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ABSTRACT: The Mcmarl mariner element (MLE) presents some intriguing features with two large, perfectly
conserved, 355 bp inverted terminal repeats (ITRs) containing two 28 bp direct repeats (DRs). The presence of
a complete ORF in Mcmarl makes it possible to explore the transposition of this unusual MLE. Mcmarl
transposase (MCMARU1) was purified, and in vitro transposition assays showed that it is able to promote
ITR-dependent DNA cleavages and recombination events, which correspond to plasmid fusions and
transpositions with imprecise ends. Further analyses indicated that MCMARI is able to interact with the
355 bp ITR through two DRs: the EDR (external DR) is a high-affinity binding site for MCMARI1, whereas
the IDR (internal DR) is a low-affinity binding site. The main complex detected within the EDR contained a
transposase dimer and only one DNA molecule. We hypothesize that the inability of MCMARI to promote
precise in vitro transposition events could be due to mutations in its ORF sequence or to the specific features
of transposase binding to the ITR. Indeed, the ITR region spanning from EDR to IDR resembles a MITE and
could be bent by specific host factors. This suggests that the assembly of the transposition complex is more

complex than that of those involved in the mobility of the Mos! and Himarl mariner elements.

Among transposable elements, mariner-like elements (MLEs)"
and Tcl-like elements (TLEs) are DNA elements that move within
eukaryotic genomes using a cut-and-paste transposition mecha-
nism (/). MLEs and TLEs belong to the 1S630-TcI-mariner (ITm)
superfamily and are widespread in eukaryotic genomes (2). The
organization of ITm elements is very simple. They are composed
of two inverted terminal repeats (ITRs) flanking a single open
reading frame (ORF) that encodes a transposase (Tpase) with a
DD[D/E] catalytic triad.

Opver the past decade, there have been numerous studies of how
TLE and MLE transposition works. They have shown that TLE
and MLE ITRs are organized differently (3). The TLE ITRs vary
in size (from 50 to 700 bp) and can contain one, two, or three Tpase
binding sites that are conserved in sequence and correspond to
direct repeats (DRs) within the ITR. One DR is always located at
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the outer end of the ITR, the others being located within the inner
region of the ITR. The MLE ITRs are completely different. They
are between 20 and 40 bp in size, and their sequence contains
palindromic motifs (4). Another difference results from the fact
that the MLE ITR is a complete binding site for the Tpase. This
specificity avoids some of the terminological difficulties encoun-
tered with TLEs in defining and naming DRs, Tpase binding
sites, and ITRs. In light of their ITR characteristics, and the
origin of their Tpase DNA-binding domains, we recently exten-
sively reviewed the literature in an attempt to clarify the assembly
models for the transposition complex (also known as the “synaptic
complex”) of MLEs and TLEs. One conclusion was that trans-
position enhancers, corresponding to Tpase binding sites, occur
in some TLE ITRs. We therefore concluded that the minimal
synaptic complex results from the dimerization of TLE Tpases,
bound to both the outer DRs, whatever the ITR size. The inner
DR (found in TLEs with a long ITR) can be considered to be a
transposition enhancer, because the binding of Tpase to these
DRs sometimes increases the transposition efficiency by stabiliz-
ing the minimal synaptic complex (3). Factors such as HMGBI
have also been described as being a second kind of enhancer,
affecting the transposition efficiency of some TLEs (5). ITR bind-
ing of MLE Tpases occurs only at the transposon ends, and no
transposition enhancer has so far been identified for MLEs.
However, it is suspected that Mos! UTRs may carry out this
function, and internal sequences are indispensable for optimal
transposition (6—3§).

Mcmarl belongs to the elegans subfamily of MLEs and is to
date the only MLE described as having a long, 355 bp ITR,
instead of the more common 20—40 bp MLE ITR (9). In contrast
tomost MLEs, Mcmarl ITRs are perfectly conserved in sequence
and contain two DRs at their outer extremity that are separated
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by a 20 bp segment. Mcmarl 1TRs therefore have convergent
traits with some TLEs that have long ITRs, suggesting that they
may contain transposition enhancers that function in a manner
similar to that described for TLEs. Mc¢marl contains an intact
ORF encoding a Tpase of 350 amino acids (MCMARI1) that can
be produced as a recombinant MCMARU. In this paper, we focus
on the recombination properties of MCMARI1 and on the assem-
bly of ITR—Tpase complexes.

EXPERIMENTAL PROCEDURES

Oligonucleotides. The sequences of the oligonucleotides and
primers used in this study are shown in Supporting Information 1.
They were synthesized by Eurogentec.

Proteins. The gene encoding MCMARI was cloned in ex-
pression vector pMalc2x (New England Biolabs). For the clon-
ing, the gene was amplified by PCR from a BamHI DNA clone
containing Mcmarl-1 (9), using ORF1 and ORF2 as primers.
The amplicon was cloned in pPGEMT-easy (Promega) and then
sequenced. The Tpase gene was then subcloned between the
EcoRI and BamHI sites in pMalc2x.

Escherichia coli (JM109) freshly transformed with pMal-Tpase
and pRare (Novagen) was grown in 500 mL of BCC broth (beef
heart and brain medium). The expression of MBP-Tpase was
induced using 0.3 mM IPTG at an ODgqg of 0.3 for 16 h at 25 °C.
Cells were resuspended in 50 mL of 20 mM Tris (pH 9.0), 100 mM
NaCl, and 0.1 mM DTT, frozen for 24 h, and finally lysed with
0.5 mg/mL lysozyme for 30 min at 4 °C. The cell debris was
centrifuged, and 50 mL of the supernatant was used to purify
MBP-Tpase on 1 mL of amylose resin (New England Biolabs),
according to the manufacturer’s instructions. The resulting
protein (MBP-MCMARI1) will be designated “MCMARI1”.

The purified IHF and the purified HMGB, DSP1, of Droso-
phila melanogaster were kind gifts from R. Chalmers (University
of Oxford, Oxford, United Kingdom) and D. Locker (University
of Orléans, Orléans, France), respectively.

Cloning of the 355 bp ITR and the Deleted ITR. The 355 bp
A300—355, A262—355, A200—355, A142—355, and A79—355
ITRs were obtained by PCR amplification from a BamHI DNA
clone containing McmarI-1(9). The PCRs were conducted using
the 355KX1 primer to anneal at the 5 outer end of the 355 bp
ITR, and the primers annealing in the 3’ inner ITR region to
amplify the 355 bp ITR (355KX2), the A300—355 ITR (300K X),
the A262—355 ITR (262KX), the A200—355 ITR (200KX), the
A142—355 ITR (142KX), and the A79—355 ITR (79KX). The
A1—80 and A1—160 ITR fragments were also amplified by PCR
using the primer 355K X2 to anneal at the 3’ inner end of the 355 bp
ITR, and primers 80 and 160, respectively. The PCR products
were cloned in pPGEMT-easy, and their sequences were checked.

The EDR and IDR were obtained by annealing two comple-
mentary oligonucleotides: EDR1 and EDR2 for the EDR and
IDR1 and IDR2 for the IDR. These two oligonucleotides are
designed for construction of flush extremities that are compatible
with Kpnl at the 5 extremity, and with Xhol at the 3 extremity.
Once annealed, the oligonucleotides were phosphorylated and
cloned in pBC KS+ (Stratagene) within the Kpnl and Xhol sites.

Transposition Assays. To make the Mcmarl transposon
donor plasmid, pBC-355Tet355, the HindIII—Xbal fragment,
containing the promoterless gene encoding the tetracycline
resistance of plasmid pBC3Tet3 (/0), was first cloned in the
pBCKS+ vector digested by HindIII and Xbal (pBC-Tet). The
Mecmarl full-length ITR and variants were amplified with two
sets of primers, Kpnl-ITR (355KX1) with Xbal-ITR (355KX2,
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300K X, 262KX, 200KX, 142KX, and 79KS), and NotI-ITR
(355NS1) with Sacl-ITR (355NS2, 300NS, 262NS, 200NS, 142NS,
and 79NS) for the 355 bp A300—355, A262—355, A200—355,
A142-355, and A79—355 ITRs, respectively. The sequences of
the primers are listed in Supporting Information 1. They were
cloned in pGEMT-easy and finally checked by sequencing. The
Kpnl—Xhol and Notl—Sacl fragments were then cloned into
pBC-Tet to make the final version of pBC-355Tet355. To obtain
the pSW-355pTet355 plasmid, the promoterless Tet gene was
replaced with the Tet gene and its promoter (pTet) in pBC-
355Tet355. The HindIIl and Xbal pTet fragments were obtai-
ned from pSW-3'pTet3' (11). The Kpnl—Sacl fragment contain-
ing 355-pTet-355 was cloned at the corresponding sites in
pSW29 (12).

In vitro transposition and in vitro excision assays were per-
formed in 5% glycerol, 10 mM Tris (pH 9.0), 50 mM NaCl, 50 mM
EDTA or 20 mM MgCl,, 5—100 nM MCMARI, and 600 ng of
pBC-355Tet355 or pBC-Tet in a 20 uL reaction mixture at 30 °C
for 3 h; 300 ng was analyzed by electrophoresis on a 0.8% agarose
gel with TAEILX buffer. E. coli DHSa was electroporated with
60 ng of transposition assay and then plated on 12.5 ug/mL
tetracycline LB medium. For interplasmid transposition, 300 ng
of pPSW-355pTet355 and 300 ng of pBC were used under the same
reaction conditions as for pBC-355Tet355, and 60 ng of target
plasmid was electroporated.

For in vivo transposition assays, the JM109 strain of E. coli
was cotransformed with the vector expressing MCMARI, pKK-
Tnp, and the pseudotransposon pBC-355Tet355. We created a
negative control by cotransforming an empty pKK?233-2 vector
with pBC-355Tet355. Fifteen clones were taken and individually
grown in 2.5 mL of LB. After 1 h at 37 °C, the production of
Tpase was induced via addition of 0.3 mM IPTG. Cells were
grown for 5 h at 32 °C, and the number of cells was counted on
LB and LB with tetracycline. The transposition rate was esti-
mated by dividing the number of tetracycline-resistant (TetR)
cells by the number of cells in the culture.

DNA Sequencing. Sequencing of DNA plasmids and frag-
ments was performed by MWG Biotech. The primers used for
sequencing were Tetl and Tet2, the universal and reversal M13
primers being those supplied by MWG-biotech (Supporting
Information 1).

Electrophoretic Mobility Shift Assays (EMSAs). >*P-labeled
probes were prepared by cleaving the ends of the different ITRs
cloned in pGEMT or pBC, with EcoRI for the 355 bp A300—355,
A262—355, A200—355, A142—355, and A79—355 ITRs and the
Kpnl—Xhol fragment for the EDR and IDRs. **P-labeled probes
of the mutant EDR, deleted EDR, and IDR were obtained by
annealing 100 pmol of complementary oligonucleotides (sequen-
ces in Supporting Information 1) with an extension of two
T residues at the 3’ end. We made the labeled probes by filling
the ends with [a-**PJdATP and Klenow DNA polymerase. The
fragments were purified on a 6% acrylamide/bisacrylamide gel
eluted in 100 mM Tris (pH 7.5) and 200 mM NaCl, overnight at
room temperature, precipitated, and resuspended in water.

A79-355 EDR and IDR 200 bp in length were obtained by
amplification with primers pU and pRev (Supporting Informa-
tion 1) situated on either side of the MCS of the pGEMT and
pBC plasmids.

Binding was performed in 5% glycerol, 10 mM Tris (pH 9.0),
50 mM NaCl, 5 mM EDTA or 20 mM MgCl,, 90 nM MBP-
MCMARLI, and 5 fmol of ITR in 20 uL of the reaction mixture,
at4 °C for 15 min or at 30 °C for 2 h. Complexes were separated
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FIiGuRE 1: Excision activity of MCMARI. (A) MCMARI purification. MW is molecular weight. (B) Excision assay principles. In the presence of
transposase, the first strand cleavage of a supercoiled plasmid (sc) containing a pseudotransposon leads to the formation of an open circle (oc). After
the second strand cleavage at one ITR end, the plasmid will be linear (I). At the end of the process, the double-strand cleavage at the two ITR ends
leads to the appearance of the backbone (b) and the pseudotransposon (pt). (C) pBC-355Tet355 (300 ng) was cleaved for 3 hat 30 °C with MCMARI1
concentrations ranging from 0 to 100 nM, as indicated. Lane M contained molecular weight markers (400 ng of ADNA cleaved with HindIII). oc
denotes the open circle plasmid, | the linear plasmid, and sc the supercoiled plasmid. (D) Similar assays were performed using pBC-Tet.

on 6% acrylamide/bisacrylamide gels (30:0.93) in 0.25x TBE
[22 mM Tris (pH 8.0), 22 mM boric acid, and 0.6 mM EDTA] at
200V for 2 h and then autoradiographed. In assays to confirm the
binding specificity, 1 ug of pBSsk+DNA (Stratagene) or shea-
red herring sperm DNA was used as a nonspecific competitor,
and 1 ug of pGEMT-ITR, pBC-EDR, or pBC-IDR was used as a
specific competitor.

Footprint. Binding of Tpase with ITR was performed in 5 mM
EDTA as described above. The complexes were cut off the gel
and processed directly in the gel by the Cu/phenanthroline method.
The gel slides were equilibrated in 10 mM Tris (pH 8.0) for 5 min.
Complexes were treated with 200 4L of 2 mM 1,10-phenanthro-
line and 0.46 mM CuSQ, and for various times after the addition
0f 200 uL of 58 mM 3-mercaptopropionic acid. The reaction was
stopped by the addition of 200 uL of 28 mM 2,9-dimethyl-1,10-
phenanthroline. DNA was eluted from the gel in 10 mM Tris
(pH 7.5),0.1 mM EDTA, and 200 mM NaCl overnight at room
temperature. DNA was precipitated and resuspended in 80%
formamide, 10 mM NaOH, 1| mM EDTA, 0.1% xylene cyanol,
and bromophenol blue and denatured before being separated on
a 6% sequencing gel in 1 x TBE. The ITR probes were sequenced
by the Maxam and Gilbert method.

RESULTS

MCMARI was produced in bacteria as a C-terminal fusion
with the maltose binding protein (MBP) and purified to 98% by
affinity chromatography (Figure 1A). The ability of MCMARI
to promote single-strand, double-strand DNA cleavages and
a complete transposon excision was first assayed in vitro using

pBC-355Tet355 as a pseudo-Mcmarl donor plasmid with differ-
ent amounts of Tpase. The plasmid pBC-355Tet355 consists of
the two full-length 355 bp ITRs flanking the promoterless,
tetracycline-resistant gene. If DNA cleavages were to occur under
our experimental conditions, we would expect that accumulation
of an open circle plasmid will result from single-strand cleavages,
that of a linear plasmid from a double-strand DNA cleavage at
one transposon end, and that of excised products from two
double-strand cleavages at both transposon ends (Figure 1B).
Reduced amounts of the superhelical and open circle plasmid and
an accumulation of the linearized plasmid were observed when
the reactions were performed with 5—10 nM MCMARI
(Figure 1C). This revealed that single- and then double-strand
DNA cleavages had occurred at one transposon end. No cleavage
was observed at 0, 50, or 100 nM Tpase. Whatever Tpase con-
centration was used, assays monitored with a plasmid that did
not contain the Mcmarl ITR (Figure 1D) displayed no DNA
cleavage, confirming that MCMART had not been contaminated
by traces of nuclease. We concluded that the cleavage probably
occurred at the end of the Mcmarl ITR. Complete excisions were
never observed, since neither the pBC backbone nor the excision
product (the pseudotransposon) was detected on the agarose gel,
whatever the Tpase concentration, incubation time (up to 16 h),
or temperature (25, 30, or 37 °C) (data not shown).

Despite the fact that cleavage analyses did not reveal any
transposon excision, in vitro transposition assays were performed
to determine whether MCMARI was able to achieve strand trans-
fers leading to plasmid recombination or transposition events.
Assays were performed with Tpase concentrations ranging from
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5 to 100 nM and with pBC-355Tet355 as the transposon donor
and the target plasmid, as described previously (/7). Briefly, the
pseudotransposon containing the tetracycline resistance (Tet®)
gene without its promoter is excised by the transposase from the
donor plasmid and integrated in a new locus. The Tet® gene is
expressed only when the pseudotransposon is integrated under
the control of a promoter. In this assay, tetracycline-resistant
clones result from transposition. After bacterial transformation
and selection on tetracycline, resistant clones were recovered only
at low Tpase concentrations (5 and 10 nM), in agreement with the
results of cleavage. Under identical experimental conditions,
when pBC-355Tet355 is replaced with pBC-Tet (which lacks
both ITRs), no tetracycline-resistant clones were recovered. This
indicated that obtaining tetracycline-resistant clones with pBC-
355Tet355 was dependent on the Tpase concentration and on the
presence of the Mcmarl ITR. DNA plasmids from 34 tetracy-
cline-resistant clones were purified and analyzed by digestion and
sequencing (Supporting Information 2). The results revealed two
kinds of plasmid with a complex structure, corresponding to two
(26 clones) or three (eight clones) plasmids fused by recombina-
tion. They were recovered after cleavages and strand transfer
exchanges that very probably occurred at the outer ends of the
Mecemarl TTR (Supporting Information 2). Interestingly, and in
agreement with the results obtained in cleavage assays, we found
that only one transposon end was involved for the cleavage and
strand transfer reactions that led to all these plasmid fusion
products. In an attempt to determine whether it was possible to
detect transposition events from excised elements, we then used
a two-plasmid assay. The first, a “suicide” pSW-355pTet355
plasmid (which contained an R6K replication origin and carried
the tetracycline resistance gene with its promoter), was the donor
for pseudotransposon 355-pTet-355, and the second pBC plas-
mid, which does not contain the ITR, was the target for inte-
gration. The pseudotransposon is excised by the transposase
from the suicide donor plasmid and integrated into the target
plasmid. Only heteroplasmid recombination events, including
transposition or co-integration, can be detected using this
transposition assay, because the suicide donor plasmid cannot
replicate in the DH5a. strain of E. coli. After in vitro transposi-
tion, bacterial transformation, and selection, no Tet® clones were
obtained in the control experiments monitored with the suicide
plasmid containing no ITR. In contrast, numerous Tet® clones
were obtained in assays monitored with the suicide donor
plasmid and pBC plasmids. The plasmids contained in 11 inde-
pendent Tet® clones were purified and analyzed on an agarose gel
after enzymatic digests and then sequenced, using primers
anchored in the Tet® gene. Only one kind of plasmid was
obtained (Supporting Information 3). This plasmid corres-
ponded to integration of a fragment from the donor suicide
plasmid into the target plasmid and resulted from a DNA strand
exchange that occurred at a site located between 10 and ~300 bp
from the outside of one ITR (Supporting Information 3).

Taken together, these data demonstrate that (1) the optimum
concentration of the MCMARI protein ranges from 5 to 10 nM,
as previously found for HIMARI (/3); (2) in vitro transposition
assays do not allow recovery of cardinal transposition events; and
(3) the fusion events do not occur exactly at the outer end of the
ITR, indicating that the DNA cleavages and strand transfers are
not as precise as with MOS1 or HIMAR1 (74— 16).

The modalities of DNA binding of MCMARTI to its ITR
might be responsible for the imprecise DNA cleavages and strand
transfers observed in vitro. This was therefore further investigated
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by electrophoretic mobility shift assays (EMSAs) using the 355 bp
ITR as the probe under various conditions of Tpase concentra-
tion, temperature, and cations (Figure 2A). Complexes are
detected under all conditions when using 100 nM MCMARI
(Figure 2A, lanes 6—9), whereas complexes are more difficult to
observe when using 10 nM MCMARI (Figure 2A, lanes 2—5).
However, the detection of cleavage products at 30 °C in the pre-
sence of MgCl, supported the possibility that ITR—-MCMARI
complexes existed at both concentrations (Figure 2A, lanes 5 and
9). For the study, the best condition for the observation of
complexes was retained, i.e., 100 nM MCMARI. The specificity
of ITR binding was verified under the best conditions for
assembly of complexes (Figure 2B). Three shifted bands and
Tpase—ITR aggregates were detected (lane 2). The main complex
was C2, whereas C1 and C3 were detected only as thin bands. As
previously demonstrated for other MLE ITRs (10, 13, 17, 18),
MBP was unable to bind the 355 bp ITR (data not shown),
indicating that MCMARI is able to bind stably to its ITR.
MCMARTI binding specificity was verified in an EMSA, using
pBS as a nonspecific DNA competitor (lane 3), and confirmed
using pBS-ITR355 as a specific competitor, which eliminated the
shifted bands (lane 4). In addition, MCMARI did not bind
the Mosl ITR (data not shown), highlighting the fact that
MCMARI1 binds specifically to its own ITR.

We then searched for MCMART binding sites throughout the
whole ITR. The 355 bp ITR exhibited different sequence features:
two large palindromes of ~60 and ~100 bp, seven direct repeats
of 8—9 bp, and two 28 bp direct repeats (DRs), both presenting
similarities in sequence to the ITR of Cemarl (9). Nine ITR
variants were used in the EMSA, with MCMARI: seven variants
containing the DR (EDR, IDR, A79—355, A142—355, A200—
355, A262—355, and A300—355) and two variants that did not
contain the EDR or IDR (A1—80 and A1—160) (Figure 2C). The
ability of MCMARTI to bind to each of the nine fragments was
investigated in EDTA at 30 °C. All the ITR variants, except
A1-80 and A1—-160, allowed complexes to assemble, similar to
what is observed with the 355 bp ITR (Figure 2D). In addition,
C2 was always the most abundant complex, and ITR—-MCMARI
aggregates were detected in several wells. However, IDR is not
very efficient in forming Tpase complexes, as demonstrated by
the overexposure required to detect the shifted bands.

The EMSA results therefore indicated that the first 79 bp of the
ITR contained two binding sites for MCMARI, the EDR and
IDR. Due to the fact that ITR A1—80 lacks the ability to form
any complex with the Tpase, the EDR and IDR are the only
binding sites for MCMART within the 355 bp full-length ITR.
The EDR is a strong binding site, and the IDR is a weak binding
site. This is in agreement with published data showing that (in the
Mecmarl ITR) only the EDR and IDR have sequences similar to
that of the Cemarl ITR, the binding site for Cemarl Tpase (9).
Furthermore, the EMSA patterns were similar, whichever probe
was used. An EMSA with the A79—355 variant or with the EDR
was also performed under conditions for transposition (10 nM)
and for visualization of complexes (100 nM) (Figure 3A,B). The
same results were obtained with the two different transposase
concentrations even if the complexes were more easily detected
with 100 nM MCMARU1, as previously observed with the 355 bp
ITR (Figure 2A). All further experiments were conducted with
100 nM MCMARI.

The binding specificity of both DRs was verified in an EMSA
using a nonspecific or specific competitor (data not shown).
Taken together, these data indicated that the Mcmarl Tpase
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denotes the unbound probe. C1—C3 denote MCMARI—ITR complexes, and WA denotes MCMARI—ITR aggregates. (B) Specificity of
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repeats of 9 bp. The two double arrows (positions 200—280 and 281—355) represent two distinct palindromic regions. (D) Location of MCMARI1
binding sites using nine deleted ITR variants. UP denotes the unbound probe. C1—C3 denote MCMARI1—ITR complexes, and WA denotes
MCMARI—ITR aggregates. EMSA analysis of MCMARI binding to different ITRs, with (+; lane 2) or without (—; lane 1) MCMARI.

might interact with two sequences within the 355 bp ITR, EDR,
and IDR, albeit less efficiently with the IDR sequence. To con-
firm this point, we performed competition reactions in an EMSA

using a radiolabeled A79—355 ITR and equimolar amounts of
cold A79—3551TR, EDR, or IDR (Figure 4A). In contrast to the
A79—355 ITR and EDR, the IDR was unable to switch off the
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10 nM 100 nM
MCMARI1 - + + + + + + + +
EDTA - + + = = F F w
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FIGURE 3: EMSA of A79—35 and EDR with MCMAR at 10 and 100 nM. Complexes were assembled under differents conditions with 50 mM
EDTA (lanes 1,2, 5,and 6 for A79—355and lanes 2, 3, 6, and 7 for the EDR) or 20 mM MgCl, (lanes 3,4, and 7—9 for A79—355 and lanes 1,4, 5, 8,
and 9 for the EDR) and at different temperatures (4 °C for lanes 1, 3, 5,and 7 for A79—355 and lanes 2, 4, 6, and 8§ for the EDR or 30 °C for lanes 2,
4,6,8,and 9 for A79—355 and lanes 1, 3, 5, 7, and 9 for the EDR) with two different concentrations of transposase MCMARI1 (10 nM for lanes
1—4 for A79—355 and lanes 5—8 for the EDR and 100 nM for lanes 2—4 for A79—355 and lanes 1, 3, 5, 7, and 9 for the EDR) . The complexes

consisted of two deleted ITRs, A79—355 and EDR.

A B
MCMAR1 - +
MCMAR1 - + + + +
I
«o
Competitor QK
DNA - - <88

A79-355

12 3 45

EDR

Ficure 4: EDR is the preferential binding site for MCMARI.
MCMARI1 binding to the A79—355bp ITR. EMSAs were conducted
without a DNA competitor (lane 2) or with a 5-fold excess of the
unlabeled A79—355ITR (lane 3), EDR (lane 4), or IDR (lane 5). UP
denotes the unbound probe. C1—C4 denote MCMARI1—ITR com-
plexes, and WA denotes MCMARI1—ITR aggregates. (B) Footprint-
ing analysis. Various Cu-phenanthroline treatment times were app-
lied to the end-labeled, 355 bp ITR in the presence (4) or absence (—)
of MCMARI1. A Maxam—Gilbert sequencing (G+A) was perfor-
med on the same labeled 355 bp ITR to scale the Cu-phenanthroline
footprints.

Tpase—ITR complexes. Further analysis has shown that the
competition effect is the only one detected; indeed, EMSA
patterns were not modified via addition of a short cold probe
(EDR) to the A79—355 ITR sample. This strongly suggested that
C1—C3 contained only one DNA fragment. The preference of
MCMARI for binding to the EDR was also verified using
chemical footprints, with the 355 bp ITR as the probe
(Figure 4B). They revealed one main protected area of ~28 bp
that spanned the EDR, whereas the protection of the IDR was
not detected. This confirmed that MCMARI preferentially
bound to the EDR.

The composition of ITR-MCMARI complexes was then
analyzed. Our intention was first to examine the stoichiometry of
MCMARTI in complexes (C1—C3) formed with the EDR. The
simplest hypothesis proposes that C1—C3 contain one, two, and
three molecules of MCMARI, respectively. This point was
investigated in cross-linking experiments with EDR or
A79-355 and MCMARI, using various different cross-linking
agents: glutaraldehyde, formaldehyde, UV irradiation, cis-plati-
num, and cis-hydroxyplatinum as described previously (15, 19).
The addition of glutaraldehyde, formaldehyde, and cis-platinum
completely destabilized the assembled complexes, which prevents
the detection of cross-linking (data not shown). UV irradiation
and addition of cis-hydroxyplatinum did not reveal any cross-
linking between MCMARI and these ITRs, probably because
the reactive sites of the transposase and the ITR are too far from
each other to be cross-linked with UV or cis-hydroxyplatinum
(data not shown). According to the hypothesis just mentioned,
the fact that C2 is the most abundant complex suggests that
MCMARI is mainly bound as a dimer on a single EDR, as
previously shown for HIMARI (/3) and MOSI (/5). We there-
fore performed a set of experiments to map the organization of
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FiGUuRE 5: MCMARI1 binding within the EDR. (A) On the right, sequences corresponding to mutated EDR are given (MutE1—E8). Mutated
positions are colored red. On the left, the corresponding EMSA analyses are presented. (B) On the right, the sequences corresponding to 5'- and
3’-truncated versions of EDR (EA21—28, EA13—28, EA1—8, and EA1—14) are given. Conserved positions between DR are highlighted in blue.
On the left, the corresponding EMSA analyses are presented. The presence or absence of shifted bands is indicated under each lane. The duration
of the autoradiography for the EDR was 2 h (=80 °C), whereas 4 days (—80 °C) was required for the deleted probes. (C and D) Schematic
representations of the binding of a dimer of MCMARI to the EDR in cis (C) or in trans (D).

the MCMARI binding site within the EDR. Alignment of the
sequences for the EDR and IDR revealed a well-conserved 14 bp
motif (Figure 5A). The fact that MCMARI is less efficiently
bound to the IDR than to the EDR suggests that these conserved
positions are involved, probably in MCMARI binding, but are
not sufficient to stabilize the binding. To dissect the MCMARI
binding site(s), and to identify which nucleotides within the DR
are most important for binding as well as for stabilizing MCMARI,
an EMSA was employed to assess the interactions between the
Tpase and several EDR mutants. Analyses were focused on the
EDR, the high-affinity binding site.

First, mutants of the EDR were used to determine which part
of the EDR is indispensable for binding MCMARI1. EMSAs
were performed using mutant EDRs at different positions as
probes (Figure 5A). Complexes were only detected with EDR
mutants 1, 2, and 8 (Figure 5A). These results showed two things.
First, bases 7—25 of the EDR all constitute the binding site of
MCMARTI, and second, the main complex still observed is the C2
complex, confirming that MCMAR1 was mainly bound as a dimer
to the EDR.

A complementary approach was designed to detect and iden-
tify the MCMARI1 monomer binding site within the EDR. We
therefore hypothesized that whether MCMARI binds mainly as
a dimer to the EDR (positions 7—25), each monomer forming the
dimer might be in contact with the DNA, thus defining two half-
binding sites. We used truncated EDRs as probes in EMSAs.
Two deleted EDRs, EA1—8 and EA21-28, were bound very
weakly by MCMARI as C1 complexes (one ITR per Tpase),
whereas the other two deleted DRs were no longer bound

(Figure 5B). These findings showed that when the 7 bp at the
3" end is deleted (A21—28), the dimer is no longer able to bind to
the EDR. Only a weak signal (C1 complex) was observed,
suggesting that a binding site for a monomer was still present
between positions 1 and 20. The same analysis was conducted
with the deletion in the 5’ part of the EDR; the C1 complex was
observed with EA1—8 but not EA1—14, showing that a bind-
ing site for a monomer was probably present between positions
9 and 20.

These results could be interpreted in two ways; either two half-
sites are occupied by a dimer (Figure 5C), or only one central site
(positions 9—20) is the binding site of two in-trans associated
monomers (Figure 5D). According to both hypotheses, our data
provided evidence that the EDR is a binding site for a Tpase
dimer between bases 9 and 20. It can be noted that this region of
both DRs is well-conserved between the EDR and IDR, suggest-
ing that a dimer of MCMARI is bound to this region in both
DRs.

Classical short/long probe analyses in EMSA were developed
to define the number of ITRs in complexes involving the EDR
and A79—355 ITR. Short (40 and 85 bp), labeled probes for the
EDR and A79—355ITR, respectively, and long (200 and 260 bp)
cold fragments for the EDR and A79—-355 ITR, respectively,
were used (Figure 6). Whichever probe was used, all three
complexes (C1—C3) were observed in the absence of the long
fragments. When equimolar amounts of the long cold fragment
were added (lanes 3), no additional complex was detected, as
would be expected if at least one complex contains two ITRs (as
in paired-end complexes). Similar results were obtained when the
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amounts of the long cold fragment were increased 2—10-fold
(not shown). These findings confirmed the data presented in
Figure 3A.

EDR A 79-355

- + - + MCMARI1

- - IgE - - Lg79 200bp ITR

ﬂ o -wa 8
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(WIS e, -3 B
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FiGure 6: PEC detection. Complexes were assembled without (—;
lane 2) or with (+; lane 3) a cold 200 bp derivative of the E or
A79—355 ITR (here termed LgE and Lg79, respectively), together
with the labeled E and A79—355 ITR, and were separated by an
EMSA. The molecular composition of each complex is shown on the
right. UP denotes unbound probe. C1—C3 denote MCMARI1—ITR
complexes, and WA denotes MCMARI1—ITR aggregates.
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Taken together, our results indicate that the complexes invol-
ving the EDR and A79—355 ITR are not paired-end complexes,
but single-end complexes. We therefore wondered whether these
minimal binding sequences would allow transposition to occur.
Interplasmid transposition assays similar to those previously
described with the pSW-355pTet355 plasmid were monitored,
using a pSW-{A79-355ITR]pTet[A79—355ITR] (2.8 kb) or
pSW-EDRpTetEDR (2.7 kb) plasmid as a “suicide” transposon
donor, and pBC (3.4 kbp) as the integration target. In contrast to
assays conducted with the pSW-355pTet355 plasmid, very few
Tet® clones were obtained with these donors. Analysis of 15 of
them (3 and 12, respectively) revealed that no cardinal transposi-
tion event occurred (Figure 7A). Nevertheless, two kinds of
plasmid were obtained. The first corresponded to fusion of pSW-
355pTet355 and pBC plasmids (6.1 kb) and resulted from DNA
strand exchanges that occurred at a site located between 10 and
300 bp from the outside of one ITR (Figure 7B; zero and three
clones, respectively). The second type corresponded to plasmids
(from 4.7 to 5 kb) containing imprecise transposition events,
in which either 1 and 100 bp ITRs (one and seven clones,
respectively) or 10—300 bp ITRs (two clones each) from the
flanking regions of the donor plasmids were found at one or both
transposon ends (Figure 7C).

Since these minimal ITR variants were not sufficient to
promote precise transposition, we hypothesized that host factors

B Cleavages &
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FIGURE 7: Transposition products resulting from assays performed with two plasmids, pSW-[A79—355ITR]pTet[A79—355ITR] and pSW-EDR-
pTet-EDR as the transposon donor and pBC as the integration target. (A) Schematic representation of the expected in vitro transposition. In the
transposon donor plasmids, pSW-[A79—=355ITR]pTet{A79—355ITR] or pSW-EDR-pTet-EDR, the A79—355ITR and EDR ITR (arrows),
tetracycline gene (light blue boxes) with its promoter (the arrow at one end locates its promoter), and the origin of the R6K replication (hatched
circle with green lanes) are represented. The gene encoding the resistance to tetracycline is shadowed in black around the start codon. In the pBC
plasmid used as the integration target, the cat (chloramphenicol acetyltransferase) gene (turquoise box with an arrow at one end that locates its
promoter) and the origin of ColE1 replication (hatched circle with orange lanes) are represented. (B) Schematic representations of the events that
lead to the formation of plasmid fusion. (C) Schematic representations of the events that lead to integrations of imprecisely excised transposons.
Backbones are represented by red—blue and turquoise lanes in the donor and target plasmids, respectively.
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could be necessary for complete transposition to occur. Some
factors are known to bend DNA, thus promoting the assembly of
DNA—protein complexes. They consist of specific proteins such
as IHF and the HMG proteins. IHF displays some interaction
sequence specificity, and a consensus sequence has been reported
[WATCAANNNNTTR (20)]. This consensus is present in the
IDR of the Mcmarl ITR. In contrast, HMGB proteins interact
with DNA, in a manner independent of sequence. The HMGB—
DNA interaction specificity is conferred by accessory pro-
teins (21). Interestingly, these proteins have already been asso-
ciated with the transposition of some DNA transposable
elements, Tn/0 and Sleeping Beauty (3, 22). First, we investigated
the possible involvement of the /5 THF heterodimer of E. coli
(22) and the HMGB region of DSPI, a gene of D. melanoga-
ster (23), in assembly of the Mcmarl complex, using the 355 bp,
A79-355 ITR, and EDR; 355 bp ITR—IHF complexes were
detected by an EMSA under conditions of IHF specific binding
(Figure 8A). Similar results were obtained with DSPI
(Figure 8B). Despite the fact that the consensus IHF binding
site is located within the IDR, no complex was detected between
the IDR or EDR and THF (data not shown). In contrast, the o/f3
IHF heterodimer bound to the A79—355 ITR to form two
distinct complexes (Figure 8A), suggesting that there is an IHF
binding site between the two DRs. Interestingly, the probe was
totally shifted, suggesting that IHF binding occurs with high
affinity. Similar data were obtained when DSP1 was used as the
bending protein (Figure §B). Our data therefore demonstrate
that both the HMGB domain and THF were able to interact
with the 355 bp and A355 ITRs in addition to MCMARI. In
both cases, their binding sites were located between the EDR and
the IDR.

To test the role of these two host factors in transposition,
in vivo transposition assays were performed in E. coli for IHF
and in HeLa cells for HMGB.

As the THF protein is naturally produced in E. coli, in vivo
E. coli transposition assays were performed with the pBC-
355Tet355 plasmid as the donor and target plasmid (/0). App-
roximately 13 Tet® clones were analyzed, and none of them
displayed the pattern expected for transposition (data not
shown). In fact, all Tet® clones were due to Tpase-dependent
plasmid fusions.

The HMGBI protein is present in every human cell. A plasmid
containing a pseudotransposon was constructed via insertion of
the neomycin-resistant gene (Neo") between two 355 bp ITRs.
The pseudotransposon donor plasmid and a plasmid expressing
MCMARI were cotransfected in HeLa cells. The rate of
transfection was controlled by cotransfecting a plasmid expres-
sing the luciferase gene. Cells resistant to neomycin were selected
for 14 days with G418. The number of Neo" cells was counted and
compared to the number of cells cotransfected with a plasmid
containing Neo' but without the ITR or MCMARI. There was
no statistical difference between the rates of Neo' clone formation
obtained with or without MCMARI. This finding suggests that
MCMARI is very probably inactive in mammal cells or that
HeLa cells do not contain the host factors required to perform
Mecmarl transposition.

DISCUSSION

The McmarI-1 element is unusual among MLEs. This element
has two large, perfectly homologous, 355 bp ITRs instead of the
more common 28—30 bp ITR. The length and structure of the
ITR (which includes two DRs) are more similar to those of the
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FiGure 8: Binding of IHF and DSPI to the 355 bp and A79—355
ITR. Complexes were assembled for 2 h at 30 °C, in the presence (+)
or absence (—) of (A) IHF (10 nM) and (B) DSP1 (100 nM) with the
355 bp and A79—355 ITR. The concentrations used for IHF and
DSPI are those described for specific binding (22, 23). UP denotes
unbound probes.

TLE. Mcmarl-1 is also one of the few MLEs so far known to
possess a full-length ORF. This combination of a large ITR and a
Tpase ORF allowed us to investigate the functioning of this
unusual element at the interface of the TLE and MLE, even though
the phylogenetic analysis unambiguously showed that MCMARI1
is an MLE transposase (24).

Our results show that MCMARUI is able to bind to its ITR, to
perform single- and double-strand DNA cleavage, and to accom-
plish strand transfers. It is also able to mediate the transfer of
fragments from one plasmid to another and to achieve full trans-
position of imprecisely excised elements. It is noticeable that these
recombination events were all ITR- and Tpase-dependent. In
contrast, our results showed that MCMARI is unable to trigger
in vitro cardinal transposition. As far as we are aware, this is the
first time that a result of this type has been reported for a eukaryo-
tic transposon, except for the Tpases and transposon derived
from Bythogrea thermydron and Alvinella caudata MLE (25).
Currently, two types of Tpases are differentiated on the basis of
their transposition mechanisms. Examples of the first type inc-
lude MOSI, the “resurrected” HIMARI, MBOUMAR, the
Tpase encoded by exon 3 of SETMAR, and Sleeping Beauty,
which all perform all transposition steps (26—29). The second
type cannot produce any transposition or recombination event;
examples of this type include the Musca domestica and Blatella
germanica MLEs (30) and the Pacmar! MLE (31).

Two nonexclusive properties of MCMARI1 may be responsible
for its limited ability to produce cardinal transposition in vitro.
First, the MCMARI sequence displays some slight differences
from those of other MLE Tpases. For example, a FQQDGR-
APH motif is present instead of FLHDNAPH, and a TVPHDL
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motif is present instead of the highly conserved WVPHEL motif.
The FQQDGRAPH motif includes the second D of the catalytic
triad and looks like that found in active TLE Tpases. We have
made MCMARI mutants in which the FQQDGRAPH sequence
is replaced by the FLHDNAPH sequence, and the TVPHDL
sequence by the WVPHEL sequence, which contain both
changes. Our results showed that these three MCMAR | mutants
are no more able to mediate transposition than the wild-type
MCMARTI (personal data). MCMARI may also have accumu-
lated one or more inactivating mutations since its introduction
into the genome of Meloidogyne chitwoodi. One possible way to
circumvent this problem would be to reconstruct the active copy
from sequences available in databases, which has already been
done for Sleeping Beauty, Frog Prince, and Himarl (27, 29, 32).
Molecular reconstruction requires large sequence collections, and
to date, only two Mcmarl copies are available, Mcmarl-1 and
Mecmarl-2, the second being an internally deleted version of
Mcmarl-1 (9). The recent genome sequencing of two related
Meloidogyne species, Meloidogyne hapla and Meloidogyne incognita,
has not yielded any new copies related to Mcmarl (33, 34). This
lack of data therefore makes it impossible to use this strategy to
verify the activity of MCMARI.

In spite of these problems with the MCMARI sequence, we
must point out that this protein has kept all its Tpase activities, its
only defect being that it performs imprecise DNA cleavages and
strand transfers. Our results also reveal that the interaction of
MCMARI with its ITR could also be dependent on host factors,
such as HMG-like proteins. As highlighted by our results, this
property could be due to more complex modes of ITR binding
and synaptic complex assembly than those proposed for other
MLE:s (3, 35, 36). Different mutually exclusive hypotheses may
account for complex(es) formed with MCMARI. The first one
considers that the EDR is in fact the usual 30 bp ITR found in
other MLEs and that the binding of MCMARI to the IDR is
negligible in the complex assembly. From this point of view, the
homology detected between the EDR and IDR is random, due to
the short length of both DRs. In this case, as for other MLEs, a
dimer is bound to the EDR and the synaptic complex is not
correctly formed due to mutations in the transposase. The second
hypothesis considers that the Mcmarl ITR contains two DRs
and looks like the structure observed in the TLE ITR. The
binding of MCMARI to the subterminal repeat (IDR) would
help the formation of a productive synaptic complex as for
Sleeping Beauty, the organization of the DR being in cis or in
trans (Figure 9A) (37, 38). The third hypothesis comes from the
sequence analyses, which indicate that the outer region of the 355 bp
Mcmarl 1TR could originate from an 80 bp MITE. Indeed, the
EDR and IDR have been well-conserved as inverted repeats and
are separated by a 20 bp palindromic linker (Figure 9B). This
configuration is generally considered to be typical of a MITE (39)
and is very close to that of the 80 bp MITE named miHsmar,
originating from the Hsmarl MLE (18, 40). The assembly of
MCMARTI on the pseudo-MITE ITR could lead to the elabora-
tion of a complex involving two or four transposases (Figure 9C).
One may wonder whether this special organization is involved in
the peculiar features observed in DNA cleavages and strand
transfers. We also found that the 79 bp outer nucleotides of the
ITR are enough to allow fragment transfers between plasmids,
and the transposition of imprecisely excised elements to occur at a
lower frequency than the complete ITR; we therefore supposed
that the 275 bp in the inner region of the ITR could act as an
enhancer, as previously reported for the Tc¢3 ITR and Mosl
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A
Direct repeats : ~ Alignment in parallel orientation of both DR
EDR CTAG GGTGTCTCATAAGTTCTGCACGTT

IDR GTAGTCCAATTTTTATAAGTGATATACC (14)
Inverted repeats :  Alignment in antiparallel orientation of both DR

EDR CTAGGGTGTCTCATAAGTTCTGCACGTT
IDR GGTATATCACTTATAAAAATTGGACTAC (11)

57 ¢ TCATAA TGC! 3

FIGURE 9: Schematic representation of intra-ITR pseudosynaptic
complex assembly involving the EDR, the IDR, and MCMARI.
(A) Sequence alignments of both DRs in parallel or antiparallel.
Conserved positions are highlighted in gray, and their occurrences are
numbered in parentheses. (B) Diagrammatic representation of the
palindrome of the 20 bp spacer located between the EDR (bold blue
letters) and IDR (bold black letters). (C) Schematic representation of
the intra-ITR, pseudosynaptic complex with the EDR and IDR
considered as a direct repeat (left) or an inverted repeat (right).

UTR (3, 8). Overall, these observations suggest that Mcmarl may
be a chimeric MLE, which has replaced its original ITR with a
closely related MITE at both ends and then co-evolved until it rea-
ched the current version of Mcmarl with a large and complex ITR.
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