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Summary

The genome of the house fly, Musca domestica, contains an active transposable element system,
called Hermes. Using PCR and inverse PCR we amplified and sequenced overlapping segments of
several Hermes elements and from these data we have constructed a 2749 bp consensus Hermes
DNA sequence. Hermes termini are composed of 17 bp imperfect inverted repeats that are almost
identical to the inverted terminal repeats of the hobo element of Drosophila melanogaster. Full
length Hermes elements contain a single long ORF capable of encoding a protein of 612 amino
acids which is 55% identical to the amino acid sequence of the hobo transposase. Comparison of
the ends of the Hermes and hobo elements to those of the Ac element of Zea mays, and the Tam3
element of Antirrhinum majus, as well as several other plant and insect elements, revealed a
conserved terminal sequence motif. Thus Hermes is clearly a member of the hobo, Ac and Tam3
(hAT) transposable element family, other members of which include the Tag! element from
Arabidopsis thaliana and the Bg element from Zea mays. The evolution of this class of
transposable elements and the potential utlhty of Hermes as a genetic tool in M. domestica and

related species are discussed.

1. Introduction

In the twenty years or so since eukaryotic transposable
elements were first identified and characterized at the
molecular level, much has been discovered about their
structure, genetic properties, phylogenetic distribution,
population dynamics and the mechanisms of their
movement and its regulation. However, much has still
to be learnt. In particular, little is known about the
origins of these mobile genetic elements, and in most
cases the details of their evolution have yet to be
elucidated.

The Ac/Ds controlling element system of Zea mays
represents one of the better genetically and molecularly
characterized transposable element systems in higher
eukaryotes. Ac elements are autonomous, capable of
inducing their own excision and transposition, whereas
the non-autonomous Ds elements are capable of
movement only in the presence of Ac (McClintock,
1956). Studies on the distribution of 4A¢ and Ds
sequences in Z. mays have shown that all lines
examined contain sequences which hybridize to Ac
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and Ds (Geister et al. 1982; Fedoroff, Wessler &
Shure, 1983 ; Behrens et al. 1984) and DNA hybridiza-
tion studies have shown that Ac-like sequences are
present in representatives of all taxa in the genus Zea
(Johns, 1990). Sequences hybridizing to Ds have been
observed in wheat, rye and barley genomes (Vershinin
et al. 1987) and an Ac-like element has been cloned
from Pennisetum glaucum (pearl millet) (MacRae et
al. 1990; MacRae & Clegg, 1992). These observations
suggest that Ac- and Ds-related elements are wide-
spread amongst the Poaceae (grasses) and support the
hypothesis that the Ac-family of elements is of ancient
origin, being present in the progenitor of maize and
millet (prior to 25 million years ago) (MacRae &
Clegg, 1992).

Recent studies by Calvi ef al. (1991), Feldmar &
Kunze (1991), Hehl et al. (1991) and Atkinson,
Warren & O’Brochta (1993) suggest that elements
related to the Ac-element family are widely distributed
amongst both plant and animal species. Calvi et al.
(1991) and Feldmar & Kunze (1991) have shown that
the hobo element from Drosophila melanogaster (a fly),
the Tam3 element from Antirrhinum majus (a dicot)
and Ac from Z. mays (a monocot) exhibit iow ieveis of
coding sequence similarity that span several hundred
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codons. All three elements generate 8 bp target site
duplications upon insertion and leave similar empty
excision sites that are distinctly different from those
observed for other transposable elements (Pohlman,
Fendorff & Messing, 1984 ; Coen, Carpenter & Martin,
1986; Atkinson, Warren & O’Brochta, 1993). These
data suggest that hobo, Ac and Tam3 belong to a
family of related transposable elements, which we
have termed the hAT element family (Atkinson,
Warren & O’Brochta, 1993). Since the Ac and Tam3
sequences appear more closely related to one another
than either is to hobo, it has been proposed that these
three elements have evolved from an ancestral element
present prior to the divergence of plants and animals
(Calvi et al. 1991).

Functional hobo elements are 2-9 kb in length and
have 12bp inverted terminal repeats (Streck,
MacGaffey & Beckendorf, 1986; Blackman et al.
1989; Calvi et al. 1991). Like the Ac and Tam3
systems in plants, not all D. melanogaster strains
contain active hobo elements and numerous copies of
internally deleted defective elements can be found
(McGinnis, Shermeon & Beckendorf, 1983; Streck,
MacGaffey & Beckendorf, 1986; Boussy & Daniels,
1991; Pascual & Periquet, 1991). In contrast to the
broad distribution observed for 4¢c-family elements in
the Poaceae, the distribution of hobo sequences within
the family Drosophilidae, based on DNA hybridiza-
tion studies, appears to be very limited. Hobo
sequences are found only in the melanogaster and
montium subgroups of the melanogaster-species
group, displaying one of the narrowest distributions
of all transposable elements from D. melanogaster
(Daniels, Chovnick & Boussy, 1990). The hobo
elements found in the melanogaster species complex,
including those from D. melanogaster, D. simulans
and D. mauritiana, are almost identical at the
nucleotide level (Simmons, 1992). These observations
are inconsistent with the idea of an ancient origin of
hobo-like elements within this family and are more
consistent with at least one instance of horizontal
transmission, although other evolutionary scenarios
could account for their discontinuous distribution
(Capy, Anxolabéhére & Langin, 1994). The identifi-
cation of related, functional elements from other
insect species would allow us to understand better
how hobo arose in the Drosophila genome and to
understand better the evolutionary history of the
hobo, Ac and Tam3 family of elements.

As part of a study of the mobility properties of hobo
in the house fly, Musca domestica, we discovered an
endogenous hobo transposase-like activity in embryos
of this species which suggested that hobo-like elements
might be present (Atkinson, Warren & O’Brochta,
1993). Here we report the full sequence and structural
characteristics of a M. domestica short inverted repeat-
type transposable element belonging to the hobo, Ac
and Tam3 (hAT) element family. We present a detailed
comparison of the structure and coding sequences of
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this element, which we have called Hermes, to those of
the other hAT elements and present evidence
suggesting that the Bg element from Zea mays and the
Tagl element from Arabidopsis thaliana are also
members of this family. In addition, we report that
various plant, insect and vertebrate transposable
elements share a common sequence motif within their
inverted terminal repeats. Our data not only show
that hobo-related elements are present in non-
drosophilid species but also generate interesting
insights into the structural constraints and evol-
utionary relationships within this family of trans-
posable elements.

2. Materials and methods
() M. domestica genomic DNA

The Maryland and Mullinix strains were obtained
from the USDA Livestock Insect Laboratory,
Beltsville, Maryland and the Florida strain was
obtained from the USDA South Atlantic Area
Medical and Veterinary Entomology Laboratory. All
other strains were obtained from the Department of
Entomology, Texas A&M University. All strains
examined were derived from wild caught flies with the
exception of sbo, which is a multiply marked lab-
oratory strain carrying the stubby, brown body and
ocra eye mutations. Genomic DNA was prepared
either from embryos as described by Miklos (1984) or
from single adults by a modification of the method of
Lifton (Bender, Spierer & Hogness, 1983).

(1) PCR analysis of strains

The oligonucleotide primers, 5-TTGTTGTTACTC-
AGTCGC-3" and 5-GTTTGATGTTAAGATC-
ACC-3" were used to amplify Hermes sequences from
genomic DNA prepared from single adult M.
domestica of various strains. Each PCR reaction
contained 50 mM-KCI, 10 mM Tris-HCl (pH 8-3),
1-8 mM-MgCl,, 0-125 uM dNTPs, 0-2 uMm of each
primer, 12% sucrose, 0-2 mMm cresol red, 200 ng of
template DNA and 22 units of Tag polymerase
(AmpliTaq, Perkin-Elmer) in a total volume of 50 zl.
PCR amplification was performed in a Perkin-Elmer
9600 thermocycler programmed for 95 °C (3 min)
then 35 cycles of 50 °C (305s), 72 °C (2-5 min) and
95 °C (20 s) followed by 10 min at 72 °C. Amplified
products were then size fractionated by electrophoresis
in 12% agarose and visualized by fluorescence in
ethidium bromide.

(iii) Inverse PCR

20 g of genomic DNA, purified from embryos of the
Maryland strain of M. domestica, was digested to
completion with EcoRl or BamHI (New England
Biolabs) in accordance with the supplier’s recom-
mendations. After electrophoresis through 0-8%
agarose, the 2 to 3 kb and 3 to 5 kb fractions of each
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digest were excised from the gel and purified by
Nal/glass-milk (Gene-Clean, BIO101 Inc). Circulari-
zation of the DNA in each fraction was performed at
a DNA concentration of 0-5 xg/ml in 30 mM TrisHCI
pH 78, 10 mm-MgCl,, 10 mM dithiothreitol, 5 mm
ATP and 1600 units/ml T4 DNA ligase (New England
Biolabs)for 18 hat 12 °C. Ligated DNA was recovered
by Nal/glass-milk purification and digested with
HindI11 (New England Biolabs) to linearize Hermes
containing molecules. Approximately 150 ng of this
DNA was used per 100 1 PCR. PCR amplifications

contained 50 mM-KCl, 10 mm Tris-HCl (pH 8-3),
2mM-MgCl,, 200 xM dNTPs, one wax bead
(AmpliWax, Perkin-Elmer), template DNA and

0-1 uM of each primer. Amplifications of EcoRI
ligated molecules were performed with Primer 1
(5-CTGTGGATCTTTCAAAATCTAAGG-3") and
Primer 4 (5-GAGACACCTGAACTCAATGT-
GC-3’) whereas in those performed on BamHI ligated
molecules used Primer 4 and Primer 5 (5'-
CGCAGTTCATTGTTTTCATGG-3). Amplifica-
tions were initiated by the addition of 3 units Tag
polymerase and performed as follows: two cycles of
95 °C (60 s), S8 °C (15s), 72 °C (5 min), 35 cycles of
95°C (155), 58 °C (15 s), 72 °C (3 min) followed by
10 min at 72 °C. Amplified products were size frac-
tionated by electrophoresis in 1% agarose, gel
purified and cloned as blunt-ended fragments into the
pBCKS(+) vector (Stratagene).

(iv) DNA sequence determination and analysis

DNA sequencing was performed by the chain ter-
mination method of Sanger, Nicklen & Coulsen (1977)
using modified T7 DNA polymerase (Sequenase,
United States Biochemical) under conditions recom-
mended by the supplier. Full DNA sequence of the
cloned PCR products was obtained with the aid of
exonuclease III generated deletions (Henikoff, 1987)
as well as with Hermes specific oligonucleotide
sequencing primers. DNA sequence analyses were
performed using version 7-1 of the GCG package of
programs (Devereaux, Haeberli & Smithies, 1984)
and nucleic acid sequence database searches were
performed using the BLAST algorithm (Altschul ez al.
1990) using the electronic-mail search facility provided
by the National Center for Biotechnology Information
(NCBI).

3. Results
(i) Hermes sequence and structure

Inverse PCR, a variation of the polymerase chain
reaction that permits the amplification of regions of
unknown sequence that flank a known sequence
(Ochman, Gerber & Hartl, 1988; Triglia, Peterson &
Kemp, 198R), was used to amplify and isolate
overlapping segments of several Hermes elements
from the Maryland strain of M. domestica. Initially,
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genomic DNA was digested with EcoRI, the resulting
fragments circularized and those containing Hermes
sequences amplified using PCR with oligonucleotide
primers based upon the sequence data presented in
Atkinson, Warren & O’Brochta (1993). Prior to
circularization the template DNA was size-
fractionated to bias the PCR towards amplification of
full length Hermes sequences. In this way DNAs from
three independent Hermes elements (denoted E1, E2
and E3) were isolated, cloned and sequenced. These
clones contain sequences between an internal EcoRI
site located within the Hermes transposase encoding
region and the next EcoRI site in the upstream
flanking genomic DNA (Fig. 1). The left terminus of
Hermes was identified by aligning these three elements,
which are collinear until approximately 1-4 kb up-
stream of the EcoRI site, at which point their identity
abruptly ends (Fig. 2). The 3' Hermes sequences,
including the C-terminal transposase encoding region

Hermes

Fig. 1. Summary of independent Hermes sequences
obtained from PCR and inverse PCR and used in the
construction of a consensus full length Hermes element.
Clones labelled E1, E2 and E3 were obtained from
inverse PCR amplification of EcoRI circles, BS and B6
from inverse PCR amplification of BamHI circles and
MD1 from degenerate PCR as described in Atkinson et
al. (1993). Shaded boxes indicate transposase coding
sequences, open boxes flanking Hermes sequences, open
triangles inverted terminal repeats and thin horizontal
lines flanking M. domestica genomic DNA sequences. The
location of PCR primers are indicated by arrowheads.
Restriction sites: E, EcoRl, BamHI; H, HindIII; S, Sa/l.

TAATACCAACTGCAA‘I‘GCAGTCTGTA El
AAAATGGATAATACGGCTTATCCOTAC (TN I — E2
CATACGTTCAGGTACCGAACTGTGAA (IS IN NI IV — &3
B85 — T Y Ul G TGGAGGGTATAARRAC ACAGTTGAAA
86 — T TR TP AR ATGATATATACTATATATCATTTGA

Fig. 2. The termini of Hermes were identified by the
alignment of sequences obtained from independent
elements. DNA sequences of the three left termini (E1, E2
and E3) and two right termini (BS and B6), including

27 bp of flanking genomic sequences, are given in the 5’
to 3’ orientation. The 17 bp inverted terminal repeats of
each Hermes element are indicated by solid arrows.
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1 WMTTAWTTGATACTTATGCGCCAC'l'TGCTAC‘I‘TATGAG’I‘ACAATTGTOCTTTGCCACTTGMCMAAMTTCATNAT“PCATCGACACTCGGGTATG’I’I‘T 120
aAAn -

121 TGTCGTGTCGTTCTGCGCACTCAGTTAAATTTTTTGTCTTACTCTCT TGCTCTCAGCACATCAAGTGTTGTTACT TG TTGTTACTCAGTCGCCTGCCTTATGCTTTTGGAGAGCGAAAGT 240
241 ACAACGATCAGAACGGAGAAGTAACAACTTGTTTTGCTAACAAGTGGCTTATGCACT TGAGTGTGTTTTACACATGT TTTTGAGTTTCACAGCAAAATGTTCCGATTTGAGCACAATAAT 360

* M Q KM D NUL E V K A
361 TTTACCGTTATTTTGAGTTTTTTAGT TTTGAATAATAAATGTGATTTACTGTTCATCCTCAAAAGAGTTTAAGCAGTAGTAGAGATTAGATGCAGARAATGGACAATTTGGAAGTGAAAG 480

K I N Q 6L Y K I T PRHIKGT S F I WNUVL ADTIOQZ KTEDU DTTLUVETGHWVFCC
481 CAAAAATCAACCAAGGATTATATAAAATTACTCCGCGACATAAAGGAACAAGTTTTATTTGGAACGTTTTAGCGGATATACAGAAAGAAGACGATACATTGGTGGAAGGGTGGGTGTTTT 600

R K C E KV L K YT TROQT S NILTGCHBRHIKT CCA ASTLI KN QS SR RETLIZ KTV S ADTCK
601 GCCGAAAATGCGAAAAAGTTTTAAAATACACAACTAGGCAGACATCAAACTTATGTCGTCATAAATGCTGTGCCTCTCTAAAGCAATCCCGAGAATTAAAAACTGTTTCAGCTGATTGCA 720

K E A I E K C A QW VVRDT CRUZPTF S AV SG6G S G F I DM I KFVF I KV G AE Y
721 AAAAGGAAGCAATTGAAAAATGTGCACAATGGGTGGTACGAGATTGTCGCCCTTTTTCGGCCGTCTCTGGATCCGGCTTTATCGATATGATAAAATPTT TTATTAAAGT TGGAGCCGAAT 840

G EH V NV E EL L P S P 1 T L S RKUV T S§DAIKTEIZ KT KA ALTISZ RIETIIKSAUVE
841 ATGGTGAACATGTCAACGTTGAGGAATTGTTACCAAGTCCAATAACGCTATCGAGAAAGGTAACTTCGGATGCAAAAGAAAAAAAAGCTCTGATTAGTCGAGAAATTAAGTCTGCTGTAG 960

K D G A S A T I DL WTDWNYTI KRNV FULGV TLHYHENNUETLUZRDILTIULSGTL
961 AGAAAGATGGTGCATCAGCAACGATAGATTTGTGGACCGATAATTATATAAAACGGAATTTTTTGGGAGTAACGTTACACTACCATGAAAACAATGAACTGCGAGATCTAATTTTAGGTT 1080

K s L p F ER ST AUZENTIZYIKI KULI KA ATIVFULOQTFNUVETUDTL S S I KF VT DR G A
1081 TAAAGTCCTTAGATTTTGAAAGATCCACAGCAGAAAATATTTATAAGAAGCTTAAAGCCATTTTTTTACAATTCAACGTCGAAGACTTGAGTAGTATAAAATTTGTGACAGATAGAGGAG 1200

N VvV v K § L A NN I R I NC S S H L L 8 N VL ENSVF EETU®PETLNWVZPTIUL2ASC
1201 CCAATGTCGTAAAATCATTGGCAAATAATATCAGAATTAACTGCAGCAGCCATTTGCTTTCAAACGTGTTGGAAAATTCATTTGAGGAGACACCTGAACTCAATGTGCCTATTCTTGCTT 1320
=

K N I vV K Y F K K A NL Q HR LR S S L K SEU CZPTU RMWNSTYTMTULURS I L D
1321 GCAAAAATATTGTAAAATATTTCAAGAAAGCCAATCTGCAGCACAGACTTCGAAGTTCTTTAAAAAGTGAGTGCCCTACACGGTGGAATTCCACATACACGATGCTTCGATCTATTCTCG 1440

N W E S VI Q I L § E A G ET QR 11 VHTINIKS STITIO QTMVUVNTIULUDTGT FETRTITF
1441 ACAACTGGGAAAGCGTGATTCAAATATTAAGTGAGGCGGGAGAGACACAGAGAATTGTTCATATAAATAAGTCGATAATTCAAACAATGGTCAACATCC TCGATGGGTTTGAAAGAATTT 15 60

K E L Q T"C § s P s L ¢ F V VP S I L KUVI IXKETITUCSU®PDUVGDVADTIA AIZKITLTE KUV
1561 TTAAAGAATTACAAACATGCAGTTCACCATCTCTGTGTTTTGTTGTGCCTTCCATTTTAAAAGTAAAAGAAATATGTTCACCTGACGTTGGCGACGTTGCAGATATAGCAAAATTGAAAG 1680

N I I K NV R I I WEZENULSIWHYTA ATFTFTFY PP ATLUHMD~GQA QEIZ KU VAUOQTIHK
1681 TGAACATTATAAAAAATGTAAGAATAATATGGGAAGAAAATTTAAGCATATGGCACTACACAGCATTTTTTTTCTATCCGCCCGCCTTGCATATGCAACAAGAGAAAGTGGCACAAATTA 1800

E F C L S KM EDULETULTIU N RMS S FNEILSATOQLWNIUGQ@SUDSNSHNSTIDL
1801 AAGAATTTTGCTTATCCAAAATGGAAGATTTGGAATTAATAAACCGCATGAGTTCCTTTAACGAATTATCCGCAACTCAGCTTAACCAGTCGGACTCCAATAGCCACAACAGTATAGATT 1920

T $ H $ K DI 8 T T 8§ F F F P QL TOQNNSREUZPUPUVC?PSDETFETFYRIKE/I
1921 TAACATCCCATTCAAAAGACATTTCAACGACAAGTTTCTTTTTCCCGCAATTAACTCAGAACAATAGTCGTGAGCCACCAGTGTGTCCAAGCGATGAATTTGAATTTTATCGTAAAGAAA 2040

v I L $ E D F KV M EWWNILNS KK Y P KLS KU LA ALSLULSTI PA S S A A S
2041 TAGTTATTTTAAGCGAAGATTTTAAAGTTATGGAATGGTGGAATCTTAATTCAAAAAAGTATCCTAARCTATCTAAACTGGCTTTGTCGTTATTATCAATACCTGCAAGTAGCGCTGCAT 2160

E R T F S L A G VNI I TZE EK RNIRIGO QA QTVD SL L F L NS F Y KN FCI KTLTD
2161 CGGAAAGGACATTTTCCCTAGCTGGAAATATAATAACTGAAAAGAGAAACAGGATTGGGCAACAAACTGTCGACAGCTTGTTATTTTTAAATTCCTTTTACAAAAATTTTTGTARAATTAG 2280

-
2281 AT}I\TATMWACATTTTTAMTMMAGMTATTTTTI‘ATMGT’I“I'GTTTGWAAMTAAAAAAMAANATMATAMTTTTGGACTGG}AMMA‘ITTMGWTAMAGMGCATTT‘[TC 2400
2401 ’IA‘T’I"I"I"I‘TTTTTMTA’I‘ACTTATGCTCTTTTCCTAGTC’I‘TGTACAGAATCATATGCMTACTACAAACAATAGCACACACACACAACCC‘I‘CATGTTCMTGAGTATACMCACMCMGAA 2520
2521 GTGAGTATAATTTGCCAATTGACAAATCGCACACGTCCACTTGTGAGTTTGTACACTTT TTACTCTCTCATACTCTAGCGGTGATCTTARCATCAAACAACTGTTGTTGTTAAGTTGTGA 2640
2641 AAAAATACTCGTGTATAAAAAAATACTTGCACTCAAAAGGCTTGACACCCAAAACACTTGTGCTTATCTATGTGGCTTACGTTTGCCTG 2749

Fig. 3. Consensus Hermes nucleotide sequence, including translation of the transposase coding region. Terminal inverted
repeat sequences are double underlined, nucleotides differing between independent Hermes elements are triple underlined,
nucleotide deletions indicated by capital deltas, stop codons by an asterisk (*) and the subterminal pentanucleotide motif
conserved between Hermes and hobo marked with carets (7). Amino acid residues encoded by ORF1 are shown above
the DNA sequence. These data have been entered into the Genbank database (accession L34807).

and the sequences that comprise the right end of
Hermes, were isolated by inverse PCR from BamHI
digested genomic DNA. DNAs from two independent
Hermes elements (denoted B5 and B6), spanning the
region from an internal BamHI site within the N-
terminal region of the Hermes transposase to the next
BamHI site in the downstream flanking genomic
DNA (Fig. 1), were amplified, cloned and sequenced.
The right terminus of Hermes was identified by
aligning the BS and B6 sequences and observing the
point where their identities end (Fig. 2).

Alignment of the overlapping regions from the E1,
E2, E3, B5 and B6 sequences yielded a full length
consensus Hermes element sequence of 2749 bp (Fig.
3). These data were generated by compiling the
sequences of several independent recombinants of
each inverse PCR generated product, as well as three
additional recombinants (denoted MD1 in Fig. 1)
carrying the PCR product whose sequence was
reported in Atkinson, Warren & O’Brochta (1993). In
this way sequence variation introduced during ampli-
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fication by Taq polymerase was distinguished from
naturally occurring sequence variation between
elements. In general, Hermes elements are quite
homogeneous in sequence. Very low levels of nucleo-
tide polymorphism were found between the different
Hermes elements sequenced and although several
single base deletions were observed there were no
large DNA insertions or deletions (Fig. 3).

(i) Hermes sequence variation between
M. domestica strains

Oligonucleotide primers specific to subterminal
Hermes sequences were used in a PCR reaction to
investigate the sequence length heterogeneity of
Hermes elements amongst M. domestica strains. These
oligonucleotides, whose 5" bases end at positions 195
and 2618 (Fig. 3), were used to amplify internal
Hermes sequences from genomic DNA extracted from
single flies of various strains. As shown in Fig. 4, the
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No DNA control
Maryland
Florida

sbo

Pennsylvania
Mullinix

Georgia

Cornell

S+

: [ Eﬂ Size marker

05—

Fig. 4. Ethidium bromide stained agarose gel containing
Hermes sequences amplified by PCR from genomic DNA
extracted from single M. domestica of various strains. Size
standards are shown leftmost and the arrow at right
indicates the 2-4 kb PCR product derived from full-length
Hermes elements.

largest band amplified with these primers is 2-4 kb.
The size of this amplification product is consistent
with the data presented in Fig. 3, which predict that
these primers would generate a 2424 bp product from
a full-length Hermes element. All strains examined
contain a 2-4 kb band, indicating that all contain at
least one full-length, or near full-length element. In
the case of sbo and Cornell samples, the only Hermes
element sequences in the genome that contain priming
sites for both PCR primers appear to be full-length
elements. All other samples contain between 1 and 5

Hermes
hobo

91

different-sized elements, with the Maryland strain
exhibiting the greatest diversity. Variation in the size
and number of internally deleted Hermes elements
was also observed amongst individuals within some
strains (data not shown). This pattern of size variation
is similar to that observed for other active transposable
element systems, including P, hobo, Tam3 and Ac
(Berg & Howe, 1989). Unfortunately the PCR band
intensities seen in Fig. 3 cannot be correlated to
element copy number due to preferential amplification
of shorter PCR products and the non-linear nature of
the PCR amplification conditions used in this ex-
periment.

(1)) The Hermes transposase

Examination of the DNA sequence shown in Fig. 3
revealed the presence of a single long open reading
frame (ORF1) that begins at nucleotide 450 and ends
at 2285. Sequences resembling consensus eukaryotic
TATA and CAAT sequences can be found around
nucleotides 396 and 354 respectively and four
potential polyadenylation signals can be found within
100 bp of the end of ORF1. The locations of the
putative CAAT and TATA sequences do not coincide
with those proposed for the hobo element (Streck,
MacGaffey & Beckendorf, 1986; Calvi et al. 1991);
however, a potential polyadenylation signal sequence
is present exactly 14 bp beyond the end of ORF1 in
both hobo and Hermes. Conceptual translation of
ORF1 yields a protein sequence comprising 612 amino
acids that displays 55 % identity and 71 % similarity
to the hobo-transposase (Fig. 5). Thus ORF1 appears
to encode part, if not all, of the Hermes transposase
protein.

EQXMDNLE f LK TP T N
MAPYIMIVEFLCLWSSVSAVNCPFFVFYDAITSLLGFSIIWKPKEKVTIZAEAADF. - Th4S VAN K LS\ T WD

Hermes APRMOISIUDINLVE 13 KSEIQBAIYTTRO (SRHKCCHY: QSR T EV MK KIAA TEKCEIQWVVEIDCRPFSAVEIGE]
hobo [oiD THKED AT #8s) Li QEQIL PR IF L HEKN EIRHECCfi L83 R dF I ENDL AIEKCHQWVVEIDCRPFSAV
Hermes IDMII| LK Y GE I3 E P T LSREPEISDAIAE K@ E sk b usleiA S ATEED IKi L HE
hobo ENLVI (oB 4G AMY GE [s]V DD} BIPIT LS REESASDAISE Ki:2:4 EIE AVisEIdA S ATYD QL IpyF EK

Hermes HNNEMRMLISASHTILDIERERFNIIRIY KidLidAT 00
hobo BB EL @D AT LCLES P e} dSTAEN I AK K[~ AF 54

pERFSKF VI DRGANAY

KELENINIRIMNCSSHLLSNVLE! AT P
s K FVTDRGANFSAKEILIASNWRIANCSSHLLSNVLE AN

Harmes NVPILA N Fi EAeFIRIAR S BICPTRWNSYuMIAIS TLDN Wi IQMASIHACGETQRIH I} ITIQTHM DG
hobo KKIVKS K CLEAS BT IAE TT INCPTRWNSRIYIAM 4SS ILDN Wi DESAGIADIH . . . F| SLEVY GD

Harmes |[F08RAE MSSPS VML IAVEIATI&S DV GISVAD I
hobo [FERIFK}d] EJSSP Shs LIPS IAILILISE NI LIMLS AR

hobe

AKE NEIKQVEL EELBEBRAY T YPP AR 0 VAQ
ALY RJJLE IEK TN LS IWH|S LR ALILEESDTILE

Harmes El LEJKME . DLELINRMSEHFNELSATQLNQSDSNSHNSIDLTSHS!) TS .} QIMTONNSREPPVCIISINAFIAF MREE
Vi IE0 TETPRIPETPETPESLESPNLFPKEN|ST SENE! VIESNSNFNES|JLIOATIIARMIRO

Hermaes IEE! EDLKEPF NL:SKK ISLSKLALBLLSIPASSAAE BFSLAGNIITEKRNRiSeelslJVDSLLF Lt CKLDI*

hobo RGP IRONIE YT 1= ENGANL ILSKLALMLLSIPASSAALIE FSLAGNIITEKRNRIASSEIVDSLLFLEIS)Y LNNSQ™*

Fig. 5. Amino acid sequence alignment of the Hermes and hobo transposase coding sequences (translations of GenBank
database entries, 134807 and M69216). Identical residues are indicated by white letters on a black background,
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P72

chemically similar residues as black letters on a shaded background, stop codons by an asterisk (*} and gaps introduced

to optimize the alignment by dots (...).
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Fig. 6. Amino acid sequence alignments of the putative DNA binding regions («) and highly conserved C-terminal
sequences (b) of various #A4T element transposases. Identical residues are indicated by white letters on a black
background and chemically similar residues as black letters on a shaded background. The solid black rectangle indicates
residues found to be essential for Ac transposase DNA binding and the U-shaped arrows indicate the pairs of charged
residues that when substituted for alanine (A), or for glutamine (Q), abolish DNA binding (Feldmar & Kunze, 1991).

Comparisons of the Hermes sequence with those of
the hobo, Ac, Tam3 and the Ac-like element from
P. glaucum clearly show that the Hermes transposase
protein sequence is most similar to that of hobo. In
addition to the similarities reported by Calvi ez al.
(1991), Feldmar & Kunze (1991) and Hehl ez al.
(1991), we find that all five transposase proteins are
indeed alignable over their entire length (data not
shown). Two regions are particularly noteworthy. The
first, shown in Fig. 64, is that which encompasses the
DNA binding region of the Ac transposase protein.
Although this region of the Ac transposase contains
no known sequence motifs characteristic of DNA
binding domains, it was shown by Feldmar & Kunze
(1991) to bind specifically to multiple AAACGG
motifs that are clustered subterminally at both ends of
the Ac element. Further analyses revealed that the
deletion or substitution of certain basic amino acids in
this region abolishes its DNA binding capability
(Feldmar & Kunze, 1991). As seen in Fig. 64, this
region of the Ac transposase shows good sequence
similarity to Tam3 and the Ac-like element from
P. glaucum, and somewhat lower similarity to the
corresponding regions of the Hermes and hobo
transposases. A histidine residue in this region,
corresponding to His'®! of the Ac¢ transposase which is
known to be important for DNA binding, is conserved
in all five proteins. This suggests that this region in
general, and the conserved histidine in particular,
plays a crucial role in the DNA binding of all five
transposases. The second region, shown in Fig. 65,
exhibits the highest levels of sequence conservation
amongst all 24T element transposases and is located
near their C-termini. When sequences from this region
were used to search translations of the GenBank/
EMBL/DDBJ nucleotide sequence databases,
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sequence similarity to two other transposable
elements, Tagl from Arabidopsis thaliana (Tsay et al.
1993) and Bg from Z. mays (Hartings et al. 1991), was
discovered. Further analysis of these elements showed
that they share several other short regions of coding
sequence similarity in various reading frames; how-
ever, in the absence of transcriptional information the
significance of these other regions is uncertain.

(iv) Hermes terminal and subterminal sequences

Comparison of the left and right terminal sequences
of Hermes reveals that they are composed of 17 bp
imperfect inverted repeats (Fig. 2). The left terminal
inverted repeat of Hermes differs from that of hobo by
two bases, while the right terminus of Hermes differs
from the corresponding region of hobo by only a
single nucleotide. When the inverted terminal
sequences of other members of the hAAT element
family are aligned with those of Hermes, an interesting
pattern emerges. Although several 24T elements have
imperfect inverted repeats, all share a conserved A
and G at positions 2 and 5 respectively, in their left
inverted terminal repeats and a complementary C and
T in their right terminal sequences (Fig. 7). This A2G5
pattern is not universal to all short inverted repeat-
type elements. Other elements that conform to this
pattern (apart from the ~4 T family members discussed
above), include the Ispr element from Pisum sativum
(pea) (Bhattacharyya er al. 1990), Tpcl from
Petroselinum crispum (Parsley) (Herrmann, Schulz &
Hahlbrock, 1988), 1723 from Xenopus laevis (Kay &
Dawid, 1983), and TECthl from Chironomus thummi
(Wobus er al. 1990). Interestingly, all these elements
generate 8 bp target site duplications upon trans-
position. These observations suggest that the Ispr,
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Left IR

Hermes
hobo
Ac
Ds-101
Ds-Z2p
Tam3
Ispr

Tagl
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93

Fig. 7. Nucleotide sequence of the left and right terminal inverted repeats (IRs) of members the 74T element family and
other related elements. Bases identical in all elements are shown as white letters on a black background and those
identical to the Hermes element are shown by black letters on a shaded background. A gap in the Tpc! sequence was
introduced only to preserve the inverted repeat. Data presented here were obtained from the following GenBank
database entries or papers: Hermes (M. domestica) this paper; hobo (D. melanogaster), M69216; Ac (Z. mays), X05424
and X05425; Ds-101 (Z. mays), X07147; Ds-Zp (Z. perennis), X54710; Tam3 (A. majus), X55078; Ipsr (P. sativum),
Bhattacharyya er al. (1990); Tpcl (P. crispum), Herrmann, Schulz & Hahlbrock (1988); 1723 (X. laevis), X00079 and
X00077; Bg (Z. mays), X56877; Tagl (A. thaliana), L12220; TECthi (C. thummi), X17627; V[D|J-RSS (Hesse er al.

1989).

Tpcl, 1723 and TECthl elements may excise and
transpose using an enzymology similar to that
employed by hAT elements and may perhaps be
evolutionarily related. In addition, the recombination
signal sequences (RSS) required for DNA rearrange-
ments of the V(D)J segments of vertebrate immuno-
globin and T-cell receptor genes (Tonegawa, 1983;
Hesse er al. 1989) also conform to this A2G5 pattern
(Fig. 7).

With the exception of the inverted terminal repeats,
Hermes sequences outside of ORF1 show little
similarity to those of hobo or any of the other
members of the hAT element family. In the Ac
element, subterminally located AAACGG repeats are
bound by the Ac transposase, yet similar repeated
motifs are not found in Tam3, hobo or Hermes. The
pentanucleotide GTGGC does appear within 20 bp of
the left and right termini in both the hobo and Hermes
sequences (Fig. 3) although the significance of this
sequence has not been established.

4. Discussion
(i) Hermes/hobo similarities

The discovery of a hobo transposase-like activity in
M. domestica embryos (Atkinson, Warren &
O’Brochta, 1993) suggested the existence of a related
transposable element family in this species. Using
PCR and inverse PCR we amplified and sequenced
segments of several members of a family of tran-
sposable elements, which we have called Hermes.
Hermeselements have 17 bp imperfect inverted repeats
that are nearly identical to the inverted repeats of
hobo. Analysis of the internal sequences of Hermes
revealed a single long open reading frame whose
translation product displays a remarkable level of
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amino acid sequence similarity to that of the hobo
transposase gene. These data indicate that Hermes is
a short inverted repeat-type transposable element
belonging to the hobo, Ac and Tam3 (hAT) element
family and are consistent with Hermes being the
source of the endogenous transposase activity ob-
served in M. domestica embryos (Atkinson, Warren &
O’Brochta, 1993).

Although we have no direct evidence for ORF1
transcription in Hermes, the presence of putative
CAAT, TATA and polyadenylation signal sequences,
the low level of sequence polymorphism between
elements, and the colinearity of its putative protein
product with the transposase proteins of #0bo and the
other hAT elements, all suggest that Hermes is capable
of generating a functional transposase protein. Several
other pieces of evidence also indicate that Hermes is
active within the M. domestica genome. Genomic
Southern blot data show copy number and insertion
site variation of Hermes elements between two
M. domestica strains of different geographic origins
(Atkinson, Warren & O’Brochta, 1993). In addition,
PCR amplification of Hermes sequences from these
strains plus four others indicates that some contain
exclusively full-length elements whereas others also
harbour one or more internally deleted derivatives,
the sizes of which vary both amongst and between
strains. Although the evolutionary relationships of
these strains are not known, these data are consistent
with Hermes being active in some if not all strains
examined. Preliminary plasmid-based Hermes excision
and transposition experiments using embryos of the
Maryland strain support this conclusion (unpublished
data).

Conceptual translations of the sequences upstream
of ORF1 in Aermes fail to identify sequences that
correspond to the 49 N-terminal residues of the hobo
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transposase protein sequence proposed by Calvi et al.
(1991). As the largest PCR products observed in Fig.
4 are consistent with the sequence data presented in
Fig. 3, it seems unlikely that the lack of these amino
terminal residues in Hermes is the result of a deletion.
At present, the hobo transposase protein sequence,
like that of Hermes, is based on the conceptual
translation of the element’s major ORF and a
comparison of these sequences to those of Ac¢ and
Tam3. Although these 49 N-terminal residues may
perform a special function unique to the hobo
transposase, it is also possible that they are not
present in the mature hobo protein, and that trans-
lation of the hobo transposase may begin at the third
AUG encoded by the hobo ORF1.

The level of similarity observed between the
transposase proteins of hobo and Hermes shows that
these elements are almost certainly evolutionarily
related, and consequently it is likely that the
transposase of Hermes acts on a similar substrate and
recognizes a similar DNA sequence to that of the hobo
transposase. We recently showed that the endogenous
transposase activity in M. domestica embryos,
although capable of imprecisely excising hobo, is
incapable of mediating hobo transposition (O’Brochta
et al. 1994). One possible explanation for this
observation is that although there is sufficient simi-
larity between the two systems to allow the Hermes
transposase to recognize hobo sequences and initiate
excision/transposition, normal excision/transposition
cannot proceed due to incorrect recognition of
essential cis-acting sequences or perhaps a lack of
appropriate host factors. We are presently investi-
gating excision and transposition of Hermes and hobo
in M. domestica and D. melanogaster and by inter-
changing various transposase domains and cis-acting
sequences between these elements we aim to gain
further insight into the mechanism of hAT element
movement.

(ii) hAT element transposase similarities

In comparing the Hermes and hobo transposase
protein sequences to the transposases of the Ac, Tam3
and the P. glaucum Ac-like element, we found, in
addition to the sequence similarities previously
reported (Calvi et al. 1991; Feldmar & Kunze, 1991;
Hehl et al. 1991; MacRae & Clegg, 1992), a region
displaying sequence similarity to the DNA binding
domain of Ac (Fig. 6 a). Although the level of sequence
similarity in this region is quite low, the overall
collinearity of all five transposase sequences and the
presence of higher levels of similarity flanking this
region indicate that this alignment is appropriate. The
DNA binding sequences of Ac¢ are very similar to
those found in the P. glaucum Ac-like element
transposase, indicating that these proteins bind the
same or very similar DNA sequences. The cor-
responding regions in the transposase proteins of hobo
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and Hermes are also very similar to one another,
suggesting that they also have similar DNA binding
characteristics. However, apart from a conserved
histidine residue known to be important for DNA
binding of the Ac transposase protein, and a conserved
threonine nearby, the level of similarity shared
between the plant and insect sequences in this region
is quite low. Given the overall similarities between the
various hAT transposase proteins, it seems reasonable
to suggest that they encode enzymically analogous
proteins and that the transposase proteins encoded by
hobo and Hermes elements have different DNA
recognition specificities than those of the other h4AT
elements.

Upon searching translations of the nucleic acid
databases, we discovered that two other known plant
transposable elements, Bg and Tagl, also share
sequence similarities to the most conserved region of
amino acid similarity between 2AT elements. These
results suggest that the Bg and Tag! elements, which
are known to generate & bp target site duplications
and have short inverted terminal repeats, are related
to one another and to the Ah4T family of elements.
Tagl was isolated as an insertion into the ch/l gene
during an Ac mutagenesis screen (Tsay et al. 1993),
suggesting that Ac may be able to mobilize Tagl. The
Ac/Ds and Bg/rbg systems, however, appear to be
incapable of crossmobilizing one another (Peterson,
1986).

(iii) hAT element inverted terminal repeats

A comparison of the terminal inverted repeats of
Hermes with those of the other members of the 24T
family, including the Bg and Tagl elements, revealed
a previously undocumented sequence similarity (Fig.
7). These elements, although having inverted repeats
of various lengths and sequence compositions, all
have an A at position 2 and a G at position 5 of their
left termini, and complementary bases at the cor-
responding positions in their right termini. This
observation suggests that these nucleotides play a
central role in the biochemistry of recombination in
this family of elements. A survey of the termini of
other short inverted repeat-type elements revealed
that several others, including Ispr, Tpcl, TECthl, and
1723 also follow this pattern. We feel that this A2GS5
motif is unlikely to be fortuitous. All these elements
share the common feature of generating an 8 bp
insertion site duplication and, in the cases where
excision has been studied, cause the addition of
supernumerary  nucleotides that form short
palindromes at the site of rejoining (Pohlman,
Fendorff & Messing, 1984 ; Coen, Carpenter & Martin,
1986; Atkinson, Warren & O’Brochta, 1993). The
proposed mechanisms of breakage and rejoining
following hA T element excision and the recombination
of the variable (V), diversity (D) and joining (J)
regions in lymphocytes are both thought to involve
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the formation and resolution of hairpin structures
(Coen, Carpenter & Martin, 1986; Lieber, 1991 ; Roth
et al. 1992). Examination of the recombination signal
sequence heptamer repeats that delimit the various
V(D)J sequences removed during lymphoid cell
development revealed that they also follow the A2GS
pattern. This similarity in the structure of the
recombination reaction-products and the substrates
for recombination suggest that V(D)J recombination
and hAT element excision may share common
enzymologies.

" (iv) Distribution and evolution of hAT elements

The identification and characterization of Hermes in
M. domestica indicates that hobo-like elements are not
as restricted in their distribution in insects as
previously thought. Although we have not undertaken
a large-scale search for related elements in other
species, we have identified additional members of this
family from a number of non-drosophilid insects,
including Musca vetustissima (Muscidae), Lucilia
cuprina  (Calliphoridae) and Bactrocera tryoni
(Tephritidae) (unpublished data). All presently avail-
able data are consistent with this family of elements
being of ancient origin as thus far all insect hAT
element sequences appear more similar to each other
than they are to the plant AT elements. With the
exception of the Tag! and Bg elements, for which full
transposase protein sequences have yet to be de-
termined, hAT element phylogeny inferred from
transposase coding sequence data appears consistent
with the accepted phylogenetic relationships of the
species from which the elements were isolated.

The hobo element is capable of transposition in
M. domestica embryos as well as in several other
Dipteran species (O’Brochta et al. 1994). In plants
both the A¢ and Tam3 elements have been shown to
function in a broad range of non-host cells (Baker er
al. 1986; Van Sluys, Tempe & Fendoroff, 1987;
Knapp et al. 1988; Yoder et al. 1988; Martin et al.
1989; Chuck et al. 1993). Thus it would appear that
these elements either transpose using a mechanism
that requires general cellular factors that are highly
conserved among species or alternatively they do not
require any trans-acting factors other than their
transposase. The ability of these elements to function
in heterologous cellular environments would appear
to be a general characteristic of 24T elements and is
of significance for two reasons. Firstly, this charac-
teristic makes this class of elements ideal tools for
studying and manipulating genes and genomes in a
variety of genera. Because of their abilities to excise
and insert into various genomic locations, trans-
posable elements have been used as gene vectors and
gene tagging agents in a variety of organisms.
Although this technology has reached high levels of
sophistication in Drosophila, gene vectors and tagging
agents are currently unavailable for non-drosophilid
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insects. Hermes therefore is an ideal candidate for a
non-drosophilid insect gene vector for use in M.
domestica and related insect species. Secondly, the
ability of these elements to function in other species
without modification implies that, if given the oppor-
tunity, they have the capability of establishing
themselves in other species. This potential for hori-
zontal transmission is important to consider when
trying to understand the distribution and evolution of
this class of elements.

To account for the discontinuous distribution of
hobo sequences in the drosophilids it has been
proposed that hobo elements have recently invaded
D. melanogaster and closely related species (Daniels,
Chovnick & Boussy, 1990; Boussy & Daniels, 1991;
Pascual & Periquet, 1991; Simmons, 1992). Although
this is a reasonable hypothesis, given the propensity of
this class of elements to function in heterologous
cellular environments, other possibilities could also
account for these observations (Capy, Anxolabéhére
& Langin, 1994). As several investigators have
observed weak hybridization of hobo sequences to
genomic DNA from many drosophilid species (Streck,
MacGaffey & Beckendorf, 1986; Daniels, Chovnick &
Boussy, 1990), it may well be that 44T elements are
widely distributed within the melanogaster species
group and that previous studies lacked the sensitivity
to detect them. The identification of conserved
sequences in both hobo and Hermes will now permit a
thorough PCR based survey of drosophilid and non-
drosophilid species for the presence or absence of hAT
elements. Only through the isolation and charac-
terization of further members of this family of mobile
genetic elements from both insects and plants will
their origins and evolution be elucidated.

We thank T. Friedlander and K. Saville for helpful dis-
cussions and for critiquing of the many drafts of this
manuscript. This work was supported in part by a grant
(GM48102) from the National Institutes of Health.
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