
The Plant Cell, Vol. 6, 1177-1 186, August 1994 O 1994 American Society of Plant Physiologists 

lntegration and Nonrandom Mutation of a Plasma 
Membrane Proton ATPase Gene Fragment 
within the Bsl Retroelement of Maize 

Young-Kwan Jin and Jeffrey L. Bennetzen’ 
Department of Biological Sciences, Purdue University, West Lafayette, Indiana 47907-1392 

Retrotransposons are a class of mobile DNA sequences in eukaryotes that transpose through a reverse-transcribed RNA 
intermediate. Retrotransposons containing long terminal repeats have many of the attributes of retroviruses in animals 
but have not been previously observed to acquire a portion of a cellular gene as RNA tumor viruses do with oncogenes. 
We have found homology to plasma membrane proton ATPase genes within the Bsl retrotransposon of maize, and this 
homology led us to clone the maize plasma membrane proton ATPase gene, which we have named Mhal. The sequence 
of Mhal confirmed that 654 bp of this ATPase gene are present in Bsl;  this segment represents the last amino acid of 
exon 4, all of exons 5 to 9, and part of exon 10. All introns have been removed from this acquired DNA, whereas 81 single 
base pair substitutions and a deletion of 183 bp in Bsl differentiate these contiguous segments. The secondary muta- 
tions led to fewer changes in the derived Bsl protein sequence than predicted for neutra1 events, suggesting that the 
acquired Mhal DNA performs a selected function within Bsl. These data indicate that a retrotransposon can incorporate 
and transmit a portion of a standard nuclear gene transcript within its genetic material. Alternatively, these results sug- 
gest that Bsl may represent a defective version of a plant retrovirus. 

INTRODUCTION 

In eukaryotes, severa1 classes of mobile elements amplify their 
copy number via reverse transcription of a transcribed RNA 
intermediate. Among these retroelements are the retrotranspo- 
sons and retroviruses, both of which are distinctive for the long 
terminal repeats (LTRs) found in direct orientation in their in- 
tegrated forms. The retroviruses, unlike the retrotransposons, 
encode proteins that allow their assembly into infectious virions 
that are released from the host cell. Although it seems rea- 
sonable that retroviruses have evolved from retrotransposons 
(Temin, 1980), the converse is also possible (Finnegan, 1983). 
Some animal viruses have been observed to acquire parts of 
normal cellular genes. Commonly, these genes serve an on- 
cogenic function that conditions host cells for high levels of 
metabolism and mitotic activity that are favorable to retrovirus 
production (varmus, 1984). Like hepadnaviruses in animal sys- 
tems (Summers and Mason, 1982), double-stranded DNA 
caulimoviruses in plants are known to replicate by reverse tran- 
scription without integrating into the host chromosome (Pfeiffer 
and Hohn, 1983). However, retroviruses have not been ob- 
served in plants, and no retrotransposon has yet been observed 
to acquire a portion of a normal cellular gene. 

Severa1 retrotransposons have been observed in plants 
(reviewed by Grandbastien, 1992), and the first of these was 
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the Bs l  element of maize (Johns et al., 1985). Bs l  was identi- 
fied as an inactivating insertion within exon 9 of the maize 
alcohol dehydrogenase 1 (Adhl) gene. Relative to other classes 
of mobile DNA in maize, Bsl-like elements were found to be 
present at a very low copy number of one to five per haploid 
genome (Johns et al., 1985). Our first sequence analyses of 
Bs l  (Jin and Bennetzen, 1989) indicated that this 3203-bp ele- 
ment had the LTRs and primer binding sites essential in cis 
for retrotransposon function but did not show impressive ho- 
mology with any other nucleic acid sequence recorded in the 
EMBL or GenBank data bases (Devereux et al., 1984). This 
included a lack of convincing homology with the reverse tran- 
scriptase moiety so highly conserved in retroelements from 
animals, fungi, and plants. Hence, we concluded that the B s l  
element is a defective derivative of an “autonomous” retro- 
transposon and can only transpose with the provision of reverse 
transcriptase activity in trans. Some cellular pseudogenes, 
those lacking promoters and introns but having poly(A) at their 
3‘ ends, are presumed to have a similar etiology. 

In this study, we present evidence that Bs l  is indeed a defec- 
tive retroelement that has acquired a portion of a standard 
maize gene. The integrated fragment from the maize plasma 
membrane proton ATPase gene has been significantly con- 
served despite numerous secondary mutations subsequent 
to its acquisition by Bsl. These data indicated either that a 
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retrotransposon can acquire a portion of a cellular gene, as
retroviruses often do, or that Bsl is actually a defective ver-
sion of a yet-to-be-discovered plant retrovirus.

RESULTS

Cloning and Sequencing of a Plasma Membrane
Proton ATPase Gene from Maize

A comparison of the Bs1 sequence with all DMA and protein
sequences in the GenBank and EMBL data bases in 1988
yielded no strong nucleotide or predicted amino acid homol-
ogy with any other entry, except weak homology to various
fungal and animal cation-transporting ATPases. Careful
searches for highly conserved features in other retroelements
did identify a 5' tRNA homology that could be used to prime
minus strand DNA synthesis, a 3' polypurine stretch that would
facilitate the priming of plus strand DNA synthesis, and plau-
sibly significant homologies to the conserved domains of
protease and nucleic acid binding proteins (Jin and Bennetzen,
1989). A subsequent data base search in 1990 indicated an
interrupted 654-bp stretch in Arabidopsis plasma membrane
proton ATPase (PMPA) genes, Aha1 (Harper et al., 1989) and
Aha3 (Pardo and Serrano, 1989). Aha1 and Aha3 had 69%
nucleotide and ~70% predicted amino acid sequence iden-
tity with the Bsl region that has weak homology to various
cation-transporting ATPases (data not shown). These obser-
vations suggested that the Bs1 element contains a highly
conserved ATPase function, unlike any other known retroele-
ment, and/or that Bsl had acquired PMPA sequences from
a maize gene.

Gel blot hybridization analysis of genomic maize DNA with
probes from various sections of Bs7 indicated several restric-
tion fragments that cross-hybridized with the element (Figure
1). One of these fragments was unique in hybridizing only to
the region of Bs1 that contained the proton ATPase gene ho-
mology (Figure 1C).

We isolated several clones with homology to the entire 6s7
element from a library of recombinant X phage containing
maize DNA that had been partially digested with restriction
enzyme Sau3A. Three of these recombinant clones exhibited
homology only to the ATPase-conserved region of Bs1. The
inserts in these three phage contain 8.1 kb of overlap and to-
gether cover a contiguous stretch of ~20 kb of the maize
genome (Figure 2).

We sequenced a contiguous 9285 bp in and around the re-
gion of homology between Bs7 and the Arabidopsis PMPA
gene from the C18 phage clone (Figure 2). More than 1.4 kb
of overlapping sequence between the different clones was de-
termined and yielded identical results. The sequence data
obtained indicated that the cloned segment contains a maize
plasma membrane proton ATPase gene (Figure 3), which we
have named Mha1. Comparisons to PMPA gene sequences
from other plant species demonstrated that Mha1 is most
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Figure 1. Hybridization of 8s7 DNA Probes to Different Maize Lines.
The results of sequential hybridization of the indicated probes to BstEII-
and Seal-digested total maize DNA from four different maize lines (Sg18,
Kp39, SA24, and Hy in lanes 1 to 4, respectively) are shown in (A),
(B), and (C). The arrow in (C) indicates a 5.6-kb BstEII-Scal fragment
that was later cloned and found to contain most of a plasma mem-
brane proton ATPase gene. Molecular length markers are given at left
in kilobases.
(A) P1 is a 2477-bp BstEII-Scal fragment from Bsl used as a probe
in this filter hybridization experiment.
(B) P3 is a 531-bp Sail fragment from Bs7 used as a probe in this filter
hybridization experiment.
(C) P7 is a 370-bp EcoRI-Pstl fragment from Bs1 used in this filter hy-
bridization experiment.
(D) Positions of these probes within the 3203-bp Bs1 element, with
the LTRs of Bs1 indicated by the bold arrows. B, BamHI; Be, BstEII;
E, EcoRI; N, Ncol; P, Pstl; S, Sail; Sc, Seal.

similar to Pma1 (Perez et al., 1992) and Pma2 (Boutry et al.,
1989), which are PMPA genes from tobacco. Pma1 and Mha1
contain introns in 19 identical positions within the protein-coding
region, but Pma1 has an additional intron near its 3'end. Over-
all, the introns are smaller in the maize gene than in Pmal
and show no detected primary sequence conservation between
the monocot and dicot genes. Mha1 has the standard GT (5')
and AG (3') splice sites at all of its introns except the sixth,
which has the rarer GC (5') and AG (3') junctions. This lone
exception and its placement are also seen in Pmal and in the
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partial genomic sequence of PmaP (Perez et al., 1992). The 
rarer GC (5') splice site was previously observed iri one other 
plant gene (Katinakis and Verma, 1985) and has been 
documented in a number of animal genes (Jackson, 1991). 

Mhal Transcript and Linkage Mapping 

Because the C-terminal21 amino acid sequence of Mha7 is 
different from that of other plant PMPA genes (Figure 3), we 
have used 3' rapid amplification of cDNA ends (3' RACE) 
(Frohman et al., 1988) to determine its polyadenylation site and 
to show that Mhal is expressed at a low level in developing 
seedlings (data not shown). From the DNA sequence of a poly- 
merase chain reaction (PCR) product obtained by 3' RACE 
of seedling mRNA, the poly(A) tail of Mhal was found at 118 
or 119 nucleotides downstream from the stop codon. The cDNA 
sequence also confirmed the absence of a last intron in Mhal 
like that seen in Pmal (Perez et al., 1992). This region of the 
Mhal genomic sequence has a simple sequence repeat of 
5'-AT-3' (34 tandem copies), and the polyadenylation site is 
located after the first four such repeats (Figure 2). The same 
region also provided a PCR-detected polymorphism that al- 
lowed us to map the Mhal gene in a standard set of 
recombinant inbreds (Burr et al., 1988). By using this analy- 
sis, we mapped Mhal at approximately the same position as 
UMC36A and NP1294A on the long arm of chromosome 2 (data 
not shown). Gel blot analysis indicated only one strong band 
in both maize and sorghum, which is a close maize relative, 

when Mhal or its flanking DNA sequences were used as a 
hybridization probe (data not shown). 

Within the protein-encoding regions of its exons, the 
predicted 949-amino acid sequence of Mhal shows 85.5% 
(92%), 85.8% (91%), 85.4% (92%), 84.8% (93%), and 76.7% 
(88%) amino acid identity (similarity) to the tobacco Pmal, 
potato Phal, tomato Lhal, rice Osal, and Arabidopsis Aha3 
PMPA genes, respectively (Figure 3). All four known tobacco 
PMPA genes (Pmal, PmaP, Pma3, and Pma4) (Perez et al., 
1992; GenBank data base, accession number X66737) show 
higher amino acid identity or similarity to Mhal than to any 
of the three Arabidopsis PMPA genes (Ahal, AhaP, and Aha3) 
(Harper et al., 1989, 1990; Pardo and Serrano, 1989). At the 
DNA sequence level, the Mhal coding sequence shows 74.2, 
74.1,74.3,76.5, and 69.4% identity to Pmal, Phal, Lhal, Osal, 
and Aha3, respectively. These genes exhibit no apparent ho- 
mology either 5' or 3' to the coding regions or within known 
introns. 

lnsertion of Mhal Sequences into Bsl 

Comparison of the sequence of Mhal to Bsl indicates a 654- 
bp region of homology, starting with the last amino acid of exon 
4, continuing through all of exons 5 to 9, and ending with 
the twenty-fourth amino acid of exon 10 (Figure 4). Mhal 
intron sequences are not found in Bsl. The precise nucleotide 
junction is not clear at the 5' end of the insert, because the 
five-nucleotide sequence of Bsl at this presumptive junction 
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Flgure 2. Overlap and Sequenced Regions of Clones Carrying a Plasma Membrane Proton ATPase Gene from Maize. 

Three clones (0, C9, and C18) with DNA sequence homology to the P7 probe (Figure l), but not to the Bsl LTRs or other interna1 probes, were 
selected from a Sau3A partial library of maize DNA inserted into Charon 40. The upper lines show the length and overlap of the inserts in these 
three clones. The bottom line indicates the extent of the maize genome cloned in these phage, and the hatched rectangle shows the 9285-bp 
contiguous region sequenced from the C18 insert. The black rectangle indicates the exons and introns between the ATG at the predicted transla- 
tion start site and the TGA at the predicted translation stop site of the maize plasma membrane (PM) H+-ATPase gene. The 5' end of the RNA 
specified by this gene is not known, but the 3'end terminates within the fifth repeat of the simple sequence repeat designated (5'-AT-3')%. The 
9285-bp sequence of this maize plasma membrane H+-ATPase gene, Mhal, and flanking DNA has been submitted to GenBank as accession 
number U09989. 
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Figure 3. Comparison of Predicted Amino Acid Sequences for Severa1 PMPA Genes. 

Boxes are drawn only to show comparisons in which five or more of the sequences of these six genes predict the same amino acid. Sequences 
are shown for the entire predicted proteins from the initiating methionine to the C-terminal amino acid. The maize gene is Mhal; the tobacco 
gene is Pmal; the potato gene is Phal; the tomato gene is Lhal; the rice gene is Osal; and the Arabidopsis gene is Ahad Dashes indicate the 
absence of corresponding amino acids in each gene. 

(5'-TA/AAG-3'; underlined in Figure 4) is identical to the last 
five-nucleotide sequence of the fourth intron of Mhal 
(5'-TAAAG/-3'). Nevertheless, amino acid sequence identity be- 
gins with the last amino acid of exon 4. The proton ATPase 
insertion in Bsl maintains the Mhal reading frame within Bsl's 
longest open reading frame (ORF). Hence, translation of Bsl 

RNA would yield a 740-amino acid ORFl product (Jin and 
Bennetzen, 1989) that terminates with 12 additional amino 
acids after the 218 amino acids of Mhal sequence. 

In the region of shared homology between Bsl and Mhal, 
the Bsl sequence exhibits 72.6% nucleotide identity with the 
tobacco fmal gene and 87.6% nucleotide identity with the 



ATPase Gene Fragment in Bsl Retroelement 1181 

Mhal 

B s 1  

_I JI . 120 I 

I I I I I I I I I  I I I  I I  I I  I I  I I  I I I I I  I I  I1 I I I I I I I I  I I I I I  I I  I I I I I  I I I I I I I I I I I  I I I I I I I I  I I I  I1 I I  I I  I I I I I  I I  I I  I I I I I  I I  
I I  I I  I I I I I I I I I I I I I I I I  I I I I I I  I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I  I I  
ATAATCAGTGTGAAGCTTGGGGACATCATTCCAGCTGACGCTCGTCTGCTTGAAGGGGATCCACTG-TTGACCAGTCTGCACTCACCGGCGAGTC~CCGGTCACC~GGCCCT 

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

__. 
~ m a i  GAGGAGAATAATGCTGGAAATGCAGCAGCTGCCCTTATGGCTCGACTTGCTCCMGGC ~ T ~ T ~ G A G A T G G A A G A ~ A A G G A A G A A G A T G C T G C C G T ~ ~ ~ C ~ ~ A C  

I I I I I I I I  I I I I I  I I  I I I I I  I I  I I  I I I I I  I I I I I  I I  I I  I I  I I  I I l l l ~ l l l l l l  I I I I  I I I I  I I  I I  I1 I I I  I I I I I I I I I  I I  1111 
Mhal GAGGAGAACAATGCCGGCAATGCCGCGCGGCCGCCCTCATGGCGCGCCTCGCCCCCAAGGC GGTTCTCAGGAACGGCCGGTÜGGCCGAGGAGGAATCGGCTATCCTTGTGCCAGGAGAC 

Pmal 

Mhal 

Bsl 

Pmal 

Mhal 

I I I  I I I  I I I I I  I I I I I I I I I  I I 1  I I I I  I I I I I I  I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I  
B s l  

IleI1eGlyValLysLeuGlyAspIleIleSerAlaAspThrArgLeuLeuGluGlyAspProLeuLysIleAspGlnSerAlaLeuThrGly 

360 
GGAGACGGAGTCTACTCTGGTTCAACCTGT~CAAGGAGAGATAGAAGCTATCGTCATC~CACAGGAGTTCATACC~T~T~AAGGCTGCC~CC~~CAGTAC~CCAA 
I I  I I  I I I I I  I I I I I I I I  I I  I I  I I  I I I I I  I I  I I I I I  I I  I I  I I I I I I  I I I I I  I1 I I  I I  I I  I I  I1 I1 I I I I I  I I  I1 I I I I I  I1 I I I I I I I I I  
GGTGATGGAGTGTACTCTGGTCCACTTGCAAACAGGGCGAGATCGAGGCCGTn;TCATTGCCACCGGTGTGCACACATTCTm~AA~A~ACA~TC~~M~CCAA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

480 
GTGGGACA~CAAAAGGT~GAC~CTATAGGAAACTTCTGCATCTGTTCTATTGCAGT~ATGATAATTGAGATTATTGTCATGTACCCTATCCM~CCGC~ATACCG~CT 

G~TCATTTCCAGAAGGTTCTCACCGCCACCGCCATAGGAAACTTTTGCATCTGTTCAA~GCTGTGGGAATGCTCGTGGAGATCATTGTCA~TACCCTATCCAACACA~TTACCGATCA 

4. 
I I  I I  I I I I I I I I  I I I I I I  I I I  I I  I I I I I I I I I I I  I I I I I I I I I I I  I I I I I  I I I I I  I I I  I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I  I I I  I I I I I  I 

I 

4. Pmal ATAATCAGTATCAAACTGGGAGATATAATTCC~CAGA~CTCGTCTTCTTGAGGGTGATCCGCTG-TTGATCAGTCT~T~GAC~T~TCTC~CTGTAACT~GGTCCG 

BS1 

Pmal 

Mhal 

B s l  

~ m a i  

Mhal 

B S l  

AGAATGACAACTATTGAAGAGGCTGGCATGGACGTCCCTTGCAGCGACAAGAC~GGACATTACCCTGGACCAAG"GACTGTGATCAAGAGCCTGGTAGATG~C~~GGA 
ArgMetThrThrIleGluGluMetAlaGlyMetAspValProCysSerAspLysThrGlyThrLeuProTrpThrLysLeuThrValIleLysSerLeuValAspVa1PheGlnArgGly 

. 4 . ' I  840 
GTTGATGCAGATATGGTAGTTCTAATGGCAGCTCGAGCCTCAAGAACAGAGAATCAGGATGCCATTGATGCTGCTA~G~GGGATGTTGGCTGATCCGAA~GGCACG~T~ATT 

GTTGACCAAGATACAGTAATTCTGATGA~TGCTAGAGC~CTCGTACGG-TCAGGATGCCATAGAC~CACGATAGTTGGTA~~TGATCCAAC~GGC~GTGCT~TGTC, 
I I I I I  I I I I I  I I I  I I I I  I I I I I  I I I  I I I I  I 1  I I I  I I  I I I I I I I I I I I I I I  I I  I I  I I I  I I I I I  I I I  I I I I I I I I I I  I I I I I I I  I I I I I I I I -  I 

I I I I I I I I I I I  I I I I I I I I I I I I I I I  I I I  I I I I I I I I I  I I I I I  I I I I I I I I I I I I I I I I I I I  I I I I I  I I I I I I  I I I I I I I I I I I I  I I I I I  I I I I I I I  I I I I I I I I I I I  
AlaAspGlnAspAlaValIleLeuMetAspAlaArgAlaSerCysThrLysAsnG1~spAlaIleGluAlaThrIleValSerMetLeuAlaAlaProLysGluAla~sA~aGlyVal 
GCTGACCAAGATGCAGTAATCTGATGGA~CCAGAGC~CTTGTACG~TCAGGATGCCATAGAGGCCACAATAGTTAGTATGCTGGCTGCTCCAAA~GGCTTGT~~~ 

. .  . 
* .  ' , 960 

CGTGAAATACACTTCCTTCCTPTCAATCC~C~ACAA~GAACAGCACTTACCTAT~TTGATGGTG~GGG~GATGCACAGGGTCAGC~~~TCCCGA~AGA~CT~TCTT 
I I I  I I  I I  I I  I I  I I1 I I I I I I I I  I I I I I  I I I I  I I  I I I I I I  I O I I I I I  I I  I I  I I I I I I  I I1 I I  I I  I I  I I  I I  I I I I I I I . l I I l .  I I I I I  

I I I I I I I I I I I  I I I I I  I I I I I I I I I I I I I  I I I I I  I I I I I I I I  I I I  I I I  I I I I  I I I II1,II I I I  
CAAGAGATCCATTTTCTGCAATTTAATCCAACCGAC-GAAC~C~AACCTAC3TTGATGGCGAGGGAAGAATGCATCGTGTTAGTAA~AGCACCAGAGCAGATCC~A~~ 

CAAGAGATCCAATTTCTTCCATTTAATCC~~ACAAGAGAACTGCAGTGACGTAC4TGTCACTGATATACGCTCTCTCTCCAGGGAAGGCCTAATTCAGGAGCCAGATAGGTTG~A 
GlnGluIleGlnPheLeuProPheAsnProAsnProAs~spLysArgThrAlaValThr~r~etSerLeuIle~rAlaLeuSerProGlyLysAla~~* 

***GlnGluAsnCysSerAspValHisValThrAspIleCysSerLeuSerArgGluGlyLeuIleGlnGluProAspArgLeuPhe 

I I  I I I I I I I I I I I I I I I I I I I  I I  I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I O I I I I  I I I  I I  I I I I I I I  I11 
Bsl I ___- -_______________________________ AA"ITGCATCTGTTCAATTTTGCGGGAAT~TCGTGGAA~TATTGTCATGTACCCTATCCMGACA~~ACCGAC~ 

Pmal 

Mhal 

BS1 

pmal 

Mhal 

AsnPheCysIleCysSerIleValAlaGlyMetLeuValGluPheIleValMetTyrProI1eGlnAspMetValTyrArgPro 

' 4 '  600 
GGGATTGACAATCTTCTn;TGCTTCTTATTATTGG~AATTCCAAT~CCATGCCAAC~TTCTTTCTG~ACTATGGCAA~~TCATCGTCTTGCT~~~T~CA~AC~ 

I 
I I I I I I I I I I I I I I  I I I I I I I I I  I I  I I  I I I I I I I I  I1 I I I I I I I I  I I I I I  I I I I I I I I  I I I I I I I I I I I  I I  I I I I I I I  I I  I I I I I I I I I I I  I I  I I I I I  I I  
G G G A T T G A C A A T C T G T T G G T G C T T C T G A T C G G A G G A A T T C  

I I I  I I I I I  I I I I I I I I I I I I I I I I  I I I I I I I I I I I  I I  I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I  I I I I I I I  I I I  I I I I I  I I I I I I I I I I I I I I I I  I I I I I I I I I  
AGAATAGACAAATTGTTGGTGCTTCTGA~GAGGAATTCCAATTGCCATGCCCACTGTCC~CGTGACTATGTCAATCGGA~TTATCGCTTGGCTCAACA~A~CA~ACTMG 
ArgIleAspLysLeuLeuValLeuLeuIleGlyGlyIleProIleAlaMetProThrValLeuSerValThrMetSerIleGlyAlaTyrArgLeuAlaGlnGlnGlyAlaIleThrLys 

' 4 .  720 
AGAATGACAGCTATAGAGGAGATGGC~GCATGGATGTGCTCTGTAGTGACAAGACCGGGACCCTGACTCTAAAC~GCTTACTGTTGAT~C~ATT~GG~GCC~GGT 
I I I I O I I I I I  I I  I I  I I  I I I I I I I I  I I I I I  I I I  I I  I I  I I I I I I I I  I I I I I  I I1 I I I I  I I  I I I I I I I I I  I I I I  I I I  I I I I I I I I I  I I I I  

I I I I I I I I I  I I I  I I I I I I I I I I I I I I  I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I  I I  I I I I I I I I I I I  I I I  I I  I I  I I I I I  I I I I I I I I I I I I I I  
A G A A ~ A C A G C A A T C G A A G ~ T ~ T G G T A T G G A C A ~ ~ G C A G C G A C ~ G A C T G G G A C A T T A A C C ~ G A A C C A G T T G A C T G T T G A C - G T C ~ T A G A ~ ~ C ~ G A ~  

Mhal sequence. In this same region, Pmal and Mhal exhibit 
76.5% nucleotide identity (Figure 4). Hence, the data support 
the conclusion that the PMPA-encoding sequences that are 
inserted into Bsl were derived from a portion of Mhal long 

after the divergence of maize and tobacco. Moreover, the ab- 
sence of sequences homologous to the maize ATPase introns 
indicates either that the insertion into Bsl was derived from 
transcript sequences via an RNA recombination event or, 

.~ - 
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more likely, that intron sequences within the acquired Mhal 
sequence were subsequently lost upon RNA-mediated trans- 
position of a Bsl ancestor (Bishop, 1983). 

Mhal Sequence Evolution within Bsl 

Our sequence of Mhal indicates 82 mutational events that 
differentiate the homologous 654-bp regions in Bsl and Mhal. 
Most of these changes (81) were single nucleotide substitu- 
tions, but a single deletion of 183 bp is also observed (Figures 
4 and 5). Eight of the Bsl codons exhibit two nucleotide 
changes, close to the 9.5 codons that would be predicted to 
have two changes if all changes were a result of independent, 
single nucleotide events. Therefore, compensating small (e.g., 
one or two nucleotide) insertions and deletions are not likely 
to have occurred. None of these 82 changes altered the frame 
of the Bsl-encoded polypeptide or created a nonsense codon. 
Hence, any essential protein product(s) encoded 3' to the in- 
sertion would still be properly translated. 

Of the 81 single nucleotide changes observed, 51 were tran- 
sition events and 30 were transversion events. Over half of 
these changes (43 of 81) occurred in the third codon position. 
These 81 nucleotide changes led to 39 amino acid changes. 
Calculations based on the likelihood of mutation at any given 
codon position and of the frequencies of transition versus trans- 
version events indicated that 54 amino acid changes would 
have been predicted with this leve1 of nucleotide change (81 
of 654). Hence, as with the maintenance of frame and the bias 
of mutations to the third codon position, the nucleotide changes 
observed were selected to lower changes in the amino acid 
sequence of the inserted segment. 

When the same 218 amino acid sequences of 11 other plant 
PMPA genes are compared to the Mhal sequence, Pmal, 
Pma3, and Osal show the lowest number of amino acid 
changes (23), and the two Arabidopsis PMPA genes (AhaP 
and AhaS) show the highest number of amino acid changes 
(37 and 40, respectively). However, when compared to the 
respective 24 and 29 conservative amino acid changes in AhaP 
and Aha3, only 10 of the 39 amino acid changes in Bsl are 
conservative. When the 218 amino acid sequences of all 12 

known PMPA genes including Mhal are aligned, 164 invari- 
able amino acid sites and 54 variable amino acid sites are 
found. However, 25 of the 39 amino acid changes in Bs l  are 
located at invariable sites. Hence, although Mhal sequences 
within Bsl have been conserved, they have not been as con- 
served as these same sequences are during the evolution of 
PMPA genes. This could be a result of the Mhal sequences 
in Bsl contributing a less precisely defined or somewhat differ- 
ent function in Bsl than they do in a PMPA gene. 

The portion of Mhal that has been acquired by Bsl con- 
tains the two highly conserved regions specifying the phos- 
phatase and phosphorylationhransduction domains but not 
the highly conserved domains that bind ATP or the region that 
specifies kinase activity (Sussman and Surowy, 1987; Serrano, 
1989). The 183-bp, 61-amino acid deletion that interrupts the 
contiguous stretch of BsllMhal homology is located between 
the phosphatase and phosphorylation domains but removes 
two amino acids of the conserved phosphatase amino acid 
motif (TGES to TG). Hence, the portion of Mhal in B s l  con- 
tains only the well-conserved transmembrane anchoring 
sequences and the phosphorylation domain (CSDKTGTL) con- 
served in all plasma membrane cation-transporting ATPases 
in eukaryotes (Sussman and Surowy, 1987; Serrano, 1989). 

DlSCUSSlON 

Plasma Membrane Proton ATPase Genes 

Severa1 plasma membrane proton ATPase (PMPA) genes have 
now been cloned from plants: Ahal, AhaP, and Aha3 from 
Arabidopsis (Harper et al., 1989, 1990; Pardo and Serrano, 
1989); Pmal, PmaP, Pma3, and Pma4 from tobacco (Perez at 
al., 1992; GenBank data base, accession number X66737); 
Phal and PhaP from potato (GenBank data base, accession 
numbers X76536 and X76535, respectively); Lha1 and part of 
Lha2 from tomato (Ewing et al., 1990); Osal from rice (Wada 
et al., 1992); and Mhal from maize. These genes are believed 
to be responsible for controlling intracellular and extracellular 
pH, and for generating the proton gradients across the plasma 

Mhal 

Bsl 

0.5 kb > ORFl oRF2 

Figure 5. Schematic Drawing of the Structure of Mhal Compared to That of Bsl. 

Exons are shaded and exons 4 through 10 are numbered. The lines connecting Mha7 with Bsl show the end points of the regions of homology: 
the dashed lines indicate the two possible junction sites at this end (see text), and dotted lines show the end points of the 183-bp deletion in 
Bsl. The open arrows indicate the Bs7 LTRs, and the thin arrows below the 8.97 diagram indicate its two longest open reading frames. 
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membrane essential to nutrient uptake and cell elongation 
(Serrano, 1989). The higher level of homology between Mhal 
and the tobacco Pmal gene than with rice or Arabidopsis PMPA 
genes (Figure 3) is probably a result of the fact that Pmal and 
Mhal represent the same class of PMPA gene. When we em- 
ployed exon-containing portions of Mhal as a hybridization 
probe in gel blot analysis of maize DNA, we generally observed 
one strong band and two or three weak bands. We expect that 
these weak bands are other PMPA genes that are likely to have 
higher homology to the cloned Arabidopsis and rice genes. 
We have used an Mhal probe to identify one strong and two 
or three weak cross-hybridizing bands in a close relative of 
maize, sorghum. One of the weakly Mhal-homologous bands 
was polymorphic and mapped in sorghum by DNA marker tech- 
nology (Melake-Berhan et al., 1993). 

Beyond higher sequence homology with Pmal than with 
other plant PMPA genes, Mhal also shares with Pmal an ad- 
ditional five introns not seen in the Arabidopsis PMPA genes, 
AhaP and Aha3. Compared to Aha3, AhaP is missing one in- 
tron (intron 14), and Mhal is missing the last intron present 
in both Arabidopsis and tobacco PMPA genes. The 14 introns 
shared by all four PMPA genomic sequences investigated to 
date (AhaP, Aha3, Pmal, and Mhal) vary somewhat in size 
and greatly in sequence, but all are positioned at identical sites 
and have high conservation of sequences near the intron-exon 
junctions. The five extra introns found in Mhal and Pmal are 
also identically placed in the genes, and one of these (num- 
ber 6) has an unusual GC/AG 5’/3‘junction conserved in both 
species. These results provide further support for the gener- 
ation of PMPA gene families long before the divergence of 
monocots and dicots (some 200 million years ago) (Wolfe et 
al., 1989) and suggest subsequent differential loss of introns 
among PMPA gene families in higher plants. 

Acquisition of M h a l  Gene Homology by Bsl 

A high level of similarity between Mhal and a contiguous 
654-bp segment within B s l  indicates that a portion of this 
maize PMPA gene was acquired by Bsl. Because this homol- 
ogous region in Bs l  lacks the introns from Mhal, this segment 
could have been acquired by RNA recombination (Lai, 1992) 
with an ancestral Bs element transcript. This would have 
required either a conversion or double recombination event. 
More likely, the Mhal-homologous sequence in Bsf might 
have been acquired by an ancestral Bs element by the same 
template switch mechanism proposed for transduction by 
oncogenic retroviruses (Swain and Coffin, 1992; Zhang and 
Temin, 1993). 

Cloning and gel blot hybridization analysis indicated that 
several other Bsl-like elements with interna1 Mhal-homologous 
sequences exist in maize, the teosintes, and liipsacum spe- 
cies (7: dactyloides, 7: jalapense, and 7: zopilotense) (Y.-K. Jin 
and J.L. Bennetzen, unpublished results). This suggests that 
an ancestral Bselement acquired Mhal sequence prior to the 

divergence of these species, over one million years ago (Gaut 
and Clegg, 1991, 1993). 

When Bs l  was first cloned by Johns et al. (1985), their hy- 
bridization experiments suggested that the Bs l  element might 
be present in a broad range of species. Although this still may 
be true, we have found that at least some of the hybridization 
they observed is a result of the Mhal-homologous region in Bsl. 

Conservation and Possible Function of M h a l  
Sequences in Bsl 

The 82 changes that differentiate the homologous regions in 
Bs l  and Mhal have maintained the same reading frame and 
have led to fewer amino acid substitutions than expected from 
neutra1 events. Even the 183-bp deletion within exons 6 and 
7 did not alter reading frame and primarily removed the re- 
gion between two PMPA functional domains. Frameshift events 
are not seen, and most of the single base pair substitutions 
detected were limited to the third codon position (43 of 81). 
Moreover, most of the single nucleotide changes observed are 
transitions (51 of 81), which cause amino acid changes less 
commonly than do transversions or frameshifts. The overall 
amino acid sequence identity of Mhal-homologous regions 
in Bs l  and Mhal(82%) is similar to that of Mhal to other plant 
PMPA genes (76 to 86%). Two functional regions of Mhal, the 
transmembrane and phosphorylation domains, are particu- 
larly well conserved in the Mhal-homologous region of a 
predicted Bsl ORFl peptide. The high degree of conserva- 
tion of these two functional domains in Bs l  implies that they 
provide some selective advantage to the element. 

Bs l  differsfrom many retrotransposons in not encoding any 
peptide with convincing homology to reverse transcriptase. For 
this reason, we have concluded that Bsl is a defective retro- 
transposon (Jin and Bennetzen, 1989). Conversely, Johns 
et al. (1989) had postulated that Bs l  might be a highly com- 
pact retrotransposon that potentiates multiple translational 
frameshifts and/or RNA splicing events that could create what 
would be, at best, a highly divergent reverse transcriptase. Our 
analysis of Mhal homology in Bs l  indicates that this “best pos- 
sible reverse transcriptase” region is probably located to0 close 
(just 53 to the transmembrane component specified by Mhal 
to allow the production of a functional polymerase. 

The transduction of cellular genes by retroviruses has been 
documented in several animal systems. In most cases, the ac- 
quired gene has an oncogenic function that provides aselective 
advantage for retrovirus production. Most of these oncogenic 
retroviruses are replication defective because parts of their 
genomes have been replaced by the oncogenes (Bishop, 1983; 
Varmus, 1984). The infectious replication and resultant sur- 
viva1 of these defective FINA tumor viruses require the presence 
of a helper virus that provides the missing vira1 replication func- 
tion in trans (Bishop, 1983; Varmus, 1984). Bs l  appears to be 
similar in this regard, because Mhal homology has been in- 
serted in a part of the retrotransposon where replication 
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functions are normally encoded. Because Bs7 was first iden- 
tified as a de novo insertion in the Adh7 gene of maize (Johns 
et al., 1985), we postulated that the absence of reverse tran- 
scriptase coding potential implies that replication functions 
must have been provided in trans by another retroelement (Jin 
and Bennetzen, 1989). Although reverse transcriptase could, 
potentially, be provided by an unrelated retroelement, it could 
also be provided by an “autonomous” Bs element. 

The selective advantage of the Mha7 function(s) acquired 
by Bs7 is not clear. Selection could act at the leve1 of the whole 
organism (i.e., maize) or on Bs7 itself as a “selfish” DNA (Orgel 
and Crick, 1980). The most obvious potential added to a 6s7 
polypeptide by the acquisition of Mha7 sequences is the abil- 
ity to associate with the plasma membrane. There is, as yet, 
no reason to believe such a membrane association would be 
of value to a retrotransposon, but essential plasma membrane 
localization of the env gene product is an attribute associated 
with retroviruses (varmus and Brown, 1989). Moreover, the fact 
that no retrotransposon had been previously observed to 
acquire part of a cellular gene, as retroviruses often do, sug- 
gests that Bs7 may actually represent a defective provira1 
form of a retrovirus. Although no plant retrovirus has yet 
been observed in nature, there is no a priori reason why 
this class of virus should not exist. Viruses present at very 
low levels are often difficult to detect, and a Bsl-related re- 
trovirus might now be extinct in its fully functional form. 
However, in our recent studies of maize genomic sequences 
with homology to Bs7, we have found one element that is 
larger than 6s7 in size but has no homology to Mha7 (Y.-K. 
Jin and J.L. Bennetzen, unpublished observations). Further 
studies will include functional and structural analysis of this 
retroelement. ’ 

METHODS 

Materlals 

Maize lines Hy, Kp39, SA24, and Sg18 were provided by B. Ashman 
(Purdue University, West Lafayette, IN). Restriction enzymes were pur- 
chased from Bethesda Research Laboratories, New England Biolabs, 
and Promega and used according to the conditions specified by the 
manufacturer. A maize genomic DNA library from a Mutator maize line 
(D3L) (Bennetzen et al., 1988), consisting of total DNA partially digested 
with Sau3A and inserted into the BamHl site of Charon 40 (Dunn and 
Blattner, 1987), was prepared and provided by S. Hulbert (Kansas State 
University, Manhattan, KS). 

Gel Blot Hybridization Analysis 

(Bennetzen, 1984). The hybridization probes used were specific seg- 
ments of Bs7, as described in Figure 1. 

Cloning 

The 2477-bp BstEll-Scal fragment of 8s7 (Jin and Bennetzen, 1989) 
was used as a hybridization probe to screen a recombinant library 
consisting of total maize DNA partially digested with Sau3A and in- 
serted into the BamHl site of Charon 40. Eighteen clones were identified 
and purified from a screening of ~5 x 106 recombinant phage. Sub- 
sequent hybridizational screening with a 330-bp fragment containing 
primarily Bs7 long terminal repeat (LTR) sequences and with a 370-bp 
fragment containing only the region of homology with plasma mem- 
brane proton ATPase (PMPA) genes in Bs7 identified three clones that 
had no LTR homology but did have PMPA homology. These three clones 
(C7, C9, and C18) were restriction mapped and found to have an 8.1-kb 
region of overlap (Figure 2). 

DNA Sequencing and Sequence Analysis 

Overlapping and adjacent regions from clones C7, C9, and C18 were 
variously subcloned into pUC18 or pUCl9 (Yanisch-Perron et al., 1985). 
Large subclones were deleted to sizes suitable for DNA sequencing 
either by further restriction enzyme digestion or by exonuclease 111 
and mung bean nuclease deletion (Maniatis et al., 1982). Double- 
stranded plasmid DNAs were used for universal primer-directed dideoxy 
sequencing (Sanger et al., 1977). Both dGTP and dlTP reactions were 
run for regions that exhibited gel compression problems. Dideoxy DNA 
sequencing reactions were resolved on 43tm-long, 0.4-mm-thick gels 
composed of 5% (w/v) polyacrylamide and 7 M urea. All regions of 
the C18 clone were sequenced on both strands, and 1.4 kb of overlap- 
ping DNA sequence was derived from clones C7 and C9. This 
overlapping sequence was identical between the three independent 
clones. DNAsequences were read and entered by hand and were ana- 
lyzed on the University of Wisconsin Genetics Computer Group software 
programs (Devereux et al., 1984) run through Purdue’s AlDS Center 
Laboratory for Computational Biochemistry VAX cluster. 

3’ RACE Analysis 

3‘Rapid Amplification of cDNA Ends (3‘ RACE) analysis (Frohman et 
al., 1988) of Mha7 was performed with cDNA prepared from mRNA 
of 4-day-old maize seedlings. The 34 base oligo(dT) primer used for 
cDNA synthesis was 5‘-GACTCGAGTCGACATCGTTTTTTTTTTTTTT- 
TTTT-3‘. The first polymerase chain reaction (PCR) amplification of 
the cDNA was performed with a 3’-specific primer from exon 19 
(5‘-CTCATCCGGlACGCATT-3’) and an adapter primer (S‘GACTCGAGT- 
CGACATCG-3’). The second amplification was performed with a 
3’-specific primer from exon 20 (5‘-CAGTGAAc;rrC;AACCAGCTC-3‘) and 
the same adapter primer. The 3‘ RACE product purified from a 10% 
polyacrylamide gel was directly sequenced. 

Maize DNAwas prepared by the method of Saghai-Maroof et al. (1984). 
Approximately 6 to 8 pg of total DNA was digested with the indicated 
restriction enzyme and electrophoretically resolved through a 0.6% 
agarose gel. The gel was blotted onto a nylon filter (Micron Separa- 
tions Inc., Westboro, MA) and baked for 2 hr at 8OoC under vacuum. 
Hybridization and washing were performed as previously described 
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