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ABSTRACT

Ve have determined the nucleotide sequences of Amy32b, a type A a-
amylase gene, and of the gene for aleurain, a thiol protease closely related
to mammalian cathepsin H. Both are expressed in barley aleurone cells under
control of the plant hormones gibberellic acid and abscisic acid, but only
aleurain is expressed at high levels in other barley tissues. Sequence
analysis indicates that the 5’ end of the aleurain gene, comprising 3 exons
and 2 introns, may have become associated with the remainder of the gene,
encoding the protease domain of the protein, by some sort of recombination
event. This 5’ domain of the gene is very G+C-rich and is flanked by
inverted repetitive sequences. We found two different groups of homologous
sequence elements. The first group consists of four blocks of sequences
conserved in the same spatial arrangement in both genes; these are arranged
at similar intervals upstream from the Amy32b TATA box and from a TATA box
present in intron 3 of aleurain, outside of the 5’ domain and upstream from
the protease domain. A part of two of these conserved sequences is similar
to the core sequence of certain enhancer elements characterized from
mammalian cells. The second group of homologous elements is present in the
upstream region of both genes. We speculate that these conserved sets of
sequences may have some role in either the tissue specificity of expression
of the genes or in some part of the hormonal regulation imposed on them.

INTRODUCTION

Barley aleurone cells provide an attractive system for the study of
developmental and hormonal regulation of gene expression in plants. These
cells surround the starchy endosperm of the seed. During germination, in
response to the hormone gibberellic acid (GA) secreted by the embryo,
aleurone cells are directed to synthesize and secrete a number of hydrolytic
enzymes (1), including large amounts of a-amylase. Another hormone, abscisic
acid (ABA), can prevent the GA-induced synthesis of a-amylase (2). The
mechanisms of actions of these hormones are not understood, although the
effects are mediated, at least in part, through changes in a-amylase mRNA
abundance (3, 4).

As an approach towards understanding more about this complex system, we
have cloned and sequenced full- or nearly full-length cDNAs representing each
of the two different a-amylase isozymes (5, 6) and have used these probes to
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study expression of their specific mRNAs (6, 7). We showed that there are
tvo type A (or low pI) isozyme genes expressed in aleurone cells. One
corresponds to our clone E cDNA (5) and the other to a genomic clone, Amy32b
(7); these appear to be coordinately regulated (7). We also have cloned and
characterized a cDNA that represents the gene for a thiol protease, aleurain,
that is closely related to the mammalian lysosomal thiol protease, cathepsin
H (8). The qualitative pattern of expression of aleurain mRNA in aleurone
cells is similar to that for the two type A isozyme a«-amylase mRNAs (7); it
is present in untreated aleurone cells, increases in steady-state abundance
about 10-fold with GA treatment, and decreases with ABA treatment of the
cells (8). Quantitatively, aleurain steady-state mRNA abundance levels are
at least 10-fold lower than a-amylase mRNA levels with any given hormonal
treatment (9). Aleurain differs from the amylases, however, in that its mRNA
is expressed in other plant tissues at levels comparable to those in GA-
treated aleurone cells (8).

Our goal is to design systems with which we can test specific DNA
sequences for their ability to respond to GA and ABA in a way that reflects
those hormones’ effects in aleurone cells, and thus learn more about the
mechanisms with which the hormones may control expression of a-amylase and
aleurain. Towards this goal, we have cloned the genes for one of the type A
isozyme o-amylases (7) and for aleurain. Here we present the nucleotide
sequences for both genes. We provide evidence based on analysis of those
sequences that a portion of the aleurain gene, encoding 143 amino acids
preceding the cathepsin H-like domain, may have become associated with the
protease domain by some sort of recombination event. We identify conserved
blocks of nucleotides in both genes and speculate that these conserved sets
of sequences may have some role in either the tissue specificity of
expression of the genes, or in some part of the hormonal regulation imposed
on them.

MATERIALS AND METHODS
The general methods for agarose gel electrophoresis, restriction enzyme

fragment analysis, blot transfer and hybridization to nitrocellulose filters,
and preparation of RNA from barley aleurone layers have been previously
described (6).

Isolation of barley genomic clones

Construction of a barley genomic library in AMG14 and isolation and
preliminary characterization of the type A a-amylase gene Amy32b has been
described (7). The aleurain gene was isolated from the same library in an
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identical fashion, except that the aleurain cDNA (8) served as the
hybridization probe. Restriction fragments of the barley DNA insert that
carried hybridizing sequences were subcloned into plasmids for restriction
mapping and detailed analysis.

DNA sequence analysis

DNA sequencing was performed primarily by the dideoxy chain termination
technique (10) as modified (11). Initial sequencing of both genes utilized
an M13 deletion strategy (12). Gaps remaining in the sequence were resolved
by subcloning specific restriction enzyme fragments into the bacteriophage
vector, by using synthetic oligonucleotide primers complementary to adjacent
sequences, or by the chemical degradation sequencing method (13).

Amy32b (Figure 1A) The portion of the clone presented was sequenced on both
strands throughout its length, except for 150 bp near the 3’ end; this area
was subjected to 4 different sequencing runs in the same direction. Sequence
was determined across all restriction enzyme sites used for subcloning or
end-labeling.

Aleurain (Figure 1B) All sequence presented was determined in both
directions with the following exceptions. No sequence data were collected in
the downstream direction for nucleotides i) 598-674 in exon 3, ii) 1676-1767
in intron 4, and iii) 2138-2316 in intron 4. No sequence data were obtained
in the upstream direction for nucleotides 2317 through 2400 in intron 4.
Sequence data were obtained crossing all restriction enzyme recognition sites
used in subcloning except for the Stu I recognition site at nucleotides 2314-
2319 in intron 4. However, electrophoretic mobility of the Nde I to EcoRI
fragment on a 1.5% agarose gel was in tight agreement with the predicted
fragment size and ruled out the possibility of tandem Stu I recognition sites
more the 30 bp apart (data not shown).

Preparation of Amy32b subclone

In order to obtain a probe useful for S1 experiments, a subclone of
Amy32b was constructed from upstream sequences that terminated just in front
of the ATG initiation codon. Briefly, this was accomplished by ligating a
BamH I linker (8-mer, New England Biolabs, Beverly MA) onto the Bsh II site
after filling in the 5’ overhang with the large fragment of DNA polymerase I
(14). The upstream sequences were then cloned into M13mpl9 (15) as a Hind
III-BamH I fragment.

Aleurain subclones

M13.mp19.XhoI-PstI, used in generating probe for S1 experiments,
contains the 293 bp Pst I-Xho I fragment from the 5’ end of the aleurain gene
subcloned into the Pst I and Sal I polylinker sites of M13mpl9 (15). The
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single-stranded phage DNA therefore harbors this fragment in the sense
orientation with respect to the aleurain gene. The 18 nucleotide oligomer
primer used in conjunction with this subclone for preparing the probe was
generously provided by Dr. Evan Sadler. Its sequence is CGTGGGCCATTTCGTTTC
and is complementary to nucleotides 51 through 68 as numbered in Figure 4.
M13.mpl8.aleurain5’down contains a 170 bp Nci I-Xho I fragment from the
aleurain cDNA subcloned into the Sma I and Sal I polylinker sites of M13mpl8.
These 170 bp span the coding sequence from the middle of the second exon to
within 6 bp of the end of the third exon. M13.mpl9.aleurain3’up contains a
743 bp Hpa II-Acc I fragment from the aleurain cDNA subcloned into the Sma I
polylinker site of M13mpl9 in such an orientation that probes generated off
of phage DNA proceed from the 3’ toward the 5’ end of the aleurain gene.
These 743 bp span the coding sequence from within 7 bp of the 3’ end of the
third exon through almost the middle of the eighth exon.
Preparation of probes

The general method was that of Burke (16). The appropriate primer was
annealed to its single-stranded phage DNA and extended with the large
fragment of DNA polymerase I in the presence of 50 uCi of ¢[32P]dCTP (3000
Ci/mmole) and the appropriate unlabeled deoxynucleotide triphosphates. After

incubation at room temperature for 20 min, 8 nMol of unlabeled dCTP was
added, and the incubation was allowed to continue for 20 more minutes. The
double-stranded region was digested with Nco I (Amy32b), Pst I
(M13.mp19.XhoI-PstI), EcoR I (M13.mpl8.aleurain5’down) or Xba I
(M13.mpl19.aleurain3’up) to excise the labeled segment, and denatured in 0.3 M
NaOH before electrophoresis in an agarose gel. The single stranded probe was
localized in the gel by brief autoradiography, and the major radiolabeled
band was eluted from DEAE paper (17).
S1 Mapping

The general method followed was that of Berk and Sharp (18) as modified
(19). 200,000 cpm of the single stranded probe were co-precipitated with 20
ug of RNA from aleurone layers, RNA derived from shoot tissue, or yeast tRNA.
Each pellet was resuspended in 10 ul of 0.4 M NaCl, 40 mM 1,4-
Piperazinediethanesulfonic acid pH 6.5, 1mM EDTA, 80% formamide, then heated
at 90°C for one minute, 52°C for 60 minutes, and 37°C for an additional 60
minutes. To each was added 300 ul of 280 mM NaCl, 30 mM potassium acetate,
pH 4.5, 4.5 mM zinc acetate containing 180 units of S1 nuclease (PL
Biochemicals, Milvaukee, VI) in the case of Amy32b and 400 units in the case
of aleurain. The samples were incubated at 37°C for 30 minutes. The
reactions were then stopped by the addition of EDTA and ammonium acetate to
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final concentrations of 10 mM and 2.5 M, respectively. The samples were
precipitated with three volumes of ethanol in the presence of 5 pg of tRNA,
and then analyzed by electrophoresis through a 5% acrylamide-urea sequencing
gel.
Southern blots

Restricted DNA after gel electrophoresis was depurinated in 0.25 N HCl
and transferred onto Zeta-Probe nylon membranes (Bio-Rad) by blotting in
transfer solution (0.4 N NaOH, 0.6 M NaCl) overnight. The membranes were
soaked in neutralizing solution (0.5 M Tris-HC1l, pH 7.0, 1 M NaCl) for 15
min, dried and incubated 2 hrs at 80° C under vacuum. Membranes were wetted
in a solution of 30 mM NaCl, 3 mM sodium citrate and 0.1% SDS then incubated

A 100 bp
()

] T T T
XSa HBg NN vV PNXV N P PP Bg Nd St RIVStHpSc Nr A ANs

Fig. 1. Sequencing strategy for Amy32b and aleurain: The direction and
extent of each individual DNA sequence determination is designated by the
arrows. Arrows without attached symbols represent determinations with the
dideoxy chain termination method, while determinations by the chemical
degradation method with fragments labeled at the 3’ end (closed circles) or
5’ end (open circles) are designated by arrows with circles. For each gene,
the exons are indicated by the enclosed boxes.

Abbreviations for restriction enzyme sites: A, Acc I; B, BssH II; Bg,
Bgl II; H, Hind III; Hp, Hpa I; N, Nae I; Nc, Nco I; Nd, Nde I; Nr, Nar I;
s, Nsi I; P, Pst I; RI, EET)R I; R5, EcoR V; S, Sal I; Sa, Sac I; Sc, Sca I
st, Stu I; Vv, Pvu II; X, Xho I. _
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1698 GGTTCGCAA CGGCAAGGAC
A EI DG K vV VUV XK I GT R YD V G AUV I PA GF A T S AH G KD

1798 ] TCAATCGAG A TTT AA
.

1895 TAATGATTCA ™. TGCCCAAATTG TAAA'

.
1995 AGGATATGAA GAGGYATAAG AGGCAATTAC GGCATTTGCC ATGTTGCTGC GTGGGTCGGT GGGTGTTATAC TATGTTGGA TGCTCCCGCA TAAACTTGTT

HindIII
2095 CAGGAACAAG AAGCTTG

Fig. 2. Sequence of Amy32b: Numbering uses the cap site as +1. The
Tocation and extent of repeated elements is indicated with arrows; these are
designated with letters so that similar sequences in both genes can be
compared. Dots indicate identical nucleotides in the pairs of repeated
elements. The TATA box in the promoter is underlined, as is the probable
poly(A) addition signal at the 3’ end. Asterisks are positioned over the
first and last nucleotides that would be in the mRNA sequence, and the mRNA
sequence is in bold-face type. Where that sequence is translated, the
derived amino acid sequence of the protein product is presented in standard
single letter code. Restriction enzyme sites relevant to sequencing, S1
mapping procedure or Southern blot analysis are identified.

at least 2 hrs at 42° C in prehybridization buffer (50 X formamide, 0.8 M
NaCl, 50 mM sodium phosphate, pH 7.0, 5 mM EDTA, 0.1 % SDS, 1 x Denhardt’s
solution (14), 1 % glycine and 125 ug denatured salmon sperm DNA/ml).
Prehybridization buffer was removed and blots were incubated in hybridization
buffer (prehybridization buffer with 10 % dextran sulfate) at 65° C for 30
min prior to addition of radiolabeled probe. Hybridization proceeded for 12-
16 hrs at 42° C. Subsequent washes were as described by Maniatis (14) except
that the first wash solution included 1 % SDS.

Analysis of sequence homology

Alignment of sequence blocks during DNA sequence analysis, and
comparison of gene regions in searches for homologies were assisted by the
programs COMPARE and DOTMATRIX (Dr. Wayne Barnes, Biochemistry Department,
Vashington University School of Medicine) carried within the Washington
University Medical School VAX-11 computer.

RESULTS
Sequence analysis

Southern blot analysis indicated that the structural integrity of both
genes analyzed here had been accurately preserved during cloning (Figure 6;
7; unpublished data). The two genomic clones were therefore sequenced

according to the strategy presented in Figure 1.
Amy32b gene structure

From previous hybrization studies and partial sequence analysis (7)
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--- 10 20 30 40 50
CLONE E MGKNGSLCCFSLLLLLLLAGLASGHQVLFQ GFNWESWKQSGGWYNMMMGKVDDIAAAGVT
* *
AMY32B MGKNGNLCCFSLLLLLL~AGLASGHQVLFQ GFNWESWKQSGGWYNMMMGKVDDIAAAGVT
10 20 30 40 50

70 80 90 100 110
CLONE E HVWLPPPSHSVSNE  GYMPGRLYDIDASKYGNAAELKSLIGALHGKGVQAIADIVINHRCA

AMY32B HVWLPPPSHSVSNE ~ GYMPGRLYDIDASKYGNAAELKSLIGALHGKGVQAIADIVINHRCA
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130 140 150 160 170
CLONE E DYKDSRGIYCIFEGGTSDGRLDWGPHMICRDDTKYSDGTANLDTGADFAAAPDIDHLNDR
* *

AMY32B DYKDNRGIYCIFEGGTSDGRLDWGPHMICRDDTKYADGTANLDTGADFAAAPDIDHLNDR
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CLONE E VQRELKEWLLWLKSDLGFDAWRLDFARGYSPEMAKVY IDGTSPSLAVAEVWDNMATGGDG

AMY32B VQRELKEWLLWLKSDLGFDAWRLDFARGYSPEMAKVY I DGTSPSLAVAEVWDNMATGGDG
180 190 200 210 220 230

250 260 270 280 290
CLONE E KPNYDQDAHRQNLVNWVDKVGGAASAGMVFDFTTKGILNAAVEGELWRLIDPQGKAPGVM
* %

AMY32B KPNYDQDAHRQNLVNWVDKVCGAASAGMVFDETTKG ILNAAVEGELWRL IDPQGKPPDVM
2lio 250 260 210 280 290
310 330 340 350
CLONE E  GWWPAKAATFVDNHDTGSTQAMWPFPSDKVMQGYAYILTHPGIPCI FYDHFFNWGFKDQI
* * * *

AMY32B GWWPAKAVTFVDNHDTGSTQPMWPFPSDKVMQGYAY ILTHPGTPCI  FYDHFFNWGFKDEI
300 310 320 33 340 350

370 380 390 400 410
CLONE E  AALVAIRKRNGITATSALKILMHEGDAYVAEIDGKVVVKIGSRYDVGAVIPAGFVTSAHG
#* * *

AMY32B AALVAIRKRNGITATSALEILMHEGDAYVAEIDGKVVVKIGTRYDVGAVIPAGFATSAHG
370 380 400 410

430
CLONE E  NDYAVWEKNGAAATLQRS
*

AMY32B KD
u20

Fig. 3. Comparison of the sequences of the clone E and Amy32b type A (low
pl) a-amylase isozymes: The derived protein sequences from clone E (5) and
Amy32b are aligned; differences between the two are indicated with asterisks
between the sequences. Open gaps in the sequences indicate the positions of
the introns in Amy32b. The only potential signal for N-linked glycosylation
is in the signal peptide region of clone E and is indicated with lines above

the residues.

Amy32b vas identified as one of two coordinately regulated type A isozyme
genes. The other of the two genes is identified by our cDNA clone E (5). Ve
presented evidence that the sequence of these two closely related genes was
very similar except in the 5’ untranslated regions (7). This close
similarity enables the coding regions in the amy32b gene to be identified,
thereby defining the protein sequence of that gene product. We aligned the
clone E cDNA and Amy32b sequences to define the locations of the three
introns identified in Figure 2. These are all bracketed by the canonical
/GT....AG/ splice junction sequences (20). While, as previously noted (5),
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the coding sequence is G+C rich (64%), the introns together have a nucleotide
composition of 43% G+C. The 3’ untranslated regions of the two clones also
share highly conserved sequences; for example, of the 51 nucleotides at the
3’ end of clone E, 46 are identical in Amy32b. We have not directly
determined the poly(A) addition site for Amy32b but, from its similarity to
clone E, tenatively assign that position to nucleotide 2014 (Figure 2).

The predicted protein sequence of the Amy32b gene product is compared
to that of clone E in Figure 3. A single residue gap, in the signal peptide
region, is necessary for optimal alignment. Amino acids that are not
identical are indicated with asterisks. It can be seen that the Amy32b
protein is predicted to be shorter than that of clone E by 17 residues, of
vhich 16 are at the carboxyl-terminus. Excluding this difference, the two
proteins are 97% identical. It is interesting that neither is predicted to
have a signal for N-linked glycosylation (Asn-X-Ser or Thr) within the mature
protein, and only the clone E protein has such a sequence within the signal
peptide region (indicated by lines over residues 4-6).

Aleurain gene structure

The aleurain gene is interrupted by 7 introns. The onset of homology
previously noted (8) between the amino acid sequence of cathepsin H and
aleurain coincides almost precisely with the 5’ boundary of exon 4. For this
reason we will subsequently refer to exons 4-8 as the protease domain of the
gene. We also noted previously that this boundary, in the cDNA, coincided
with a substantial change in the nucleotide composition of the sequence; the
first 465 bases contained 73% G+C residues, while the following sequence
contained a more balanced 52%. This unusual nucleotide composition is
maintained within the 5’ portion of the gene, in that introns 1 and 2 also
have a very high G+C content.

Exons in the protease domain appear individually to contain different
functionally important units. The cysteine corresponding to the cathepsin H
active site residue is in the small exon 4, while the other active site
member, histidine, is in exon 7. The two potential sites for N-linked
glycosylation are found together in exon 5.

WVhen the nucleotide sequence of the gene was compared to that
determined for the c¢DNA (8), three errors in the cDNA sequence were found and
confirmed by reexamination of the cDNA sequencing autoradiograms. In two
instances, these were single nucleotide changes of C to T at cDNA nucleotide
996, and T to C at cDNA nucleotide 1010. With respect to the derived protein
sequence, the first change is silent but the second changes amino acid 325
from Thr to Ile. These numbers all refer to those used previously (8). The
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Sact
-1399 AcA AGA TGCAAGGATG CAA TT GAGCTCTCAG CGAACGATAC GATCAAGCTA CTCACTTGAG AGCCCCCCCC CCCTTOATAG
-1299 AACAACAATC TATCCTAACC AGAAAACCTA TCAAGGGCAA ACCTATACCT TGCACCTCGT CCTCTTGAGC TAGATGATGA TGATCTTGGC TTCCTCAAGA
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HindIII
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Pstl
1302 TYCAGGTAAC TAATGAATTT CTGCAGTTTT
E D W 2 ED G I VS PV K N QA HCGS CWT r S

1402 TTTTTTCCCA ATAACCAATG ACTGTGCCTG CTCATGGTGA AGCGTGCTCA AATCTGGTGT TTTTCAACTT

1502 GACGTTCATA CTATATGATA TCCGACAGGA AGTAGAATGA TCGATCCGAT CCAGTTAATT GTCTGCGCCA TAGAACAAAG AGACTTCAAT TCAATCATCG
1602 CCCTCAAAGT AATATGTGTG GACGCGCCTT TGAATCGTGC TGCTTCTAAT AAAGTACTAG TATTAAAAAC TGCATCTGAT GGCCCAGGAT GGGGACCGAC

BglIT
1702 AGATCAATCC ATTGCCATAG TTGAAAAATG T T T TTTCATCAGA CACAATCATG AATTATTTGG

1802 AAGTGTACAG CAATGGAGTT AAAATACTGC GCTCGTGTGA CATGCGAGCA AATAAATAAA TAAATAACTG AGCAACTAAT ATAATTATGT ATAGTACATT

1902 GATTTCATGG TCTTCTTTCA GTTGGTGTTT GGTGACCAGT CGCTATCTTG TGGGGCCTTT CATGCCTCCT GTTCATTATT CCCACATCTA AATAGAAGTA

2002 ATATATCTTT CAAATATCGT CAGGCGAATG CAATTCCAAA TGCACACAGG TTACAGTGCC ATATGAAGCT AGTAACATAA GCATCAGTTG AAGAATTTGC
2102 TTCACAACTT TTGCAACAGT TTACGGTGAA CATCCAAGGA ACGTTAATAA TATACTGTAA AATGCACCCA ATTTTAA-CA ATTATTCGAT CAAGTGGCAT
2202 ACAGATAAAT ATAGATCACG ATATTCAATG AGGTTACTTA CCCTAATTAC CC-A--ACTT TGTGATCACG GTAAAATTCA GTAGTTACAT CACGAGTTCA

stur

2302 CTTTCAGTCT AA TTAGATTTGT T TTAAGCATTT

2402 TAATAATAAA CTTACCATGT AACTTTTTCC CATTTTCTAT ACAAAAGTAT TCTCATTGGC ATCTACTGTA TTAAGTAATA CTGAAGTAGC CTAGCTACAA

2502 GTAAAATGAC AGATACTGAA ATCTTGCCCA TGCCATGTTT AGGCTCTATA TATATAAAAA ATATGGTCAT GCCATATTTT CAGCATTGCG CAGTTTTATG

EcoRI
2602 TGATTGTCAA TCGAGAAGAT AGCTCATTTC CTAGAACATT TCCTCAAATA GAAAAAGAGT AAATGGGTTG TTCCACAAAC AAAGCAATTG AATTCATATA

Pvull
2702 CTTATTCTTG

T T G AL E A A Y T QA T G K ®E I S L S E Q@ Q@ LV DC AG

2802
G r W ™ F G C N GG L PS QATF EYTI K Y &G GID T CECES Y P Y

2902 AAGGAAAAGG AACCCCTTCT
K G V N G VvV C X Y KX A E N AAVQ VLD $VE I TL

Hpal
3002 AATTTCGGTT GATGTTAACT ATTTAGATTC AGCTAACCTA AGTTTTGGTT GATGCTTTTT TT

3102
6 L vV » PV S V A F VI DGTPF R QY X S GGV YT S DBNC G T TP
Scal
3202 ACTACTAAAC CAAAGTATCA CAGTTTATCA TCAGCTATTT AAGTTCAATC TTCAGTTAAT GTGCTTTCTT
°
3302 CTGTCTTGTA TCTCTACACT GTTCTGCAAT TTTGTTCTGA AAATGCAAGT TTTGCTGAAA CTACTAGGAC €CGYCTTGGC
D vV N H AV LA VG Y
Narl
3402 ACTTCAAGAT

G V£ % GV P Y WL I KN S W GA DWG DNG Y P KM E MG K NN

3502 @PEGTGAGTA CCATTCCGTG TGCACTTCCA TCTTACGTTT GCTCTTCAGG ACACAGCGCA CTCATGAGGC GATACTGACT CGACTGTTGT AAATGATGCA
c

3602 SCTATTGCTA GA CT CGATTCGCCA GACATGAATA AGGTGTTTTC
A I A T C A S Y PV vV A A .
Accl
3702 AGCCCGAACA AGAACCTGAA GATTGGGGTA TACAGGAACT GAAACTTTGC TG CGT
AccI
3802 crCTTCCICY TGT T TAT TTTTATTTCC GGGACAAATA
. ECOoRV NsiI

3902 AAATGGCCCA TTCATAGTTC ACCCAGGCAT CATCTTACTG TCGATATCAG CAGGAAACTG GGCGCCACAC ATGCAT

Fig. 4. Sequence of Aleurain: Conventions used are the same as in Figure 2.

other error involved 4 nucleotides. Correction results in an insertion of 3
bases and a change in another so that the sequence from what were identified
as cDNA nucleotides 691-700 (previously TACCAATACA) now reads TACATCAAATACA.
This results in a change in protein sequence from what were amino acids 219-
222 (previously YQYN) to YIKYN. Overall, these amino acid changes remove a
gap in the previous alignment with cathepsin H (8) and result in another
residue identity between the two sequences.

There are numerous direct and inverted repetitive sequences within the
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Fig. 5. S1 analysis of transcription initiation sites: Probes were
synthesized as in Methods using as primers either the standard 15-mer
sequencing primer (New England Biolabs, Beverly MA) for Amy32b or the special
primer for aleurain (Methods). Sl-resistant fragments were analyzed on
standard DNA sequencing gels. Dideoxy sequencing reaction products were used
as size markers; in the case of aleurain, the same DNA template and primer
was used, vhile those for Amy32b were from an unrelated sequence. Sequencing
lanes: dITP/ddGTP (I), dCTP/ddCTP (C), dATP/ddATP (A), dTTP/ddTTP (T),
dGTP/ddGTP (G). The RNAs used in hybridizations are indicated on the figure
in the appropriate lanes. The numbers on either side represent the size of
the largest clearly identifiable protected fragments expressed as the
distance in nucleotides that the fragments extend 5’ from the ATG translation
initiation codon.

5’ half of the gene; these are designated with different letters in Figure 4.
Ve will consider in detail those that may have some functional or
evolutionary importance (Discussion).

Mapping of transcription initiation sites

The results of S1 analyses of the 5’ ends of the two transcripts are
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presented in Figure 5. In the case of Amy32b, previous data from primer
extension indicated that initiation of transcription occurs at nucleotides
that are 82 and 83 bp (base pairs) upstream from the ATG translation
initiation codon (7). These results alone were not definitive, since
premature termination of reverse transcriptase on the mRNA template could not
be excluded. Therefore, confirmation of these results was sought by Sl
analysis. The largest fragment of the probe that was protected from digestion
by hybridization to mRNA has its 5’ end at a position 79 nucleotides upstream
from the translation start codon, ATG, (Figure 5A). S1 nuclease is known to
digest away terminal nucleotides that are not single-stranded; since the
probe was uniformly labeled, loss of nucleotides from either end in the
hybridized region would give a ladder of smaller fragments similar to those
seen in the figure. Given this problem with the technique, it is not
surprising that the primer extension data indicated a slightly longer
transcript. We interpret these results to be in close agreement and use the
primer extension results to define the end of the transcript as 83 bp
upstream from the translation start site. The fact that this site occurs 26
nucleotides downstream from a canonical TATA box (20) provides further
support for our argument.

A probe complementary to, and extending beyond, the 5’ end of the
aleurain mRNA wvas hybridized to total RNA preparations from shoot tissue as
well as from aleurone tissue incubated either in the absence of hormone
(untreated) or in the presence of 1 pM GA for 20 h. Analysis of the S1-
resistant fragments is presented in Figure 5B. It can be seen that all three
gave a similar-sized set of protected fragments, with the largest in each
instance having its 5’ end at a position 58 nucleotides upstream from the ATG
initiation codon. The specificity of the result can be judged from the
complete digestion of the probe in the presence of tRNA. This result is
important because it supports our assertion (8) that only one aleurain gene
is expressed in these different tissues. Primer extension data (not shown)
also agreed, and we therefore assign the site of transcription initiation as
indicated in Figure 4. The presence of a TATA box sequence beginning 33 bp
upstream supports the conclusion that this is the transcription initiation
site.

In this regard, it is interesting to note that the TATA sequence is
bracketed by short G+C-rich blocks of sequences that form inverted repeats
(designated as G and G’ in Figures 4 and 7). The transcription initiation
site is located just 3’ to one arm of this palindrome.
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Fig. 6. Restriction pattern of barley sequences hybridizing with aleurain
57 domain specific and aleurain protease domain specific probes. Barley
genomic DNA (10 ug) vas loaded onto each lane after digestion with the
following restriction endonucleases: lane A: HindIII, B: EcoRI, C: BamHI, D:
EcoRI + BamHI, B: EcoRI + HindIII, P: HindIII + BamHI, G: EcoRI + HIndIIT +
BamHI. After transfer the blot was hybridized with radiolabeled probe
generated off M13.mpl9.aleurain3’up (6A). Bound probe was removed by washing
in a 1 mM EDTA 0.1 % SDS solution for 30 min. at 100° C and the blot was
rehybridized with a probe generated off M13.mp18.aleurain5’down (6B). Washes
prior to autoradiography included 2.5 hr at 68° C in 15 mM NaCl, 1.5 mM
sodium citrate, 0.5 % SDS.

Multiple genomic copies of a 5’ aleurain sequence element

An intriguing set of sequence homologies between the upstream and
intron 3 regions of the aleurain gene (see discussion) prompted a search for
5’ domain sequences which might be present in the barley genome independent
of the protease domain sequences. Genomic Southern blots (Figure 6) were
analyzed with 5’ domain specific and protease domain specific probes; these
demonstrated restriction fragments which could be divided into three sets
according to their pattern of hybridization. The first class (denoted by "#"
in Figure 6) hybridized most strongly and could be explained by restriction
sites known to be present in our genomic clone. For example, EcoRI cuts
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between exons 4 and 5, generating two protease domain fragments. As expected,
the more weakly hybridizing band is also detected by the 5’ domain specific
probe (lanes D, E and G). These fragments therefore correspond to our cloned
gene. Reconstruction experiments indicated that these sequences were present
in approximately one copy per haploid genome (data not shown).

A second class of restriction fragments (denoted by "°" in Figure 6)
hybridized weakly to both 5’ domain specific and protease domain specific
probes. This class was present as one apparent restriction fragment in each
digest. Although not apparent in some lanes of Figure 6A as photographed,
these bands were visible in all lanes of the original autoradiograph. The
significance of these sequences is unclear at present.

The third class of restriction fragments (all remaining bands in Figure
6B not identified by "#" or "°") hybridize solely with the 5’ specific probe.
The restriction sites delimiting these fragments do not correlate with those
in the cloned aleurain gene. This class is present as multiple fragments;
consistently two or three hybridizing bands can be identified in all digests
except for the EcoR I BamH I double digest (Figure 6B lane D) in which the
2.6 kb (kilobase pairs) class II band appears to overlap a class III band
(compare Figure 6B lane G). Ve interpret these results to mean that this
final class are elements independent of the aleurain protease domain. The
higher G+C content of the 5’ hybridizing probe relative to the protease
domain probe, however, could lead to detection of more distantly related
sequences. Therefore, although the small number of bands detected indicates
relatively specific hybridization, cloning of the genomic sequences giving
rise to class III bands will be necessary to define their extent of homology
with our probe. The existence of independent elements homologous to the 5’
domain of aleurain is consistent with our speculation that the aleurain gene
could have originated by recombination between one member of these elements
and the protease domain (see discussion).

DISCUSSION

The genes analyzed here were cloned and sequenced as an initial step
toward determining the sequences important for tissue specificity and
hormonal control of plant gene expression in barley. Since these two genes
are derived from separate families, similar sequences in their associated
noncoding regions constitute candidate sites at which transcriptional
regulation of these functions might occur. Indeed, two such sets of
homologies were found, but in order to simplify their presentation it is

2529



Nucleic Acids Research

AMY32b UPSTREAM

13 13 Q) 12 q; QP
D> 300 T6G6T... 17 o —
9 9 QI y
A E A
GTGTTARA

ALEURAIN UPSTREAM

INTRON 3

_
AAAACCAGCTGGTTTGCATGA ATTTAAACTACT

AGTAATTTATTTGGGTTTCAAACCAG
4 »

N L4

D* c

Fig. 7. Comparison of sequence organization in the upstream region of Amy32b
(top) and in the upstream region-intron 3 of aleurain (bottom): Letters in
bold-face correspond to repeated sequences identified in Figs. 2 and 4; these
are presented in isolated form in Figure 8. Letters in standard type refer
to specific nucleotide sequences. Numbers indicate the distance, in
nucleotides, between different elements in the drawing; numbers in circles
draw attention to a spatial organization that seems to be similar in the two
genes The TATA box used in the aleurain promoter is indicated by F3. The
G+C-rich sequence that includes the first 3 exons and two introns in aleurain
is indicated by the dashed line. The enclosed box illustrates the alignment
of a proposed target site duplication.

useful first to consider a separate matter suggested by our data on the
aleurain gene.
Evidence that a transposition event formed the aleurain gene

The first three exons and two introns of the aleurain gene are flanked
by inverted repeats (denoted "C" and "C’'", and "D" and "D’" in Figures 4, 7,
and 8), a feature also characteristic of transposable elements. Indeed, we
speculate on the basis of the following criteria that the 5’ portion of the
aleurain gene, comprising the first three exons and two introns and
subsequently referred to here as the 5’ domain, evolved separately and was
brought into juxtaposition with the remainder of the gene through a
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B Aleu inverted CTGGTGTACAT
[[11].]
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Details of sequence elements identified in Figure 7: A.

The letter

Fig. 8.
designations and symbols for the sequence elements as used in Figure 7 are
followed by the nucleotides (in 5’ to 3’ orientation) that comprise those

elements in Amy32b (AMY) and aleurain (ALEU) respectively. B.

The B, C, and

E element sequences are aligned with the TGGGTTTC sequence to demonstrate
similarities (indicated by vertical lines between identical nucleotides).

transposition event.

First, homology with other known thiol proteases

commences almost precisely with the amino acids coded for from the start of

exon 4 and continues throughout the remainder of the coding sequence.
Second, the G+C content of the 5’ domain is 71 X with a fairly uniform
distribution throughout its length while the protease domain contains a more
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balanced 51 % G+C within its exons, or even an oppositely skewed 42 X G+C if
introns as well as exons are tabulated. Third, as demonstrated in Figure 6,
additional elements appear to be present in the barley genome with homology
to the 5’ domain but unassociated with protease domain sequences.

Considering the C sequences (Figures 7 and 8) as the outer borders of
such a transposon, possible stem-and-loop structures are evident which would
be reminiscent of structures proposed for several known plant transposable
elements (21). Notably lacking from the outer borders of such a transposon
is any target site duplication. However plant transposable elements have
been reported lacking target site duplications (21) or with target site
duplications as short as 3 bp (22) so that they might be obscured by random
mutations even over a short evolutionary time frame.

Alternatively, if the C sequence duplications occurred fortuitously,
and the D sequences constitute the outer edges of the element, a perfect 5
nucleotide GGITT target site duplication is evident as illustrated in the
enclosed box in Figure 7. This interpretation would invoke random mutations
to account for the deterioration of homology at the outer edges of the D
sequences. Such a possibility is not unreasonable considering that we have
no measure of how long ago this putative transposition occurred. An analysis
of the aleurain gene in other closely related monocots to determine if this
5’ domain is present would help to resolve the question.

Ve have been unable to identify regions in published sequences of known
plant transposons that are homologous to the inverted repeats just described.
However, it is interesting that one transposon, Mul in maize (23), has a
central core with a similar G+C-rich nucleotide composition. Rigorous proof
that the identified domain in fact represents some sort of a transposable
element, or its remnant, will require that at least one homologous element be
shown to leave or invade a known genetic locus.

Sequence motifs shared between the aleurain gene and Amy32b

During sequence comparison we were surprised to find 3 sets of
sequences in the Amy32b upstream region that appeared to be closely conserved
in the aleurain gene, primarily within intron 3 outside the borders of the
proposed transposable element (Figure 7). Eighty-nine bp upstream from an
apparent TATA box in aleurain intron 3, and 63 bp upstream from the Amy32b
TATA box are sequences, denoted "B" in Figures 7 and 8, inverted with respect
to each other, but within which 9 of 11 nucleotides match (Figure 8). A
further 55 bp upstream within the aleurain gene and 51 bp upstream in Amy32b
is the right arm of a palindrome, denoted "A’", whose counterpart left arm,
A, lies considerably farther upstream, in the case of aleurain, on the far
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side of the putative transposed domain. Within larger palindromic arms,
cores of 6 out of 7 nucleotides within the A’ sequences match and 6 out of 6
nucleotides within the A sequences match (Figure 8). At a similar interval
upstream from the A’ elements are the C’ inverted repeats in aleurain and the
E-E’ inverted repeats in Amy32b. As shown in Figure 8, 10 of 13 nucleotides
wvithin the arms of C’ align with E; a similar relationship exists between C
and E.

Another type of sequence, with a consensus of GTGGTAAA, is found 24 and
22 bp upstream from the authentic TATA boxes in aleurain and Amy32b
respectively, as well as 31 bp upstream from the apparent TATA box in
aleurain intron 3. This sequence is very similar to the
GTGG(T/A)(T/A)(T/A)(T/A/G) sequences which have been noted for possible roles
in the expression of the CAMV 35S promoter (24), chalcone synthase (25) and
the pea rbcS gene family (26). In this regard it is of interest to note that
these sequences as well as the sequences of the B, C and E elements all seem
to have substantial similarity to the "core" sequence in enhancers from
polyoma virus (27) and from the IgM heavy chain gene (28). In both of those
examples, there are two variations, GTGGTTTG and GTGGTTTT, each of which
seems to fit with one of the two C sequences (Figure 8).

Although no single comparison within these sets of apparently
homologous sequences is likely to be significant, the very similar
positioning and similar spacing of these elements considered as a group
suggests that their occurrence is not due to chance and therefore of
potential functional significance. This hypothesis predicts that sequences
within intron 3 of the aleurain gene might have some effect on expression of
the gene. Intron sequences have been shown to participate in hormonal
regulation in another system (29).

The other outstanding sequence homology between the two genes,
designated "K" in Figures 2 and 4, occurs in the upstream region of both
genes and in the same orientation. Within this sequence 24 nucleotides can
be aligned out of 26 in the aleurain gene and 30 in Amy32b. Dissecting this
homology more precisely, a string of 8 nucleotide identities is terminated by
4 extra nucleotides in Amy32b. Directly following lies a further string of
18 nucleotides such that the first 10 match perfectly, the next 2 diverge and
the final 6 again match perfectly. The K sequences are centered 220 bp and
468 bp upstream of the transcription initiation sites in the aleurain and
Amy32b genes respectively. Disregarding the initial 8 nucleotide homology
for lack of a rigorous statistical method to deal with a gap between the two
sequences, the chances that two random 18 nucleotide sequences will match so
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closely are (416 - 17) or about one in 250 million. Considering the matrix
of approximately 814,000 such comparisons possible between the sequenced
upstream regions of the two genes, the probability of finding an 18
nucleotide homology of equally good fit between 2 sequences of similar length
and random composition would be less than 1/300. The adjoining 8 nucleotide
sequence homology may elevate the resemblance further into the realm of
significance. For that reason the K sequences should be considered possible
candidates for some regulatory function. The development of tissue specific,
hormone responsive gene expression systems in barley will be required to test
whether any of the sequences identified in this analysis do in fact play a
role in determining the common regulatory aspects of the two genes.
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