGACA AGTTTACAAA
CTTTGCAAGC CATGACAATA TGGTTTATGC CTAACAGCCT GTAGAAAAAC ACAAACTTAG

TTTCAGAAAA TGATGCAATA
TATTGCCAAC TATCAAGCTT
CTTTTATGAT CGATCCAAAA
ATAATCAGTT CGAGAAGCAT
GAAACTATGC CATGGCAGAT
ATCCTTCACA CACCGAGAGC

MetLysA snPheLeull
ACCATGAAGA ACTTCCTCAT

GlnPheAspP roSerGluGl
CAGTTTGACC CTAGCGAACA

TAGATCAGTG ATTGACATGT
TCTTGATAGT CGAAAGGTGA
ATAACATTTG TAGGTAGTGC
ACAAGCATTT TTTAAGGAAA
ATAAATAGAC CTGCACCATG
ACAAACATTA AAACCTAGCA

eLeuAlaleu LeuSerMetA
CCTTGCCCTC CTTTCCATGG

nTyrGlnPro TyrProGluG
ATACCAGCCA TATCCTGAGC

AAARGCGARAA AGATGAGACA
TACATGTAAT GGCAAAGCAA
CACCAAACAC AACATACCAA

AGCAAATGCA AAGATGAAAA
+1
GAGATCCTCC TCCATCATTC
AGCAGTATCA ACACAAATCT

laAlaThrMe t:l\le\Thr:Alav

CGGCGACCAT GGCCACTGCG

InGlnGlnPr olleleuGln
AACAACAGCC AATTCTACAA

GlnGlHLeuL euLeuGlnGl
CAACAQTTGC TGTTGCAGCA

nGlnGlnGln{MetLeuleuG
ACAACAACAG | ATGTTGTTGC

1nG1lnGlnPr oLeuleuGln
AGCAACANCC ATTGTTGCAG

ValLeuGlnG 1lnGlrLeuAs
GTTTTGCAGC AACAGITGAA
AlaAlavals erPheleuAr
GCAGCGGTGT CATTCCTCCG

G1lnGlnCysC ysArgArgle
CRACAATGCT GCCGACGGCT

nProCysArg GlnPheLeuV
CCCATGCAGG CAGTTCCTCG

gSerGlnIle LeuGlnGlnS
GTCGCAAATC CTGCAACAGA

uGluGlnlle ProGluGlnL
GGAGCAGATC CCCGAGCAGC

alGlnGlnCy sSerProVal
TGCAACAGTG CAGCCCGGTG

erSerCysGl nvalMetArg
GCAGCTGCCA GGTGATGAGG

euArgCysPr oAlalleHis
TCCGGTGCCC AGCCATCCAT

SerValvalG 1lnAlallell eMetGlnGln GlnGlnGinG 1 ePheGl nProGlnMet
+491 AGCGTCGTCC AGGCCATCAT TATGCAGCAA CAACAACAAC AQITCTTCCA GCCTCAGATG
GInGInGInP hePheGInPr oGinMetGin GInValThrG InGlyIlePh eGlnProGln
+551 CAACAACA TCTTCCAGCC TCAGATGCAA CAGGTGACAC AGGGUATCTT CCAGCCTCAG

MetGlnGlnV alThrGlnGl lePheGln ThrGlnMetG InGlyGlnIl eGluGlyMet
+611 ATGCAACAGG TGACACAGGG TCTTCCAG ACTCAGATGC AAGGTCAGAT CGAGGGGATG

ArgAlaPheA laLeuGlnAl aleuProAla MetCysAspV alTyrValPr oProHisCys
+671 AGGGCGTTTG CGCTGCAGGC CCTGCCGGCG ATGTGCGATG TATACGTCCC GCCGCACTGC

ProValAlaT hrThrProle uSerGlyPhe End
+731 CCCGTCGCCA CCACCCCGCT CAGTGGCTTC TAAGAACACT ACAAGAGCTA TAGTACTACA

+791 TAAATACCAT CAGCGTTTAG CCGATGGACC GATCTTGTAG CGGTGACAAA TAAAATAAAA
+851 GGGTCATGCA CTAACATGTG TGACAGCCGA CCCGTACTAG TCCAAACTTG GAAATAAAAG

+911 AATGCAAAGT TCTTGTCTGC ATAACATTGA TTGTCGTTTT TCCATTCATG TTTATACCTA
+971 ACCATAAGCT CATGCATTAA CTAGCTGCTT ATGTAGCCTT CATTGATGTG AACATAATAA
+1031 CAGAGTGGGT GTAAAAGATG GATTTGAATT GAGGCACTAT TAAAGTGAGG AGTAAGRACC
+1091 AGGTGCAGAT GATAGCTCTT TAATGGTGAG GCTTGTGAGT TGTGACCTTA TTGGCTGACA
+1151 TGCATTGGAT TCTAAAGAGT ACATGTTGAT GCTTTCAACA ATGTCGAC

F16. 4. Nucleotide and deduced amino acid sequence of av-
enin genomic subclone AV45-X1. Only the sequence from the 5’
Xbal site to a Sall site 429 bp 3’ of the stop codon is shown. Potential
TATAA and CCAT sequences are underlined as are AATAAA poly-
adenylation sequences. The 5’ end of the mRNA was mapped to the
T residue numbered +1. The —300 element is in boldface. The site of
signal peptide cleavage is indicated by a solid arrowhead. The tandem
peptide repeats in both the first and second repeat regions are boxed.

The Xbal sites in genomic clone NAV45 were mapped, and
the Xbal fragments numbered consecutively from largest to
smallest (Fig. 3). Fig. 4 shows the nucleotide and deduced
amino acid sequence of the avenin gene residing on fragment
AV45-X1, the largest Xbal fragment. This sequence encodes
a polypeptide of 209 amino acids (M, 24,066), including a
signal peptide of 19 amino acids. The mature polypeptide (M,
22,072) is rich in glutamine (31%) and proline (8.9%), char-
acteristic of prolamine storage proteins, and contains no
lysine or tryptophan. In contrast to the oat globulins, this
avenin sequence has a relatively high proportion of the sulfur-
containing amino acids (8.9% Cys + Met).

Like previously characterized avenin sequences (12), the
coding sequence on fragment AV45-X1 comprises seven re-
gions: 1) a 19-amino acid signal peptide; 2) an NH,-terminal
region consisting of 9 amino acids; 3) a set of five imperfect
tandem repeats rich in glutamine with the consensus sequence
Pro-Leu-Leu-GIn-Gln-Gln; 4) a 63-amino acid central region
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that is highly conserved among avenins; 5) a polyglutamine
tract consisting of 6 residues; 6) a second, distinct set of four
tandem repeats, also rich in glutamine, with the consensus
sequence Ile/Phe-Phe-Gln-Pro-Gln-Met-Gln-GIn-Gln; and
7) a COOH-terminal region consisting of 34 amino acids.

Fig. 5 is a schematic representation of the coding sequences
of AV45-X1 and the three other genes contained on clone
AAV45. The sequences vary in length, primarily due to differ-
ences in the number of peptide repeats in both the first and
second repeat regions. This variation in length correlates with
the size heterogeneity of avenin polypeptides in polyacryl-
amide gels that we observed previously (12).

As described earlier, avenin genes fall into two subfamilies,
the first represented by ¢cDNA clone pAV10 and the second
by clones pAV31 and pAV122 (12). These two subfamilies
may correspond to the @ and v avenin polypeptides described
by Kim et al. (7). The AV45-X1 sequence belongs to the
PAV31/122 () subfamily; it has 94% amino acid sequence
identity to pAV31 and 78% identity to pAV122, but only 61%
identity to pAV10. The major difference between the coding
sequences of AV45-X1 and pAV31 is that AV45-X1 has four
repeats in the second repeat region (Fig. 5) and pAV31 has
five repeats. The coding regions on fragments AV45-X3a and
AV45-X6a also belong to the pAV31/122 () subfamily; AV45-
X3a is most closely related to cDNA clone pAV122 and AV45-
X6a to pAV31 (data not shown). The AV45-X2 sequence, on
the other hand, belongs to the pAV10 («) subfamily. It thus
appears that genes from the two avenin subfamilies are clus-
tered together in the oat genome.

The 5’ end of the mRNA was mapped to a T residue 73 bp
upstream of the ATG codon. Potential TATAA and CCAT
sequences are at positions —31 and —68 with respect to the
start of the mRNA. There is a —300 element 333 bp upstream
of the ATG codon with the sequence 5'-ATTGACATGTAA-
AGCGAAA-3’. The other three genes on clone AAV45 have
the sequence 5 -TTTGACATGTAAAGTGAAT-3’ in a sim-
ilar location (data not shown). The former sequence is a 15
out of 19 match with the consensus sequence for —300 ele-
ments in prolamine genes of maize, barley, and wheat (28),
and the latter sequence a 17 out of 19 match.

The translation initiation sequence in AV45-X1 is 5'-TAC-
CATGAA-3’; in ¢DNA clones pAV10, pAV31, and pAV122
(12), and genomic subclones AV45-X2 and AV45-X3a the
sequence is 5'-CACCATGAA-3’ (data not shown). These
sequences are only five out of nine matches with the consensus
for plant genes (5'-AACAATGGC-3’) (30). The 3’-flanking
region contains two 5'-AATAAA-3’ polyadenylation se-
quences located 80 and 139 bp downstream of the TAA
translation stop codon.

Avenin genes contain inverted repeat sequences located in
different regions of the coding sequence. In AV45-X1 there is
a series of overlapping inverted repeats in the coding sequence

S N R CC Q Rz c
X2 Em T T T T T 3}
DTN — | T TI7TT ]
X1 EE T OO (U0 S S S S—

X6a W TITTTIT

FiG, 5. Schematic representation of avenin gene coding se-
quences on genomic clone AAV45. The seven regions of the avenin
polypeptides are indicated as follows: S, signal peptide, filled box; N,
NH;-terminal region, open box; RI, first peptide repeats, stippled
bozxes; CC, central conserved region, open box; Q, polyglutamine tract,
shaded box; R2, second peptide repeats, stippled boxes; C, COOH-
terminal region, open box. As described in the text and shown in Fig.
2, the AV45-X6a sequence is incomplete, containing only the first 87
codons. The diagrams are positioned so that the central conserved
regions are aligned.
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for the first set of peptide repeats. Four of these inverted
repeats are shown in hairpin loop configurations in Fig. 6.
The computer-calculated free energy change of the most en-
ergetically favored of these hairpins is —26.0 kcal/mol. The
base pairing in these hairpins is largely the consequence of
the spacing of TTG leucine codons and CAA glutamine co-
dons. Inverted repeats are also present in the first peptide
repeat regions of AV45-X3a and AV45-X6a, the other mem-
bers of the avenin gene subfamily that contains AV45-X1
(data not shown}). Members of the other avenin gene subfam-
ily also contain inverted sequence repeats. Both genomic
subclone AV45-X2 and ¢cDNA clone pAV10 (12) have a 9-bp
inverted repeat in the signal peptide coding region. The com-
puter-calculated free energy change for hairpin formation in
AV45-X2 is —17.2 kecal/mol, and in pAV10 it is —24.4 kcal/
mol.

Comparison between Globulin and Avenin Genes—Although
oat globulin and avenin genes are both highly expressed in
endosperm tissue at the same stages of development, sequence
comparisons of their promoter regions failed to identify con-
served sequence elements that might determine tissue speci-
ficity and developmental timing. Furthermore, the coding
regions of the two classes of genes have distinctly different
codon usage patterns (Table I). Globulin genes show a slight
but significant bias towards A (28%) and T (29%) residues in
the third position of the codons, but avenin genes exhibit a
marked preference for C (30%) and especially G (43%) resi-
dues. For example, 25 of the 33 codons for alanine in OG1-
E1 are GCT or GCA, but 13 of the 14 alanine codons in AV45-
X1 are GCC or GCG. For glutamine, the most numerous

A

B

ProlleLeuGlnGInGln LeuLeuleuGlnGlnGlnGlnGln MetLeuLeuGlnGlnGln ProLeuleuGlnValleuGlnGlnGln

C?AATTCTACA}l\CAACAG TTG?TGTTGCAGC?ACAACAACAG ATGTTGTTG(IIAGCAACAA C(IJATTGTTGCA(IJGTTTTGCAG(‘IAACAG
|

240 250 260 270 280 290 300 310 320

w
-
o

>

c G-280 3
A A
A-T A
c-G c  G-280
A-T A A
1 270-A - T A-T
€ -G -G
Gc G T A-T
A A-270 A-T A-T
c A c-¢ c-6
G-C G - G-290 A-T 4
T-a T - A 270-A - T
T-A T 6 c-a 280-G A
G-C G-¢C G - €-290 A-T
T-A T-A A A c-6
260-C A 260-C A c-G A-T
G-C G-cC G-cC A-T
T-4a T - A T - A c -G
T G-280 T- A T A A-T
[ A G- C G -C A-T
A-T A C.300 T-A c-G
c-¢ c A 260-C A A C-290
A-T A-T G- C 270-A A
A-T A-T T C-300 C-6
C-G C-6 T-A G-¢C
250-A - T 250-A - T ¢ T A A
A-T A-T A-T c A
c -G C -G € -G G - C
A C-290 A C a-T T-A
T - A T-aA A-T T-a
c-c c - G-310 c-c G-cC
ATT CAA ATT GTT caA cAG 6cT caT

-15.6 keal/mole -23.2 kcal/mole

Fic. 6. Potential hairpin loop structures in avenin gene
AV45-X1. A, the nucleotide and amino acid sequence of the first
repeat region of gene AV45-X1. Shown are nucleotides 239 through
325 from Fig. 4. Overlapping inverted sequence repeats are numbered
1 through 4 and are indicated by arrows. B, inverted repeats 1 through
4 arranged in hairpin loop configurations. The nucleotides are num-
bered as in A. Computer-calculated free energy changes for hairpin
formation are given below each sequence.

-26.0 keal/mole -12.8 kcal/mole
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TABLE I
Codon distribution of oat globulin gene OG1-E1 and avenin gene
AV45-X1
OG1-E1 AV45-X1 OG1-E1 AV45-X1
Phe TTT 15 2 Tyr TAT 5 1
TTC 15 10 TAC 13 2
Leu TTA 3 0 End TAA 0 1
TTG 12 8 TAG 0 0
CTT 11 2 His CAT 3 1
CTC 6 6 CAC 8 1
CTA 5 1 Gln CAA 50 25
CTG 2 5 CAG 19 34
Ile ATT 12 2 Asn AAT 17 0
ATC 9 8 AAC 17 2
ATA 6 0 Lys AAA 3 0
Met ATG 6 12 AAG 12 1
Val GTT 11 1 Asp GAT 9 1
GTC 7 4 GAC 6 1
GTA 9 1 Glu GAA 11 1
GTG 4 6 GAG 18 4
Ser TCT 3 0 Cys TGT 2 0
TCC 7 1 TGC 5 8
TCA 11 1 End TGA 1 0
TCG 1 1 Trp TGG 4 0
Pro CCT 6 5 Arg CGT 11 0
CCC 3 2 CGC 2 0
CCA 12 5 CGA 3 1
CCG 4 5 CGG 0 3
Thr ACT 5 2 Ser AGT 11 1
ACC 8 3 AGC 6 5
ACA 4 2 Arg AGA 6 0
ACG 2 0 AGG 7 3
Ala GCT 13 0 Gly GGT 11 1
GCC 6 6 GGC 6 3
GCA 12 1 GGA 14 0
GCG 2 7 GGG 7 1

amino acid in each sequence, 50 of the 69 codons in OG1-E1
are CAA. In AV45-X1, however, the 59 codons are slightly
biased toward CAG.

DISCUSSION

We have isolated and characterized genomic clones corre-
sponding to the two major classes of seed storage proteins in
oats, the 12 S globulins and the avenins, as a step toward
understanding the regulation of the synthesis of these proteins
during oat seed development. Our previous experiments (12)
showed that although mature oat endosperm contains 75-
80% globulin by weight and only 10-20% avenin (2, 3), mnRNA
levels for the two protein classes are roughly equal throughout
development. In the current study we have analyzed globulin
and avenin gene sequences in order to gain some insight into
mechanisms of regulation of these storage protein genes.

We isolated several 12 S globulin genes and found that
their coding sequences are interrupted by three short introns,
two in the acidic polypeptide coding region and one in the
basic polypeptide coding region (Fig. 2). The positions of the
introns in the oat globulin genes are the same as in genes for
other seed storage globulins, both in dicots (1) and in another
monocot, rice (20, 21). The conservation of gene structure in
these evolutionarily diverse plants is consistent with the idea
that the storage globulin genes existed before the division of
angiosperms into monocots and dicots (31). It further implies
that the globulins are the more primitive seed storage proteins
and that the prolamines arose in the monocots after their
separation from the dicots. The ancestral storage globulin
gene presumably contained three introns, the first of which
was lost from legumin genes of Vicia faba (24) and the third
from 11 S globulin genes of sunflower (32).

We mapped the 5’ end of the globulin mRNA to a T residue
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38 bp upstream of the ATG codon in clone OG1-E1 (Fig. 2).
This would give a 5’ noncoding sequence that corresponds in
length with several previously characterized oat 12 S globulin
c¢DNA clones (11). The oat globulin cDNA sequence that we
published contains 145 bp of 5’ noncoding sequence, however
{11). We have since found that the published sequence con-
tains a 5’-terminal inverted repeat, with nucleotides 10-110
an inverted repeat of nucleotides 210-310. This is a probable
artifact of cloning.

The 5’ noncoding region of OG1-E1 lacks several conserved
sequence elements found in other storage globulin genes that
have been suggested to be involved in the tissue specificity or
developmental regulation of gene expression. These putative
regulatory sequences include the legumin box of pea legumin
and other legume 11 S globulins (24), the AACCCA element
of soybean (3-conglycinins (25, 26), and the CATGCATG RY
element of many dicot seed proteins (29). A second oat glob-
ulin genomic clone, AQG?7, also lacks these sequences (data
not shown).

It is not surprising that oat globulin genes do not possess
the same conserved upstream regulatory sequences as analo-
gous genes in dicots, since the oat genes are expressed in
endosperm tissue and the dicot genes in the storage paren-
chyma of the cotyledons. If monocots evolved from an ancient
dicot, as is commonly assumed, the regulation of the storage
globulin genes in the monocot progenitor of oats and rice
changed to give high expression in endosperm tissue. Similar
regulatory sequences may have eventually been incorporated
into the prolamine genes. Alternatively, globulin genes may
have come under the control of an endosperm-specific prolam-
ine promoter. This could have involved the evolution of
regulatory sequences that direct high levels of endosperm-
specific gene expression. Detailed promoter expression studies
will be required to positively identify the regulatory elements
in the oat globulin genes.

Avenin clones proved to be difficult to isolate from the oat
genomic library, unlike the readily obtained globulin clones.
In the present study, the screening of 1.2 X 10° phage clones
yielded only two non-colinear avenin genomic clones, AAV53
and MAV45. Clone AAV53 contained a single gene copy whose
sequence included numerous in-frame nonsense and missense
mutations as well as one large deletion. This gene also lacked
the expected conserved sequences in its promoter region and
is unquestionably transcriptionally inactive. The second
clone, AAV45, contained four genes on four different Xbal
fragments: 1) AV45-X2 contained a complete gene with an
intact promoter region but with a stop codon at position 44
of the coding sequence; 2 and 3) AV45-X3a and AV45-X1
each contained a complete promoter region and coding se-
quence; and 4) 45-X6a was at the 5’ end of the insert and
contained a partial gene sequence possessing only the first 87
codons of the coding sequence (Fig. 3).

Prolamine genes with coding sequences interrupted by in-
frame stop codons have been isolated from maize (33), wheat
(34, 35), and barley (36). In addition, we previously obtained
an oat globulin genomic clone with a missense mutation at
the translation initiation codon. Thus it is not surprising to
find inactive genes in the avenin multigene family, which
consists of about 25 genes (11, 12). Nevertheless, it is unlikely
that the high proportion of inactive avenin genes we recovered
from the genomic library (two out of five) is an accurate
reflection of the number of inactive genes in the gene family.
This bias towards isolation of clones containing inactive genes
from the genomic library may instead be a consequence of the
selective loss of phage clones with active genes during library
amplification.
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Previously, we recovered disproportionately few avenin
c¢DNA clones from a Agtll expression library relative to the
high levels of avenin mRNA that are present in oat endosperm
(12). We suspect that in this case the low recovery could have
resulted from toxicity of avenin polypeptides to the bacteria
used for plating. Such toxicity has been observed with the a-
zeins of maize.®

We found the structure of avenin genes on clone AAV45 to
be typical of monocot prolamine genes in that they contain
no introns (Fig. 4) (11). The promoter regions of the avenin
genes contained expected TATAA and CCAT sequences as
well as —300 elements at positions —311 or —333 with respect
to the ATG codon. The —300 element has been hypothesized
to be involved in the tissue-specific or developmental regula-
tion of cereal prolamine genes (28). In three of the four oat
avenin genes, the —300 element has the sequence 5'-TTTGA-
CATGTAAAGTGAAT-3',a 17 of 19 match with the consen-
sus sequence in prolamine genes of maize, wheat, and barley
(28). The sequence in AV45-X1 is 5'-ATTGACATGTAA-
AGCGAAA-3’, a 15 of 19 match. The —300 conserved se-
quences are present in the promoters of oat avenin genes but
not globulin genes, despite the much higher synthesis of
globulins than avenins in oat endosperm. Globulin genes must
contain other regulatory sequences that direct high rates of
transcription in endosperm. These findings also suggest that
if the —300 element is responsible for tissue-specific transcrip-
tion of avenin genes in oats, it is insufficient to insure high
levels of protein synthesis.

The presence of four gene sequences on clone AAV45 indi-
cates that at least some avenin genes are tightly clustered in
the oat genome. Moreover, of these four genes, one belongs to
the « gene subfamily and three to the vy gene subfamily,
demonstrating that genes from the two subfamilies may be
closely linked. This conclusion is consistent with previous
genomic DNA gel blots (12), in which some hybridizing bands
contained multiple gene copies. Close linkage of prolamine
genes has also been observed in maize (37, 38) and rice (39).

We previously showed that there are roughly equal amounts
of globulin and avenin mRNAs throughout the development
of oat endosperm (12), despite there being five to seven times
as much globulin protein as avenin in mature seeds (2, 3).
Others have shown that only 25-30% of the total polysomal
mRNA in developing oat endosperm is globulin mRNA (40),
but that translation of this polysomal mRNA in vitro yields
predeminantly globulin polypeptides (41). These results sug-
gest that the control of storage protein synthesis in oats is
complex and involves regulation not only at transcription but
also at translation.

The gene sequences presented in the current study provide
some clues as to why equal amounts of globulin and avenin
mRNAs do not give rise to equal amounts of proteins in oat
endosperm. First, the sequences at the translation initiation
site of the two classes of genes differ. The globulin sequence
(5'-AATCATGGC-3’; Fig. 2) is a closer match with the con-
sensus for plant genes (5’'-AACAATGGC-3’) (30) than are
the avenin sequences (5'-CACCATGAA-3’ and 5’-TACCAT-
GAA-3’; Fig. 4). Adenines are found at positions +4 and +5
of the avenin sequence, which is rare in plant genes but rather
common in animal genes. Interestingly, the avenin sequence
more closely resembles the animal consensus (5'-ACCATGC-
3') (42). Litcke et al. (30) suggested that the strong preference
for G at position +4 and C at position +5 in plant genes
indicates that nucleotides +4 and +5 may modulate initiation
codon selection in plants as has been shown for nucleotide

'R. E. Cuellar, D. W. Galbraith, and B. A. Larkins, unpublished
observation.
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—3 in animals (43). If so, the initiation of translation of
globulin mRNAs may be more efficient than avenin mRNAs,
which have A residues at positions +4 and +5. It remains to
be determined whether these sequence differences in fact
influence rates of translation initiation in oat endosperm.

Second, the potential hairpin loop structures that we found
in the coding sequences in both subfamilies of avenin genes
(Fig. 6) might reduce the rate of translation of avenin mRNAs.
Hairpin structures in zein mRNAs have been shown to affect
their translation (44), but it has not been demonstrated that
these hairpins occur naturally in zein genes or whether they
are merely cloning artifacts (45). In the avenin genes, it is
uncertain whether the stability of the hairpins would be high
enough to interfere with translation.

Third, the difference in codon usage between globulin and
avenin genes, with a preference for C and G residues in the
third codon positions in the avenins (Table I), may also affect
the rate of translation of the respective mRNAs. Similar
differences in codon usage patterns have been observed in the
a-, 3-, and vy-zein genes in maize (46-48). It is possible that
the tRNA population in developing oat endosperm is more
closely correlated with the codon distribution of the globulin
genes than of the avenin genes. As a result, avenin mRNAs
may be translated more slowly than globulin mRNAs. One
mechanism by which avenin mRNAs might be more slowly
translated is suggested by the coding sequences of the signal
peptides of the avenins. Fig. 4 shows that the signal peptide
of avenin gene AV45-X1 contains 5 closely spaced alanine
residues, all encoded by either GCC or GCG. The three other
avenin gene sequences and the three avenin ¢cDNA sequences
reported earlier (12) contain 5-7 alanines in their signal
peptides, and all of them are also encoded by GCC or GCG.
These two codons are relatively infrequent in globulin coding
sequences (Table I). Thus, if tRNAgcc or tRNAgee or both
are in low abundance in oat endosperm, it could cause stalling
of ribosomes on the avenin mRNAs shortly after translation
initiation and result in reduced rates of translation. Whether
different tRNA populations in fact exist in oat endosperm
has yet to be established, however.

Finally, our isolation of such a high percentage of inactive
avenin gene sequences leads to the question of whether some
of the mRNAs we have measured in developing endosperm
are likewise incapable of giving rise to avenin polypeptides. It
is unlikely, however, that sufficiently large amounts of inac-
tive avenin mRNAs could be present in developing oat endo-
sperm to explain our results.

In summary, it appears that the avenin genes of oats have
evolved regulatory sequences that give high rates of transcrip-
tion, but that globulin mRNAs are preferentially translated
in oat endosperm. This disparity in translational efficiencies
results in a high-globulin, low-prolamine protein composition
in the oat seed. Experiments are underway to elucidate the
unusual regulation of globulin and avenin gene expression in
oats.

Seed Storage Protein Genes of Oats
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