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Transposons are DNA sequences that encode functions that promote their movement to new locations in the genome. If
unregulated, such movement could potentially insert additional DNA into genes, thereby disrupting gene expression and
compromising an organism’s viability. Transposable elements are classified by their transposition mechanisms and by the
transposases that mediate their movement. The mechanism of movement of the eukaryotic hAT superfamily elements was
previously unknown, but the divergent sequence of hAT transposases from other elements suggested that these elements might
use a distinct mechanism. Here we have analysed transposition of the insect hAT element Hermes in vitro. Like other transposons,
Hermes excises from DNA via double-strand breaks between the donor-site DNA and the transposon ends, and the newly exposed
transposon ends join to the target DNA. Interestingly, the ends of the donor double-strand breaks form hairpin intermediates, as
observed during V(D)J recombination, the process which underlies the combinatorial formation of antigen receptor genes.
Significant similarities exist in the catalytic amino acids of Hermes transposase, the V(D)J recombinase RAG, and retroviral

integrase superfamily transposases, thereby linking the movement of transposable elements and V(D)J recombination.

Transposons are discrete mobile DNA segments that have been
found in virtually every genome examined. The major fraction of
some genomes, including the human genome, is composed of
transposable elements?. The movement of many transposable
elements involves a DNA intermediate whose ends are specifically
recognized by the element-encoded transposase. These ends are
processed by transposase-mediated DNA breakage reactions that
expose the element termini and join them to the target DNA*>*. Such
elements include both DNA-only elements whose termini are short
terminal inverted repeats (TIRs), represented by the prokaryotic
1S50/1S10, transposon Tn7, and Mu elements as well as the eukary-
otic P and Tc1/Mariner elements, and elements such as retroviruses
that generate the integrating DNA version of their genome by
reverse transcription of an RNA intermediate. Almost all of the
elements with DNA intermediates whose transposition has been
investigated biochemically belong to the retroviral integrase super-
family™®.

Another major family of transposons is the widespread eukary-
otic hAT superfamily that includes active elements in fungi, plants
and animals, including vertebrates®®; these elements have not yet
been studied at the molecular level. hAT elements®® include hobo of
Drosophila and the closely related Hermes element first identified in
housefly'’, McClintock’s Ac element of maize, and the snapdragon
Tam3 element. They share a number of amino-acid motifs distinct
from those shared among the retroviral integrase superfamily®.
Using purified Hermes transposase, we have determined the mech-
anism of DNA breakage and joining that underlies hAT element
transposition and have identified amino acids critical for the
catalytic steps of recombination.

Hermes transposase binds the transposon ends

The extreme ends of Hermes are imperfect TIRs 17 base pairs (bp)
long. They are likely to be central to recombination, but other
sequences in the ends that may be required for transposition remain
to be defined'™"'. DNA band shift assays reveal that purified
Hermes transposase produced in Escherichia coli binds specifically
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to a 131-bp fragment containing 80bp of the Hermes left end
(Hermes-L) flanked by housefly genomic DNA' and to a 178-bp
fragment containing 110bp of the Hermes right end (Hermes-R);
much less binding is observed with Hermes-R (Fig. 1). The many
species observed with Hermes-L probably represent the binding of
several transposase protomers because Hermes transposase binds
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Figure 1 Hermes transposase binds specifically to the ends of Hermes. DNA binding
assays using Hermes transposase (Tnsp) and radiolabelled Hermes-L (lanes 1-5) and
Hermes-R (lanes 6—10) end fragments are shown; positions of radiolabelling are indicated
by asterisks. Specific competitor DNA is unlabelled. Arrows indicate nucleoprotein
complexes. The convention used throughout the figures is that the filled triangle indicates
the TIR of Hermes-L and the open triangle the TIR of Hermes-R.
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multiple positions on this DNA segment by DNA footprinting
assays (J. Spencer, P. Kuduvalli, X. Li and N.L.C.; R.H. Hice,
T.A. Laver and PW.A., unpublished observations). Some of the
Hermes-L complexes might also reflect pairing between end seg-
ments. The presence of multiple transposase binding sites in a single
end and protein bridging of transposon ends has been observed in
many other systems®.

Hermes transposase makes hairpin ends

Genetic analysis suggests that Hermies transposes by excision from a
donor site, followed by insertion into a target site''. To probe these
steps, we incubated Hermes transposase with a 194-bp fragment
containing 91bp of Hermes-L flanked by housefly genomic
DNA and a target plasmid, then examined the resulting trans-
position intermediates and products (Fig. 2). Hermes-mediated
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Figure 2 Hermes transposition involves hairpin formation on the flanking donor-site DNA
Transposition reactions containing Mn®* were performed with Hermes Tnsp and a DNA
fragment containing Hermes-L flanked by housefly genomic DNA. The schematic diagram
represents the Hermes double-strand break reaction. The ‘t’ on the 5" transposon end in
a and b indicates the nucleotide of flanking donor-site DNA that remains attached to that
end. a, Reaction products on a native polyacrylamide gel reveal that the double-strand
break reaction separates the transposon end from the flanking donor-site DNA. Higher-
molecular-mass strand-transfer products that are not resolved in this gel are trapped in
the wells (see Fig. 3). b, Reaction products on a denaturing polyacrylamide gel reveal that
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DNA-processing reactions require Mn>* or Mg>*; more recombi-
nation is often seen with Mn®" (see below and Supplementary
Information) and the sequence selectivity of some DNA cleavages is
greater with Mn** than Mg>* (Supplementary Fig. 1). Cleavage of
the flanking donor-site DNA from Hermes-L via a double-strand
break results in two products on a native gel (Fig. 2a). The slower-
migrating flanking DNA fragment increases in amount as the
incubation time is extended; however, little of the faster-migrating
Hermes-L segment accumulates, because it joins to the target
plasmid forming a product which is not resolved on this gel (see
Fig. 3). Cleavage of a similar Hermes-R fragment was also observed
but at a much lower level (data not shown).

On a denaturing gel, two reaction products are also evident
(Fig. 2b): the faster-migrating species of about 90 nucleotides (nt) is
the top strand of Hermes-L, resulting from a single-strand break that
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the flanking donor-site DNA forms a hairpin structure with a lower mobility than the
substrate. Lane C, buffer control; lane M, radiolabelled Mspl-digested pBR322 DNA.
¢, Analysis of the apparent higher-molecular-mass product by Maxam—Gilbert G
sequencing establishes its hairpin nature. Lane L, substrate DNA treated with hydroxy
radicals to provide length markers; lane 1, substrate DNA; lane 2, hairpin product.
Positions in the substrate strand are designated ‘S” and those in the hairpin ‘H’.

d, The sequences of the transposon end, flanking donor-site DNA, and the cleaved
transposon end and hairpin on the released donor-site DNA are shown.
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separates the top strand of the flanking donor-site DNA from the
top strand of the transposon. The same Hermes-L fragment is seen
when the substrate 192-bp duplex fragment is isolated from a native
gel and then run on a denaturing gel, indicating that the donor
cleavage reaction begins with a nick near the 5 end of the
transposon that precedes the double-strand break step (data not
shown). The second product of the ‘flank + Hermes-L' cleavage
reaction migrates not at 101 nt, as would be expected from a simple
double-strand break, but instead migrates more slowly than even
the 194-nt substrate strands. Its apparent mobility of >200nt is
consistent with its being a DNA hairpin containing both strands of
the flanking donor-site DNA (101 + 102 nt). When this slow-
migrating species was isolated from a denaturing gel and rerun on
a native gel, its mobility was at a position indicating a fragment of
about 100 bp, consistent with a hairpin structure (data not shown).

To determine the structure of the hairpin species, we performed
Maxam-Gilbert G sequencing (Fig. 2¢). The G sequence of the
hairpin species was identical to that of the bottom strand of the
substrate flanking DNA with respect to positions G1, G6 and G10.
However, the next G was not at position G16, as in the substrate, but
rather at position G18, followed by Gs at G22, G25 and G30,
reflecting the top strand sequence of the flanking donor-site DNA
(Fig. 2d). This pattern is consistent with a hairpin that includes the
bottom strand of the flanking donor-site DNA through positions
T14 and A15 joined to A16 of the top strand of flanking DNA, and
including the rest of the top strand of the flanking donor-site DNA.
Analysis using Maxam—Gilbert G 4+ A sequencing was consistent
with this hairpin structure (data not shown). Additional evidence
for a hairpin is that the T in the hairpin, T14, was hyper-reactive to
potassium permanganate treatment (data not shown).

We conclude that Hermes donor cleavage involves two distinct
chemical steps. Donor cleavage initiates with a nick one nucleotide
into the donor strand that flanks the 5’ end of the transposon,
leaving one donor nucleotide attached to the 5’ end of the
transposon. The 3" OH of the top-flanking donor strand generated
by this nick then joins to the bottom strand at the junction of the
flanking donor-site DNA and the 3’ end of the transposon. Hairpin
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formation releases the 3 OH transposon terminus; the 5’ transpo-
son terminus is attached to one nucleotide of flanking donor-site
DNA. This same mechanism is used in variable(diversity)joining
recombination to promote the double-strand break reactions criti-
cal to the combinatorial assembly of variable(diversity)joining gene
segments to produce diverse immunoglobulin and T-cell receptor
genes in V(D)] recombination'>"”. However, in V(D)] recombina-
tion the double-strand break releases flush signal ends (analogous to
the transposon ends) lacking unpaired 5' bases and generates a
hairpin coding end (analogous to the donor site).

Hermes 3' OH termini join to target DNA

Hermes-L ends liberated by the hairpin-mediated breakage of the
donor-site DNA join to a target DNA in the presence of Hermes
transposase. On a native gel, target joining results in two new species
(Fig. 3a, b). The lower species results from the concerted joining of
two Hermes-L segments to the target plasmid, generating an
appropriately sized linear plasmid; the upper species represents
the joining of one Hermes-L transposon segment to the target
plasmid, generating a nicked plasmid. As seen with the flanking
donor hairpin, the amount of product resulting from joining of
Hermes-L to the target plasmid increases over time.

To determine the chemistry of end joining to the target DNA, we
examined the ability of Hermes transposase to join a pre-cleaved,
that is, with its 3’ OH terminus already exposed, Hermes-L fragment
to target plasmids of two different sizes (Fig. 3c). On a native gel,
species reflecting the joining of one and two Hermes-L fragments to
the targets are observed (Fig. 3c, lanes 2, 3). On a denaturing gel,
only a single unit-length product is evident with each target,
consistent with the joining of one Hermes-L segment to a single
target strand (Fig. 3¢, lanes 5, 6).

Detection of these single-stranded products in reactions using a
Hermes-L oligonucleotide labelled at the 5’ end of its bottom strand
reveals the chemistry of transposon end joining to the target: the 3’
OH terminus of Hermes-L joins covalently to the target DNA.
Interestingly, the 3’ OH dinucleotide at the position of strand
joining, TG-OH, which is highly conserved among hAT superfamily
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Figure 3 Hermes transposase joins the 3" OH end of Hermes-L to a target DNA. a, A
schematic representation of the double-strand break that releases the transposon end
from the flanking donor-site DNA and the subsequent joining of the transposon end to the
target DNA is shown. SEJ, single-end join; DEJ, double-end join. b, The target-joining
products generated over time when Hermes Tnsp is incubated in Mn?*-containing buffer
with a Hermes-L-containing fragment labelled at its 5" ends and a circular target plasmid
(2.7 kb) as described in Fig. 2a are displayed on a native agarose gel. The 2.7-kb linear
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product results from the joining of two Hermes-L fragments to the target plasmid; the
3.4-kb nicked circular product results from the joining of one Hermes-L to the target
plasmid. Products with sizes >3.4 kb result from the joining of Hermes ends to oligomeric
forms of the target plasmid. ¢, The target joining products generated when Hermes Tnsp
is incubated with pre-cleaved Hermes-L ends radiolabelled at the 5" end of the bottom
(transferred) strand and circular target plasmids of 2.7 and 4.2 kb are displayed on native
(lanes 2, 3) and denaturing (lanes 5, 6) agarose gels. Lanes 1, 4: buffer control.
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transposons®, including Hermes, is also found at the position of
DNA cleavage and joining in V(D)] recombination'>".

Transposition by Hermes is accurate

We asked whether Hermes transposase could accurately join a DNA
segment bounded by the Hermes termini to a target DNA. We
generated a mini-Hermes element with pre-cleaved Hermes-L ends
flanking a kanamycin resistance gene and used this DNA as a
substrate for in vitro transposition into a target plasmid. Transposi-
tion products were recovered by transformation of E. coli with
selection for kanamycin resistance. Junctions between the plasmid
and the newly inserted transposons were sequenced. All 43 inser-
tions analysed were accompanied by 8-bp target site duplication
(data not shown) as occurs with Hermes and other hAT transposons
in vivo". Analysis of a mini-Hermes element containing Hermes-L
and -R ends gave similar results (data not shown). Thus, our Hermes
in vitro transposition system reflects hAT transposition in vivo.

Hermes transposition compared to other elements

Our experiments have revealed the mechanism of breakage and
joining events underlying the translocation of a hAT superfamily
transposon: the transposon is excised from the donor site by
double-strand breaks mediated by hairpin formation on the flank-
ing donor-site DNA, and the 3" OH transposon ends exposed by this
cleavage join to the target DNA (Fig. 4). Element excision via
double-strand breaks involving hairpin formation on the donor-
site DNA has not been observed with any other transposon family.
We note that although excision of Tn5 and Tn10 (members of the
retroviral integrase superfamily) from their donor sites also involves
hairpin formation'®', the hairpins in these systems are on the
transposon ends, rather than on the flanking DNA as in Hermes
transposition and V(D)] recombination. The strategy of joining of a
3" OH end to a target DNA is, however, highly conserved among
mobile elements and can occur with the V(D)J] recombinase
RAG'"" and members of the retroviral integrase superfamily’. It
will be interesting to determine whether Hermes, like members of
the retroviral integrase superfamily and RAG recombinases, uses
direct one-step transesterification mechanisms both to promote
hairpin formation®*?' and to join the transposon end to the target
DNA*"*?, The experiments described below reveal that the same

HERMES

v
'

3
l icking lNickmg
5 OH P 5 OH &
37
Hairpin Hairpin
on flankmg on flanking
DNA
5 ,
e e
3'OH 3'OH
Flanking  Excised Coding Signal
DNA transposon end end

Target Target | Coding
joining joining joint
e = e
‘|Target I ‘|Target I
N N
\ = \ ==

Figure 4 Comparison of recombinase-mediated cleavage and target-joining
mechanisms. The positions of DNA cleavage reactions on various mobile DNAs are
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active site in Hermes can mediate the distinct chemical steps of
nicking, hairpin formation and target joining, as has been found
with other transposases and integrases™

It will be especially interesting to determine the organization of
the transposase complex that executes recombination: do single or
multiple transposase protomers interact with each transposon end
and, if there are multiple protomers, how are the chemical steps of
recombination distributed among them? Hermies transposase can
multimerize* (A.B.H. and ED., unpublished work). Studies of
Mu?** and Tnl0”' transposition indicate that all the chemical
steps in the movement of these elements are executed by a single
transposase monomer at each transposon end, but the different
order of the chemical steps and spatial positions of DNA substrates
in Hermes and V(D)] recombination could well require multiple
transposase active sites at each terminus.

After transposon excision, the broken donor chromosome must
be repaired. With hAT elements, this occurs by rejoining of the
exposed flanking DNA ends. The patterns of these joints led to
the suggestion that hairpin intermediates were involved in hAT
transposition®®”’; we have now verified that prediction biochemi-
cally. For repair to occur, these hairpins must be opened. Our
experiments suggest that Hermes transposase does not perform this
step, because the amount of hairpin formed increases over time
(Fig. 2b) and no cleaved hairpin products have been detected.
Therefore a host function like Artemis, which cleaves hairpins, is
likely to be involved in Hermes transposition®®; an open reading
frame (ORF) encoding an Artemis-like protein is present in the
Drosophila and Anopheles genomes (Blast data not shown). Sub-
sequent joining of the opened hairpins is probably performed by the
host-encoded non-homologous end-joining DNA repair machin-
ery””?. A potential active role for Hermes transposase in repair may
be to maintain pairing of the broken DNAs to facilitate joining, a
role suggested for the RAG recombinase in V(D)J recombina-
ti0n12,30,31.

Unanticipated structure of the Hermes active site

Sequence comparisons among hAT elements have focused on
genome-wide inspections and have identified amino-acid motifs
that are often, but not always, present in hAT family members®®. To
identify amino acids essential to hAT transposase activity, we
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aligned the known active members of the hAT family using Clustal
W?? (Supplementary Fig. 2) and identified several invariant acidic
amino acids, in Hermes D180, D248 and E572, that could provide
carboxylates to interact with the metal ion. The acidic DDE motif
has previously been shown to be involved in the catalytic activity of
members of the retroviral integrase superfamily and RAG recombi-
nase™?. To probe the function of these amino acids in Hermes
transposase, we purified mutant proteins with alanine substitutions
at these positions and assayed them for DNA binding and recom-
bination using several DNA substrates: (1) a substrate in which the
transposon end was flanked by donor-site DNA, to probe coupled
donor-site cleavage and strand transfer; (2) a ‘pre-nicked’ substrate
with a nick in the top strand of the flanking donor-site DNA
adjacent to the 5' end of the transposon, as is generated at the
first step of Hermes transposition, to probe hairpin formation; and
(3) a ‘pre-cleaved’ substrate in which the Hermes 3" OH ends were
already exposed, to probe strand transfer.

Although still capable of binding specifically to Hermes-L (Sup-
plementary Fig. 3), the DI180A, D248A and E572A transposase
mutants were inactive or had greatly reduced activity in almost all
DNA breakage and joining steps (Fig. 5). These conserved acidic
amino acids therefore play critical roles in catalysis. The fact that a
single mutation can block multiple catalytic steps also suggests that
a single active site mediates all the chemical steps of recombination.
The mutants were greatly impaired at the first step in recombina-
tion, that is, single-strand nicking at the 5" end of the transposon;
unlike in the wild type, no cleaved transposon top strand was seen
after incubation of the mutants with a DNA substrate in which
donor-site DNA flanked the transposon end with either Mn?* or
Mg (Fig. 5a). Even when supplied with a ‘pre-nicked’ substrate,
no DNA hairpin formation was observed with any mutant in Mg”",
although D248A was able to promote some hairpin formation in
presence of Mn?* (Fig. 5b). The alanine substitution mutants were
also defective in strand transfer, because no joining of a ‘pre-cleaved’
transposon to a target DNA was detectable in Mg>*; some strand
transfer with D248A was observed in the presence of Mn® " (Fig. 5¢).

We also examined the effects of cysteine substitutions at these
DDE positions: specific suppression of a Cys mutant by Mn*" has
been associated with a direct interaction between the metal and
amino acid**. The presence of Mn>* dramatically suppressed the
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D180C defect in DNA hairpin formation and strand transfer,
suggesting that this amino acid does interact with metal ion in
the active site (Fig. 5b, c¢). We also observed some modest suppres-
sion by Mn** of the D248C defect in hairpin formation and target
joining (Fig. 5b, c). The failure to observe Mn*" suppression of
E572C in any step of recombination or of D180C and D248C in a
coupled cleavage and strand transfer assay (Fig. 5; Supplementary
Fig. 4) probably reflects the fact that each metal binding site has a
slightly different role in recombination™.

Structural analysis of the HIV integrase and Mu and Tn5
transposases has previously demonstrated that the highly conserved
catalytic DDE acidic amino acids lie on a common structure, that is,
an RNaseH-like fold, and that they are closely juxtaposed, as
appropriate for formation of a single active site>””. We performed
secondary structure predictions with the hAT transposases from
Hermes, hobo, Ac and Tam3®. The results suggest that the conserved
hAT catalytic acidic amino acids are also arranged in an RHaseH-
like fold, suggesting that the active sites of hAT elements and
retroviral integrase elements are actually similar (Supplementary
Fig. 5). This finding is unexpected because no sequence homology
between hAT transposases and retroviral integrase transposases has
been detected®. The RAGI1 subunit of the V(D)J recombinase also
contains catalytic acidic amino acids that may also be organized in
an RNaseH-like fold*'. Interestingly, with both hAT transposases
and RAG], and in contrast to other already known members of the
retroviral integrase superfamily’, the second D and the E are widely
separated in the sequence, D248-E572 in Hermes and D708-E962 in
RAGL. It will be interesting to determine whether this wider spacing
is functionally related to the fact that these enzymes make hairpins
on the flanking DNA rather than on the transposon end as occurs
with retroviral integrase elements Tn5 and Tn10.

Our identification of a retroviral-integrase-superfamily-like
active site in what had been thought to be a distinct superfamily®
extends and broadens the types of mobile DNA elements that are
likely to use the same mechanisms of DNA breakage and joining to
transpose. Two other transposon superfamilies are MuDR/Mu of
plants** and the more widespread piggyBac*’. We have also analysed
the secondary structures of members of these superfamilies (data
not shown). The positions of conserved acidic amino acids suggests
that at least part of the active sites of these transposases is related to
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Figure 5 Mutation of Hermes DDE residues block DNA cleavage and strand transfer.
a, b, The products of incubation of wild-type, alanine and cysteine substitutions at the
DDE (conserved Asp-Asp-Glu) amino-acid motif of Hermes Tnsp in the presence of either
Mn®* or l\/Ig2+ with various Hermes-L substrates are displayed along with schematic
representations of each reaction. a, DNA nicking and hairpin formation using a
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flank + Hermes-L substrate is visualized on a denaturing agarose gel. b, DNA hairpin
formation using a pre-nicked flank + Hermes-L substrate is visualized on a denaturing
acrylamide gel. ¢, DNA target joining using a pre-cleaved Hermes-L substrate is visualized
on a native agarose gel.
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those of the RNaseH-fold of the retroviral integrase and hAT
superfamilies. Thus, very many superfamilies of elements all appear
to contain similar active sites for DNA cleavage and strand transfer.

Other shared regions of Hermes and RAG1

In addition to the conserved DDE amino acids, there are several
other interesting similarities between Hermes and RAG1. The
formation of a DNA hairpin involves considerable DNA distortion.
Such distortions can be facilitated by ‘base flipping’ during which a
particular base becomes extrahelical, allowing distortion of the
backbone**. Base flipping can be stabilized by interactions between
the base and aromatic amino acids (for example, tryptophan). A
highly conserved region of hAT transposases® contains a trypto-
phan, which is W319 in Hermes (Supplementary Fig. 2). Strikingly,
there is a short region of amino-acid similarity between this region
of Hermes sequence and the region of Tn5 transposase that contains
a tryptophan involved in the base-flipping event that is essential to
formation of the hairpin during Tn5 transposition*>** (Supplemen-
tary Fig. 5). A highly conserved basic residue, R318 of Hermes, is
closely juxtaposed to this tryptophan. We speculate that W319 of
Hermes and related sequences in other hAT transposases will play
key parts in DNA hairpin formation and base flipping. Mutational
analysis of RAG1 has identified a number of basic amino acids
whose alteration affects the hairpin formation step of RAG recom-
bination*’; two of these, K889 and R894, flank a conserved trypto-
phan W893, and we speculate that W893 will also play a key role in
hairpin formation, probably by promoting base flipping (Fig. 5). A
similar role for this tryptophan has also been suggested on the basis
of work on telomere resolvases*.

Another very conserved feature of hAT transposases® (Sup-
plementary Fig. 2) is a CxxH motif (C265 and H268 in Hermies)
downstream of the second catalytic D residue (D248 in Hermes); see
Supplementary Figs 2 and 5. Mutation in H268 resulted in a severe
defect in transposase catalytic activity (data not shown). RAG1
contains a C,H, zinc-finger motif beginning at C720 just down-
stream of the second D, D708 (ref. 49).

A significant difference between Hermes transposition and RAG
recombination is the fate of the DNA bound by the recognition and
sites of action of the recombinases, that is, the TIRs of Hermes and
the recombination signal sequences of V(D)] recombination.
Recognition of these sites results in the DNA breakage that leaves
hairpins of the flanking DNA and excises the segment bound by the
TIRs or the recombination signal sequences. Whereas Hermes
transposase often promotes insertion of the TIR-bounded fragment
(the transposon) into a new target site after excision, the recombi-
nation-signal-sequence ends of a DNA fragment that excises from
between the immunoglobulin and T-cell receptor genes to juxtapose
novel gene coding segments almost always join to each other to form
a ‘signal sequence joint’ and hence a circular species that is simply
lost from the cell'*. Elucidation of how Hermes and RAG1 promote
these different outcomes will lead to greater understanding of their
mechanisms of action.

Conclusions

We have directly established the pathway of DNA breakage and
joining reactions that underlie movement of a hAT family transpo-
son and have also begun to dissect the structure and function of a
hAT transposase. Our finding of an RNaseH-like fold with con-
served acidic amino acids is surprising because the hAT family has
long been considered to be quite distinct from the retroviral
integrase superfamily. It had been suggested that the V(D)]J recom-
bination system may have evolved from an ancient transposable
DNA element'>*. Our findings here of such a close mechanistic
relationship between hAT transposition and V(D)J recombina-
tion—that is, a double-strand break via hairpin formation on
flanking DNA and 3’ OH joining to the target DNA—and the
related active sites of hAT transposases and RAGI1 provides strong
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support for the view that V(D)J recombination evolved from
transposable elements. Dissection of the structure and function of
hAT transposases will probably continue to provide important
contributions to understanding V(D)] recombination. O

Methods

Hermes transposase expression and purification

The Hermes transposase (Tnsp) ORF (613 amino acids) was amplified by polymerase
chain reaction (PCR) from plasmid pPBCHSHH1.9 (ref. 11) and cloned between the Ncol
and Pvull sites of plasmid pBAD-Myc-HisB (Invitrogen) to generate a Hermes—Myc—His
fusion construct. Escherichia coli strain Top10 (Invitrogen) transformed with the Hermes—
Myc-His plasmid was grown overnight with shaking at 30 °C in LB medium containing
100 mg ml ™" carbenicillin. The following day the overnight culture was diluted 1:100 with
fresh LB+-carbenicillin and cells were then grown to an absorbance at 600 nm of 0.6 at
30 °C. The culture was then shifted to 16 °C and induced with 0.1% L-arabinose for 16 h.
After induction, cells were washed by centrifugation at 4 °C with TSG (20 mM Tris-HClI,
pH 7.9, 500 mM NaCl, 10% v/v glycerol), and frozen in liquid nitrogen; all subsequent
steps were performed at 4 °C. Frozen cells were resuspended in 10 ml TSG and lysed by
sonication. The cleared lysate was loaded onto a pre-equilibrated Ni* Sepharose column
(Amersham) and washed with ten column volumes of TSG, six column volumes of
TSG+50 mM imidazole and six column volumes of TSG+100 mM imidazole. Hermes—
Myc—His fusion protein was eluted with six column volumes of TSG+200 mM imidazole,
dialysed against TSG, and stored at —80°C.

DNA binding assay

DNA binding reactions were performed using Hermes end fragments generated by PCR
from pBSHermes'™'". The 131-bp Hermes-L end fragment contained 81 bp Hermes-
L+50 bp flanking housefly genomic DNA; the 178-bp Hermes-R fragment contained
110bp Hermes-R+68 bp flanking housefly genomic DNA. DNAs were 5" end
radiolabelled on both strands with y-P*>-ATP. 140 nM Hermes Tnsp and 1.5nM
radiolabelled DNA were incubated in 25 mM HEPES, 3.5% (v/v) glycerol, 0.01% bovine
serum albumin (BSA) and 4 mM dithiothreitol (DTT) in the presence of a 500-fold excess
of sheared herring sperm DNA at room temperature for 20 min. Unlabelled 131-bp
Hermes-L and 178-bp Hermes-R DNA was added in 50, 100 and 200 molar excess as
indicated. The products were run on a 5% Tris-boric acid acrylamide gel at 4 °C. All gels
were dried and exposed to phosphorimager plates and analysed by Imagequant software
(Molecular Dynamics).

Analysis of coupled cleavage and strand transfer

Cleavage and strand transfer reactions were performed with a 193-bp Hermes-L end
fragment containing 91 bp of Hermes-L+103-bp flanking housefly genomic DNA. The
194-bp Hermes-L fragment was radiolabelled on the 3" end of both strands with a-P**-
dATP. 140-nM Hermes transposase was incubated with 1.5 nM radiolabelled Hermes-L
DNA in 25 mM HEPES, pH 7.6, 2% (v/v) glycerol, 50 mM NaCl, 2mM DTT, ] mM
MnCl,, 100 pg ml~" BSA and 9.55 nM pUC19 plasmid as target DNA in a final volume of
20 pl at 30 °C for the indicated times. Reactions were stopped by adding SDS and EDTA to
1% SDS and 20 mM EDTA and incubated for 1h at 37 °C. The products were displayed on
a 5% native acrylamide and on 1% agarose gels to look for double-strand break and target-
joining products, respectively. For analysis of DNA nicking and hairpin formation, the
reaction products were extracted with phenol/chloroform, precipitated with ethanol and
run on a 5% urea acrylamide gel.

Analysis of hairpin formation using a pre-nicked Hermes-L end

A 26-bp oligonucleotide corresponding to the top-flanking donor-site DNA was
radiolabelled at its 5" end with y-P**-ATP. After purification on a Sephadex G10 column,
the end-labelled oligonucleotide was mixed with equimolar amounts of a 72-nt
oligonucleotide corresponding to top strand of Hermes-L, and a 99-nt oligonucleotide
containing 27 nt of bottom-strand flanking DNA+72 nt of bottom strand of Hermes-L
(see Fig. 5b); the mixture was allowed to anneal and then used as substrate in coupled
cleavage and strand-transfer reactions.

Strand-transfer reaction with pre-cleaved Hermes-L ends

Pre-cleaved Hermes-L for strand-transfer reactions was made by annealing
oligonucleotides 5'-CAGAGAACAACAACAAGTGGCTTATTTTGATACTTATGCG-3'
(top) and 5 -CGCATAAGTATCAAAATAAGCCACTTGTTGTTGTTCTCTG-3" (bottom)
radiolabelled at its 5" end with y-P*>-dATP and used directly as a substrate for strand-
transfer reactions with pUC19 and pBR322 target DNAs. Reactions were incubated for 2 h
at 30 °C. The reactions were stopped by addition of SDS and EDTA to 1% SDS and 20 mM
EDTA, incubated at 37 °C for 1 h, DNA was extracted with phenol/chloroform,
precipitated with ethanol and loaded onto 1% TAE agarose and 1% NaOH agarose gels.

Recovery of transposon insertions

Primers NLC 1267 5'-
CAGAGAACAACAACAAGTGGCTTATTTTGAGCTTGCCTCGTCCCC-3" and

NLC 1268 5'-CAGAGAACAACAACAAGTGGCTTATTTTGACACTGGATGGCGGCG-3'
were used to generate a kanamycin fragment flanked by 30 bp of Hermes-L at each end.
These kanamycin fragments were used as substrate for a target-joining reaction with
pUCI19 as target DNA in the presence of Hermes Tnsp. The target-joining products were
transformed into E. coli, kanamycin resistant colonies were selected, and the insertion site
was sequenced.
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