Mol Gen Genet (1984) 198:19-24

MGG

© Springer-Verlag 1984

The DNA sequence of the transposable element Ac

of Zea mays L.

M. Miiller-Neumann, J.I. Yoder, and P. Starlinger

Institut fiir Genetik, Universitdt zo K6ln, Weyertal 121, D-5000 Koln 41, Federal Republic of Germany

Summary. The sequence of the Ac element isolated from
the wx-m7 allele has been determined. The Ac¢ element is
4563 bp long. A central portion of roughly 3.1 kb is occu-
pied by three open reading frames, two of which point in
one direction and the third in the opposite direction. One
of the reading frames potentially encodes a protein with
a ten-fold repeat of pro gluN and pro glu dipeptides near
its N-terminus. The sequences outside the open reading
frames are characterized by the presence of a number of
direct and inverted repeats. The Ac element may thus have
evolved from a simpler progenitor structure. The sequence
we have determined for the Ac¢ from the wx-m7 allele differs
in a few key positions from that reported for the 4¢ element
from the wx-m9 allele (Pohlman et al. 1984). We have rese-
quenced these positions in both Ac elements and find them
to be identical. We conclude that the phenotypic differences
between the two waxy alleles are not caused by structural
differences in the Ac elements but rather may be attribut-
able to the differences in their insertion sites.

Introduction

The Ac element is a member of the Activator/Dissociation
(Ac/Ds) family of maize transposable elements discovered
and characterized by McClintock (1949, 1951, 1965). Ac
is the autonomous element of the family. It exerts the func-
tions necessary for its own transposition as well as for the
transposition of the nonautonomous Ds elements. In addi-
tion, Ac elements are capable of causing chromosome
breaks at the site of some Ds elements, but not at the site
of their own integration (McClintock 1949, 1964). If either
Ac or Ds elements are inserted in a gene, a recessive muta-
tion can result. Excision of the element from this site often
leads to the restoration of the dominant wild-type pheno-
type. If the reversion events occur during endosperm devel-
opment in genes that lead to phenotypes visible on the ker-
nel, the timing and frequency of these events can be inferred
from the variegation pattern. Changes in the variegation
patterns are occasionally observed and can, in some cases,
be found linked to either the Ac or to the Ds elements
(McClintock 1951, 1965). In some cases, Ac¢ activity disap-
pears for one or several generations and reappears later.
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McClintock designated these alterations in Ds and Ac ac-
tion as ““changes in state” and ““changes in phase”, respec-
tively (McClintock 1949, 1964, 19784a). The frequency and
reversibility of these alterations makes it unlikely that they
are caused by point mutations. It would be interesting to
know whether they are caused by reversible internal se-
quence rearrangements of the elements. From the sequence
of the Ds element inserted in the sh-m5933 allele of the
Sh gene encoding sucrose synthase, it was already known
that many direct and fewer inverted repeats are present
(Doring et al. 1984)., In Escherichia coli, short direct repeats
can be the endpoints of deletions (Farabaugh et al. 1978).
Also, inverted repeats can be the breakpoints of reversible
inversions, as found in bacteriophage Mu (Kamp et al.
1979) or in the gene encoding flagellar antigens in Salmonel-
la (Silverman and Simon 1983). Molecular studies with the
Ac/Ds family have been reviewed recently (Courage et al.
1984 ; Déring and Starlinger 1984).

The Waxy gene encodes a starch granule-bound
UDPG: starch glucosyl transferase, which catalyses amy-
lose synthesis (Nelson and Rines 1962). Two independent
insertions of an Ac element into the Waxy locus (McClin-
tock 1963, 1964) have recently been cloned, Ac9 and Ac7
(Fedoroff et al. 1983 ; Behrens et al. 1984). The wx-m7 allele
carries Ac near the 5" end of the gene, while the A¢ element
in the wx-m9 allele is inserted in an exon 2.5 kb downstream
from this site (Fedoroff et al. 1983; Behrens et al. 1984;
A. Gietl and S. Schwarz-Sommer, personal communica-
tion). The pattern of somatic reversions from the waxy phe-
notype to the Waxy wild-type phenotype is different in the
two alleles. In homozygotes carrying three doses of the Ac
element in the endosperm, reversion events occur earlier
in development with the wx-m7 than with the wx-m9 allele
(0. Nelson, personal communication). In addition, wx-m7
is not a null mutation. The amylose synthesized in this
mutant is distributed in the endosperm in a characteristic
pattern (McClintock 1978b).

If the sequences of the Ac¢ elements from the wx-m7
and wx-m9 alleles should differ, this might explain the phe-
notypic differences observed. The sequence of the Ac ele-
ment from wx-m9 has been determined previously (Pohl-
man et al. 1984). We report here the sequence of the A4c
element of the wx-m7 allele and find it virtually identical
to Ac from wx-m9, as we cannot confirm small differences
between our sequence and that published by Pohlman et al.,
1984. Functional differences found between the two alleles
might therefore be sought in the different sites of insertion.
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Materials and methods

Restriction enzymes, T4 DNA ligase, alkaline phosphatase,
polynucleotide kinase, DNA polymerase Klenow fragment
and other enzymes used were obtained from BRL (Neu-
Isenburg), Boehringer (Mannheim) or Biolabs (Schalbach)
and used as recommended by the suppliers.

Radioactive chemicals were obtained from Amersham
(Braunschweig).

Bacteria, plasmids and plasmid constructions. From the
lambda phage carrying a 14.2 maize DNA fragment con-
taining the Ac element of the wx-m7 allele (Behrens et al.
1984), a 6.0 kb Bg/lI/Sall fragment (pAC7), and its EcoRI
cleavage fragments, a 3.2kb Bg/ll/EcoRI fragment
(pAC710) and a 2.8 kb EcoRI1/Sall fragment (pAC720)
were ligated into appropriate sites of pBR322. pAC720 was
linearized with BamHI and digested with nuclease Bal31
for periods of different duration (Legersky et al. 1978). Clal
linkers were ligated to the digestion products, circularized
after Clal-cleavage, and introduced into HB101 cells (Boyer
and Roulland-Dussoix 1969) by transformation. The size
of the deletions was determined by restriction analysis and
candidates carrying deletions of appropriate size were used
for further studies. pAC7 was also prepared from GM33
(dam) cells (Marinus et al. 1973) to achieve digestion with
those enzymes that are sensitive to adenine methylation.

DNA sequences were determined by the chemical degrada-
tion method fo Maxam and Gilbert (1977), using the gel
modification of Ansorge and Baker (1984).

Dot plot analysis (Maizel and Lenk 1981) and the applica-
tion of Fickett’s test code for probability that an ORF en-
codes a protein (Fickett 1982) were performed on a VAX
computer (Devereux et al. 1984).

Standard molecular biology methods. Gel electrophoresis,
preparation of plasmids in small or large amounts, transfor-
mation etc. were performed as described by Maniatis et al.
(1982), sometimes with minor modifications.

Results

The Ac element cloned from the wx-m7 allele is located
on a 6 kb Bg/II-Sall fragment. We have determined its se-
quence by the chemical degradation procedure described
by Maxam and Gilbert (1977). Most of the sequence was
determined from conveniently located restriction sites. In
those regions of the sequence where this was not possible,
we introduced deletions by Bal31 digestion of DNA cleaved
at an appropriately located restriction site. Sequences in
the central part were determined from both strands and
the restriction sites used for labeling DNA fragments were
overread in all cases by labeling at a nearby site. A region
of approximately 1 kb at both termini is virtually identical
to the sequence determined previously for the Ds element
of the sh-m5933 allele of the Shrunken gene (Doring et al.
1984). In this region, we have determined part of the se-
quence from one strand only. We observed three differences
between the Ac7 element and the Ds element from the sh-
m5933 allele, however only Ac7 was resequenced in these
positions. The 12 differences between the sequence of Ac7
and that determined by Pohlman et al. (1984) for Ac9 were
extensively examined. This involved determining particular

sequences by the dideoxy method, running sequencing gels
at 70° C, and end-labeling of DNA fragments at different
distances from the site to be checked. We also resequenced
these sites (with the exception of positions 3964, 4134, and
4442) in Ac9 and found them to be identical to Ac7.

The sequence of Ac7 is shown in Fig. 1.

In the sequence, three open reading frames (ORF) were
detected, ORF1 (A;7,0TG to T4, TGA) and ORF2
{A3165TG to T g5sTAA) both read to the left, and ORF3
(A3730 TG to G,19;TGA) reads to the right (Fig. 2).

Sequences possibly qualifying as TATA boxes were
found 5 of ORF1 (T,g0,ATTTTA), 5 of ORF2
(T3,,s TTATTCA) and 5 of ORF3 (T555,ATTTCCAA).
[Note that in Fig. 1 only one strand of the Ac¢ sequence
i1s shown, and that ORF1 and ORF2 are encoded by the
complementary strand (Fig. 2).]

In searching for polyadenylation sites, we looked for
the sequence AATAAA or GATAAA or related sequences
(Messing et al. 1983), possibly followed at a distance of
15-20 bp by the sequence CAPyTG (Berget 1984). At the
end of ORF1, the sequence A,;,ACAAT is found, fol-
lowed by the sequence Cyq, TCTG.

At the end of ORF2, we observe G;,3,ATAAA, fol-
lowed by C,,c;AATG and by C,,5;ATG. ORF3 is fol-
lowed by the sequences G,,0,ATAAA and G,5,,ATAA,
respectively, neither being followed by the sequence CA-
PyTG or a close derivative. The resemblance of these se-
quences to the consensus sequences is not as close as that
of A,s33ATAAA, followed at a distance of 10 bp by
C,66sACTG, again followed S5bp downstream by
Aj650AAA in the center of ORF2.

At the beginning of each of the open reading frames
we find the translation initiation codon ATG in frame.
When we compare these to the consensus sequence A/
GNNATGG (Kozak 1981; Messing 1983), we see that the
—3 and +4 positions of the met codons are in good agree-
ment for ORF1 (GGAGAATGG) and ORF2 (ATGA-
TATGG), but not for ORF3 (CACAAATGA).

Upon integration into the waxy gene, Ac7 creates an
8 bp direct duplication of host DNA, as can be seen by
comparison with the corresponding sequence of the wild-
type locus (A. Gierl and S. Schwarz-Sommer, personal com-
munication).

An 11 bp imperfect inverted repeat of the sequence

%AGGGATGAAA is found at the termini of 4¢7.

Using the dot plot matrix method of Maizel and Lenk
(1981), we have inspected the Ac sequence for additional
direct and inverted repeats (Fig. 3). Clusters of direct re-
peats are detected in the terminal 1 kb sequences rather
than in the center of Ac7. Local inverted repeats are scat-
tered throughout the element. In addition, sequences at one
end of the element are inverted with respect to sequences
at the opposite end, as indicated in Fig. 4.

The base composition of Ac¢7 is inhomogeneous. ORF1
and ORF2 have 64% and 61% A +T respectively, and less
CpG dinucleotides than expected on a random basis. ORF3
has only 28% A+ T and more CpG dinucleotides than ex-
pected. The rest of the sequence contains 58% A +T.

Discussion

Ac exerts some functions on Ds elements in trans. A deletion
entirely located in ORF1 (Fedoroff et al. 1983) converts



1-050 TAGGGATGAA

51-100 ATTITCATAT
101-150 ACGAAAACGA
151-200 CGGGTTAAAG
201-250 CACACATGAA
251-300 AAACACAAGT
301-350 CACATAGTTT
351-400 CATAAGAAGC
AAAACACATA
TAAACTATTA

TCATGGAGAG

401-450
451~500
501~550
551-600 TTGCGTCTTC
601-650 AAATACATAT
651-700 CATATAGGAG
701-750 CTAGCAGCTA
751-800 CCAATCAAAA
801-850 AATGCCAGCC
ATCAAAACAA

AATAGCAAAT

851-900
901-950
951-000 CTCATCCATA
1001-050 GCACCTCGAG
1051~-100 ACACAAATAT
1101-150 TGGAACTTCA
1151-200 CCAATCTTTIT
1201-250 TGCGGTAAGG
1251-300 GCAACAGITG
1301-350 AATAGGATAT
1351-400 GACCACTATG
1401-450 GACTCTACTT
1451-500 ATCATCTTCA
1501-550 TCTTIGTCTT
1551-600 TTTCTAATGA
1601-650 ATGAAATTTT
1851-700 CAAGGAAGCA
1701-750 TCAAACTITT
aropenctc
AAAATAAATT

1751-800
1801-850

ARCGGTCGGT AACGGTCCCT
TTAACTTGCG GGACGGAAAC
ACGGGATAAA TACGGTAATC
TCGAAATCGG ACGGGAACCG
AACATATATT CAAAACTTAA
CTTAATTAAA CATAGATAAA
AATGTAGCAC ATAAGTGATA
CATATAAGIC TACTAGCACA
TICATAATCA CTTGCTCACA
CAACCAAGGC TCATCTGTCA
GAGCCACTTG CTACATCTTC
ATCCTGTTAA TACACAAAAA
AGAAGAACAT GAATTGATAT
AACATGAATC TGTGAACTRA
GCGCCTAACA GCTGGGAGCC
CAAGGCGACA AGGCGCATGC
ATGCAGGGAG TATAACACGG
GGCGACAGCA AACAGCCCAT
TAATAGCCCA TGCACGAAGT
TGATTCTCAT GATTTGTTGC
ATCACCAATC ATTGTTGGAA

olyA QORFI
GCATCAATAT AAGTAAAATA
TraTARGATE EaTceaTTea
GTGCATATCA AAGCTTCAAC
ATCAACAACA CGACCACCAG
ACACTTGTAT TGCTAGCACA
TCTGCAACCC TTCCCCTCCA
CTTCAAAAGG GGTTCAGACA
GATCATAATC CTTCAACTCA
TTTTCCATCA AGGTATCATC
TGGAGCTGAA GGACTACAAC
CCCTAACAAA GTCATCTACA
TTCATATAGA ACTCAATCAA
TGCTACAGCT AGTGCAATAT
CACTCATTGE AACGGCCATT

tart ORF}
CATTGGTCAA TCAAATCCTT

POlyA ORF2
TGCAGTGGAA

TATTCAGTAC

TATA hox ORF}

1851-900 TCAAAAAACT
CTCGGCTTTA
AATTGAGAAT

TGCGAGGATC

1901-950
1951-000
2001-050
2051-100 GCATCCCTCA
2101-150 TGAGATCCCT
2151-200 GTTCTTCCCA
ATTTTCTCAA

GTTCAGTATG

2201-250
2251-300

2301-350 CTAGATTTGA

TCTTCAAACA
GGACRAATTG
TTATAATGAT
ACTTGTTTTA
ACATCAAATA
TTAGATTTAT
CTGCAAAGGA

CTTAAAAAGA
CATCGTACCT
GACATGTACA
AGCCTTATTA
GGTTGAATTC
CCAAGTCACA
GAAGATTTTA
TTGTTCCTGC AATTACAGCC
ACCTCACATG
TGCAAATCCT

TGACAAGCAC
ATCAGTGTCC

AAAATACCTC
GAAAACGGGA
GAAAACCGAT
GTATTTTTGT
AAACARATAT
ATCCATATAA
AGTCTTGGGC
CATGACACAA
TCTGGATCAC
ACAAACATAA
ATTATTCTTA
TAAGTCAGTT
GCAGGGAGTA
CACGGCTGGG
TAACAGCTAG
AGTGAGATCA
CTGGGCAGCA
GCATCAAAAC
AAATAATAAT
AGCAGCAATA
AATATGTAGC
ATTGTTGAAT
CCTTTTCTAG
AATCTCCGAA
CACTGAACGC
TCCCTTGCAA
CCATGATAAA
TATATTTATC
TGCAAATAGT
CATACTATCA
TAGAATAGAR
TGAACTTTGT
TATTTTCTTG
TAGACACTTT
CTCCTAATGA
TATCTCACAG
CAGATAGGAG
SEgpazecos
ACAATAATTG
ACAATTGAGA
GTGCAGGCTT
CATCTAGTTG
TTCACTAGCA
CAGCAAGAAC
AAGCCATCCT
AAAGAAAGCA
CAATTATATC

TACCGTTTTC
TATACCGGTA
ACGATCCGGT
TCGGTAAAAT
AAAARAATTGT
ATCTGGAGCA
TCTTGGCTAA
TATAAAGTTT
TTAGCATGCA
GACACATTGC
GAAAATTCTA
TTGGATAAAT
TAAATAAATA
AGCTAGGCAG
CAGCTAGCAG
AARAATCTGTT
AGGCGCATGC
AGTAGTGAAT
CTTTAAATAC
AEEEESTCTA
polyA ORF1
ACCTTGAATG
AACTATAAAT
ATGCTGCTAC
CCAAGACGAT
AGACTCAGAA
TTTGGGTGAG
ATATCAAACT
CAATTCATTT
TTTGAAATTC
TTAGTAGTTG
TTGATACAAT
ATGAATCACC
TACCTAGGGT
CCAATATTTC
CAAATTTTTC
AARCCTTTGT
TTCAGTGAGA
TCTTCCACTC
ACATTTGATT
CAAACATACC
ATAATATAAG
AGACATCATA
CACTTCATTA
AATCGCTTTG
TTGCAACCAA
CCATCACAAA
GTGCACAGCT

2351-400
2401-450
2451-500
2501-550
2551-600
2601-650
2651-700
2701-750
2751-800
2801-850
2851-900
2901-950
2951-000
3001-050
3051-~100
3101-150
3181-200
3201-250
3251-300
3301-35¢0
3351-400
3401-450
3451-500
3501-550
3551-600
3601-650
3651-700
3701-750
3751-800
:e01-850
3851-900
2301-9%0
2251-000
4001-050
4051-100
4101-150
4151-200
4201-250
4251-300
1301-350
1351-400
1401-450
1451-500
1501-550

1551-563

ACTTCATTTG CACTAGCATT

AATGTTCCAC TTAACCATGA
CAGTGTGGCG CCCTTCAACA
CACCAATCAT
TTGACAAGAT
CTTTTAGTTT
ATATATTTTC
AGACTTAACA

ATTCATGCAT

CATCAATCCA
GTCCACATAT
TCCATACAAC
TAGCAGTGAC
AACTCAACAA
GATTATTGCC
TCGTACTTAT AAGGCTCAAT
ACTTTTTAGA

GATTTCGAAA

CACAACTGAC
TCCGCTTGTT
TTGCAATTAG GAAAGTTGCA
ACTTCAATTT
CTTIGCCCTC

GTTGTGGTTC

ATCGACCTCC
ATGTGCACTT
TGIGGCTCTG

ATGAACAATA GC! ATCAT

start ORF

CATTACTACT GCTTACACTC

GATGATGATG GTGATGIGCG
TACATTCTGA ATCCGACTAG
TTATAAACAG ATTTTTCGTA
TCTACAACCA ATTAGTAATG
ATACCTTGAG CATATGCAGA
CGCTCTTGTG GTAGACATCA
GAGGATTATT TCCAACCGGA
TATA Lox ORE3
GCTAGCCGAA GTGGAGAGCA
GCTTGGTGCT GTACTGCTGT
AATCAGCAGG
CTTGGIGCAA

GAGCAGCCGT

TGTTGCAGAG
TGGTGCTGAC
GGAGACAGGG
GGTCTGGAGG
CGGATGGGCG
CGCGGATGGG
CGGCGTCTGE
CIGGTGCAGC

GAGCAGTGGA
GGGCGGACCG
CGGACCGCGG
CCGTGGATGG
CGTGTGGTGC
AGTCGGAGAG
CTGGCGGCGT
GATGCTGTTA
GTTCGCTAGG
AGTTGGAGCT
GAAACGGGAT
AACTAGCTCT
CCGTTCCGTT
CTAACAAAAT

AGCAGGCGAG
CCGGACTCCG
CTCGTGTGGT
TATTTCTTAC
GGCCATATTG
CATCCCGATT
ACCGTTTCCG
TTCGTTTTTT
CGGTTATACG

ATCCAAAGAC
TTGCAGTGAA
TGAAARAAGC
ATGGATGGTG
CCATAGTTGT
TTTTCTTTTT
ACGGGACTTT
AGTACTCATG
AAATGAAGCT
GAGATITATG
CTTTAACTAA
CCATGATGAC
ATGTCCCCAT
CCTTCTTGGT
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AAGGCAAACA ATTTTTTCTIC

GGTTTGTGAT AACCTTTGGC
CAACAATTCT TTITTTGGAGA
ACACACATGT ATGACTTATT
ACTGAAGCGA GACTGAACAT
CTTCCAAATA CAAATCCATG
ATTGGAAAGT GAGGGCGCAG
TTCTACAATA TTGAAAGGAT

TCTTTAGGCT AACCACTTCA

TCTTTGCCAT GATCCTTTTC

ACTATGTGAT GTTCTCAAGT
CCTCAGCCCT ATACTTAGCC
ACCTGAACGT ATTTCTTICC

GAAATGCTGC CATACATCCG

TTCTGIGGTG
TGGTTGTGGT
CTTGACTCGG
TGAATAAAAT
GCCACATCCA
AAGAGGCTTC
TTATTCTACA
CTAATGCTAT
GAATACGGAA
ACTTGGCCAA
GGCGTCATCT
GAGCCCTGGA
GACTTGTGAG
CCCCTGGACA
GTGCTGTACT
AGACCGCGGA
ACCGCTGACC
AGCAGTGGAG
CGAGTCGCGA
GTCCGGCGTG
CCAGCGGCCG
AGCGAGACGC
GCGTGGGCGC
GCCTGCCGCC
ATGGGCTGGG
CAGTCATCCC
ARAAACGGGA
TTICCGTTTA
ACCTCGGQTT

ATAACGGICG

PClyA ORF3

ACTTTCATCC CIG

CTTCTTCTTC GGGTTCAGGT

TGIGGTTIGTG GTIGTGGTTC
ATCTGTAGCT GTACCATTTIG

GCCTCTCGGC CTCAGCTGTT

TATA box ORF2

TGCCCACGCG CACGTGCACG

AGCTTTTCTIT TTCAACCCTG

GTCAATATGA TGCTTCCCAA
TGCTACTGTT TTTCTAATAT
TTTGTTTIGC GAGTAGAAGG
TCTTATGGCT GAGCCTGAGG
GAGGAATGGA GTCGTAGCCG
CAGCAGGTGT TCAGCAATCA
CACCTGGACG GCTGGACAGC
GCACACAAAT GACACAACAG
Btart ORF3
GCTAAGTGCT GTGAGCCTGT
TGGCCGGATG GGCGAGCGCC
GCAGATGGCG GATGGCGGAT
TGGAGGTCTG GGCGGATGGG
GCAGTGGAGT GGAGGGCGGA
CCGCGTCACG GCCGTCACCG
GCCGGCTGGG AGACAGGGAG
GCGCCGGCGT CGGCGTGCGG
GTGGCGGCGT GTGAATGTGT
stop ORF3
TGGGAGAGAG GCAGAGCAGC
CCTCAGTGGT TATGGATGGG
GAATTAGAAA ATACGGTAAC
TCCCGGTGAA ACGGTCGGGA
CCGTTTTGTA TATCCCGTTT
CGAAATCGAT CGGGATAAAA

QRF3
GTACGGGATT TTCCCATCCT

Fig. 1. Sequence of Ac. Only one strand is shown. ORF{ and ORF2 are encoded by the complementary strand. The translation start
and stop signals, TATA boxes and polyadenylation sites (AATAAA or GATAAA) of the three ORF are indicated. In addition the
sequence CAPyGT (Berget 1984) is also indicated, if this sequence or a derivative of it is found within the first 30 bp downstream
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453 bp

ATG TGA
3739 4192

5=

3515
3614

—-—® 995

1 4563
5° 3-
ORP1 ORF2
ya

<«
AGT GTA AAT GTA

1066 1729 1884 3165
663 bp 1281 bp

Fig. 2. Block diagram of Ac. The open reading frames are indicated
by arrows. The region between the solid circles is deleted in double-
Ds (Déring et al. 1984). The open circle indicates the site of inser-
tion of the central Ds element in double-Ds

§
g
g
3

N e O

Fig. 3a, b. Dot plots of the sequence of Ac against itself (a) and
against its complement (b). Each dot represents a match of a se-
quence of 20 nucleotides length with no more than 6 mismatches.
In (b) the diagnoal from upper left to lower right indicates the
presence of local inverted repeats. In addition, the accumulation
of the dots in the lower left and upper right corners indicates
the presence of a few inverted repeats at the two opposite termini
of the element

4306 bases

A-T
A-T
T=A
G-C
G=C
C-G
A-T

A-T
A-T
A-T
22 bases
c-G
A-T
T=A
A-T
T-A
A-T
G-C
G-C
G-C
c-G
A~-T
A-T
A-T
57 bases
G-C
G-C
Cc-G
A-T
A~T
G-C
G-C
30 bases
G-C
c-G
T-A
G-C
G-C

62 bases

T G
s’-c cG[EETCACE] ECTCACCCIAAC Y
Fig. 4. Secondary structure at the termini of Ac. The arrows indi-
cate the 11 bp repeats (one mismatch) at the end of Ac. The mis-
matched G is printed in bold face. The 8 bp duplications flanking
Ac are boxed in

Ac9 into Ds9, inactivating the transposon function of Ac.
This implies that Ac encodes (a) gene product(s), probably
(a) protein(s). It is therefore tempting to analyze the Ac
sequence for the presence of genes. We begin by asking
whether the ORFs potentially encode proteins. By the crite-
rion of Fickett’s algorithm (Fickett 1982) ORF1 and ORF2
qualify as potential protein-encoding genes. ORF3 by this
criterion is unlikely to encode a protein. We are aware,
however, that Fickett’s test code has not been evaluated
for plant genes.

The above discussion of the ORFs as protein-encoding
genes is meaningful only if the genes are unspliced, about
which we have no information. If there were no splicing,
each protein would have to be encoded by a separate RNA
molecule. As shown in Results, the presumptive TATA
boxes and polyadenylation sites for the ORFs are not very
close to the respective consensus sequences (Messing et al.
1983) while a very good polyadenylation site is located with-
in ORF2. Clearly, RNA and protein studies are needed.

Between the putative transcription start signals and the



first ATG in frame, out of frame met codons are found
in both ORF1 and ORF2. These may reduce proper transla-
tion starts, as has been found in mammalian cells (Liu et al.
1984). Whether a similar effect is exerted here and whether
a low level of correct translation serves a useful function
in reducing the level of transposition will be the subject
of further studies.

The polypeptide potentially encoded by ORF2 is inter-
esting. At the N terminus, the five amino acids met, ala,
ile, val and his are followed by ten repeats of the sequence
pro gluN (seven times) or pro glu (3 times). The codons
used for this repeated amino acid sequence show third base
variation. This suggests a selective value of the amino acid
sequence, as this is more uniform than the DNA sequence.
A sequence of this kind is not listed in the atlas of protein
structure (Dayhoff 1984).

The termini of the Ds and Ac elements sequenced so
far (Doring et al. 1984; Pohlman et al. 1984; Sutton et al.
1984; Merckelbach, personal communication) differ in a
characteristic manner. Ds elements are terminated by the
perfect 11 bp inverted repeat TAGGGATGAAA. In the
two Ac elements sequenced, one of the 5 terminal T resi-
dues is replaced by a C. Apparently, this base substitution
does not abolish transposition capability. Variability of the
outermost nucleotides has not yet been observed in transpo-
sons of other species.

In addition to the 11 bp imperfect inverted repeat found
at the very ends of the element, sequences that extend about
150 bp inside can be arranged in a secondary structure
(Fig. 4). This is supported by the observation of a double-
stranded structure forming at the ends of A¢7 in heterodu-
plex molecules examined by electron microscopy (Behrens
et al. 1984). A structure of this kind has also been proposed
for the terminal sequence of the transposable elements
TamlI of Antirrhinum majus (Bonas et al. 1984) and the
Spm(En) of Zea mays (Schwarz-Sommer et al. 1984).

The hexanucleotide CCGTTT or close derivatives of
it are found several times near one of the Ac termini. Its
complement is found several times at the other end. These
sequences contribute to the structure shown in Fig. 4 (see
also Doring et al. 1984). 1t is interesting to note that the
pentanucleotide CGTTT is part of a dekanucleotide found
repeatedly in the FB4 transposon of Drophila melanogaster.
In both FB4 and in A4c this sequence occurs predominantly
at the termini, rather than in the center of the element.
The center of FB4 is occupied by a large ORF (Potter
1982).

Ac contains other direct and inverted repeats, as shown
in Fig. 3. We do not know how they were generated, but
it is likely that they are derived from each other by replica-
tion errors or recombination events. This has been postu-
lated for the formation of some alleles of the E. coli inser-
tion element IS2 (Ghosal et al. 1979) and for interfering
forms of vesicular stomatitis RNA virus (O'Hara et al.
1984).

A comparison of the DNA sequence of Ac and the Ds
element isolated from the double Ds in the sh-m5933 allele
(Doring et al. 1984) shows this Ds element to be an internal
deletion of Ac. The point where the left and the right re-
maining DNA segments of Ac are joined in this Ds element
is not the same as the point where one copy of this sequence
is inserted into the other in double Ds, as indicated in Fig. 2.
This makes it likely that double Ds was created subsequent
to the deletion in Ac.
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The DNA sequences of the Ac elements of both the
wx-m7 and the wx-m9 alleles are identical. The phenotypic
difference between the two alleles must therefore have an-
other cause. It will be interesting to see, how the different
insertion sites can be responsible for the respective pheno-
types, as was suggested for En (Enhancer) elements by Pe-
terson (1977).
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