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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 lo-20% 
prolamines, called avenins, and 75580% 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, lo), 
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. [w~*P]~ATP (3000 Ci/mmol) and [w%]~ATP (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 lo6 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 32P by nick 
translation: a 350-bp’ EcoRI-ScaI fragment isolated from the 5’ end 
of oat globulin cDNA clone pOG2 (11); a 390-bp XhoI-SpeI fragment 
isolated from the 3’ end of pOG2; and a 343-bp BamHI-DraI 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 dodecyl 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 NaCl, 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 SSC, 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 XOGl, 
contained a complete gene sequence on a 3.3-kb EcoRI frag- 
ment. This fragment, OGl-El, 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 OGl-El 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 Xrn NCXrnsc HC Hd Xh Xb sp EC 

0 

-- --- -A--- - -- -- A-- c- --- C_- --- 
FIG. 1. Sequencing strategy for globulin genomic subclone 

OGl-El (A) and avenin genomic subclone AV45-Xl (B). Ar- 
rows indicate the direction and length of nucleotide sequence deter- 
minations. Restriction endonuclease sites are indicated as follows: CI, 
ClaI; EC, EcoRI; Fs, FspI; Hc, HincII; Hd, HindIII; NC, NcoI; Ns, NsiI; 
Pu, PuuII; SC, ScaI; Sp, SpeI; St, StuI; Xb, XbaI; Xh, XhoI; Xm, 
XmnI. 

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 (l), as well as the storage glutelin of rice (20, 21). 
Characteristic of introns in general, the three introns in OGl- 
El 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 
VW. 

Clone OGl-El encodes a polypeptide of 518 amino acids, 
including a 24-amino acid signal peptide, a 293-amino acid 
acidic polypeptide (Mr 33,112), and a 201-amino acid basic 
polypeptide (iUr 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 OGl-El has 97% identity to that encoded by oat 
globulin cDNA clone pOG2 (11). Like pOG2, OGl-El 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 P-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 P-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 OGl-El is 5’-AAT- 
CATGGC-3’; the same sequence is found in oat globulin 
cDNA clones pOG2 and pOG3 (11) and genomic clone hOG7 
(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 lo6 phage clones, only four hybridizing phage 
were identified. Restriction endonuclease mapping showed 
that two of the four clones (XAV17 and XAV54) were identical 
and that the third (XAV45) was the same as those two except 
about 3.2 kb longer at its 5’ end. The restriction map of the 
fourth clone (XAV53) was unrelated to the other three. Based 
on these results, clones XAV45 and XAV53 were characterized 
further. 

DNA gel blotting showed that XAV45 contained all or parts 
of four avenin genes (Fig. 3) and that XAV53 contained only 
one coding sequence (data not shown). Preliminary sequence 
analysis revealed that the direction of transcription of all four 
genes on clone XAV45 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 
XAV53 contains only one gene sequence. Detailed sequence 
analysis and comparisons with avenin cDNA sequences re- 

’ L. Perez-Grau and R. B. Goldberg, personal communication. 
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FIG. 2. Nucleotide and deduced 
amino acid sequence of oat globulin 
genomic subclone OGl-El. Shown is 
the complete sequence of a 3341-bp 
EcoRI fragment isolated from genomic 
clone XOGl. 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 +l. A potential 
CACA sequence at position -162 is ouer- 
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 XAV53 contains four in- sequences or any of the conserved sequence elements found 
frame translation stop codons, seven single-base insertions or in cereal prolamine genes (see later discussion). We concluded 
deletions, and a central deletion of about 100 bp. Moreover, that the gene on clone XAV53 is inactive and did not charac- 
the 5’ noncoding region does not possess TATAA or CCAT terize it further. 
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Xbxb Xb XbXb-- Xb Xb - Xb - Xb Xb * 

3b 86b 59 2 4 3a 1 76a 

H 
1 kb 

FIG. 3. Physical map of restriction sites of avenin genomic 
clone XAV45. The total size of the insert is 14.4 kb. For simplicity, 
only the sites for XbaI are shown, each denoted by Xb. The XbaI 
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. 

t911 AATCCAAAGT TCTTGTCTGC ATAACATTGA TTGTCGTTTT TCCATTCATG TTTATACCTA 
t971 ACCATAAGCT CATGCATThA CTAGCTGCTT ATGTRGCCTT CATTGATGTG AACATAATA.4 

+1031 CAGAGTGGGT GTAAAAGATG GATTTGAATT GAGGCACTAT TAAAGTGAGG AGTMGAACC 
+1091 AGGTGCAGAT GATMCTCTT TMTGGTGAG GCTTGTGAGT TGTGACCTTA TTGGCTGACA 
f1151 TGCATTGGAT TcrAAI\GAGT ACATGTTGAT GCTTTCAACA ATGTCGAC 

FIG. 4. Nucleotide and deduced amino acid sequence of av- 
enin genomic subclone AV45-Xl. Only the sequence from the 5’ 
XbaI site to a Sal1 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 +l. 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 X&I sites in genomic clone XAV45 were mapped, and 
the XbaI 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-Xl, the largest X&I fragment. This sequence encodes 
a polypeptide of 209 amino acids (MZ 24,066), including a 
signal peptide of 19 amino acids. The mature polypeptide (Mr 
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-Xl comprises seven re- 
gions: 1) a 19-amino acid signal peptide; 2) an NHp-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-Gln-Gln-Gln; 4) a 63-amino acid central region 

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-Gln-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 
XAV45. 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 pAVl0 and the second 
by clones pAV31 and pAV122 (12). These two subfamilies 
may correspond to the (Y and y avenin polypeptides described 
by Kim et al. (7). The AV45-Xl sequence belongs to the 
pAV31/122 (y) subfamily; it has 94% amino acid sequence 
identity to pAV31 and 78% identity to pAVl22, but only 61% 
identity to pAV10. The major difference between the coding 
sequences of AV45-Xl and pAV31 is that AV45-Xl 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 (7) 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 pAVl0 (01) 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 XAV45 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-Xl is 5’-TAC- 
CATGAA-3’; in cDNA 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 

FIG. 5. Schematic representation of avenin gene coding se- 
quences on genomic clone XAV45. 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 
boxes; CC, central conserved region, open box; Q, polyglutamine tract, 
shaded box; RZ, 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-Xl 
(data not shown). Members of the other avenin gene subfam- 
ily also contain inverted sequence repeats. Both genomic 
subclone AV45-X2 and cDNA clone pAVl0 (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 kcal/mol, and in pAVl0 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 OGl- 
El are GCT or GCA, but 13 of the 14 alanine codons in AV45- 
Xl are GCC or GCG. For glutamine, the most numerous 

210 2h 2k0 2;o 2bo 240 3bo 3ia 3io 

B 

FIG. 6. Potential hairpin loop structures in avenin gene 
AV45-Xl. A, the nucleotide and amino acid sequence of the first 
repeat region of gene AV45-Xl. 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. 

TABLE I 
Codon distribution of oat globulin gene OGI-El and avenin gene 

AV45Xl 

OGl-El AV45-Xl OGl-El AV45-Xl 

Phe TTT 15 
TTC 15 

Leu TTA 3 
TTG 12 
CTT 11 
CTC 6 
CTA 5 
CTG 2 

Ile ATT 12 
ATC 9 
ATA 6 

Met ATG 6 
Val GTT 11 

GTC 7 
GTA 9 
GTG 4 

Ser TCT 3 
TCC 7 
TCA 11 
TCG 1 

Pro CCT 6 
ccc 3 
CCA 12 
CCG 4 

Thr ACT 5 
ACC 8 
ACA 4 
ACG 2 

Ala GCT 13 
GCC 6 
GCA 12 
GCG 2 

2 Tyr TAT 5 
10 TAC 13 

0 End TAA 0 
8 TAG 0 
2 His CAT 3 
6 CAC 8 
1 Gln CAA 50 
5 CAG 19 
2 Asn AAT 17 
8 AAC 17 
0 Lys AAA 3 

12 AAG 12 
1 Asp GAT 9 
4 GAC 6 
1 Glu GAA 11 
6 GAG 18 
0 Cys TGT 2 
1 TGC 5 
1 End TGA 1 
1 Trp TGG 4 
5 Arg CGT 11 
2 CGC 2 
5 CGA 3 
5 CGG 0 
2 Ser AGT 11 
3 AGC 6 
2 Arg AGA 6 
0 AGG 7 
0 Gly GGT 11 
6 GGC 6 
1 GGA 14 
7 GGG 7 

1 
2 
1 
0 
1 
1 

25 
34 

0 
2 
0 
1 
1 
1 
1 
4 
0 
8 
0 
0 
0 
0 
1 
3 
1 
5 
0 
3 
1 
3 
0 
1 

amino acid in each sequence, 50 of the 69 codons in OGl-El 
are CAA. In AV45-Xl, 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 lo-20% avenin (2,3), mRNA 
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 

 at B
IB

LIO
T

E
C

A
 A

R
E

A
 B

IO
M

E
D

IC
A

, on A
pril 1, 2013

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


Seed Storage Protein Genes of Oats 9657 

38 bp upstream of the ATG codon in clone OGl-El (Fig. 2). 
This would give a 5’ noncoding sequence that corresponds in 
length with several previously characterized oat 12 S globulin 
cDNA 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 lo-110 
an inverted repeat of nucleotides 210-310. This is a probable 
artifact of cloning. 

The 5’ noncoding region of OGl-El 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 P-conglycinins (25, 26), and the CATGCATG RY 
element of many dicot seed proteins (29). A second oat glob- 
ulin genomic clone, XOG7, 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 lo6 phage clones 
yielded only two non-colinear avenin genomic clones, XAV53 
and XAV45. Clone XAV53 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, XAV45, contained four genes on four different XbaI 
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. 

Previously, we recovered disproportionately few avenin 
cDNA clones from a Xgtll 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.3 

We found the structure of avenin genes on clone XAV45 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-Xl 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 XAV45 indi- 
cates that at least some avenin genes are tightly clustered in 
the oat genome. Moreover, of these four genes, one belongs to 
the LY gene subfamily and three to the y 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 
predominantly 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). Liitcke 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 
(Y-, @-, and y-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-Xl 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 tRNAocc or tRNAeco 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. 
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