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ABSTRACT

In addition to their essential role in V(D)J recombi-
nation, the RAG proteins function as a transposase
capable of inserting the V(D)J recombination inter-
mediate, the signal end DNA fragment, into target
DNA. RAG-mediated transposition has been sug-
gested to contribute to genome instability and the
development of lymphoid malighancies. Previous
studies suggested that the RAG transposase exhi-
bits a target site preference for GC rich sequences
and hairpin structures. Here we demonstrate that
a transposition hot spot (5'-GCCGCCGGGCC-3),
smaller portions of this hot spot and other GC rich
motifs are able to target RAG-mediated trans-
position. Tracks of GC base pairs have been shown
to have an unusually high rate of base pair breath-
ing. Intriguingly, we find that DNA mismatches can
efficiently target RAG-mediated transposition and
suppress the use of other target sites. Hairpins,
however, are not generally preferred targets. Our
results indicate that target DNA melting may be a
crucial step during RAG-mediated transposition,
and that target site selection by the RAG trans-
posase may be intimately linked to mutagenic
and metabolic processes that transiently present
favorable DNA structures to the transposition
machinery.

INTRODUCTION

During lymphocyte development, functional antigen receptor
genes are assembled from component V (variable), D
(diversity) and J (joining) gene segments through a series of
site-specific DNA rearrangement events known as V(D)J
recombination (1,2). Conceptually, V(D)J recombination can
be divided into two phases: DNA cleavage and DNA repair/
joining. DNA cleavage is performed by a protein complex
containing the products of two lymphocyte specific genes,
RAGI and RAG2 (3,4). The RAG proteins, in conjunction with
a non-specific DNA binding/bending protein HMGI1 or
HMG2, form a stable DNA-protein complex with a

recombination signal sequence (RSS), which is found flanking
each gene segment. Subsequently, a second RSS, apparently
not yet bound by the RAG proteins (5,6), is recruited to form
the synaptic complex within which the RAG proteins catalyze
DNA double strand cleavage, separating RSSs from gene
segments and yielding signal ends (SEs) containing RSSs, and
coding ends containing coding gene segments (1,2). In the
second phase of V(D)J recombination, coding ends are
processed and joined to form a coding joint and SEs are
ligated head-to-head to form a signal joint (7). The transition
from DNA cleavage to DNA repair/joining is not well
understood. It is thought, however, that after DNA cleavage,
SEs and coding ends remain associated with the RAG proteins
in a post-cleavage complex, known as the 4-end or cleaved
signal complex (8,9). The 4-end complex has been suggested
to serve as a critical structure within which DNA ends are
protected from degradation prior to DNA joining and oriented
to facilitate proper DNA repair/joining (10-13).

In contrast to coding ends, SEs are joined slowly and may
persist for hours in developing lymphocytes (14,15), presum-
ably because they remain associated with the RAG proteins in
the complex known as the signal end complex (SEC) (8,9,16).
In vitro, the RAG proteins in the SEC are able to perform a
strand transfer reaction that inserts the signal end fragment
into target DNA (17,18). RAG-mediated transposition results
in a 3-5 bp target site duplication because the sites of strand
transfer on each strand of the target are separated by 3-5 bp.
Initial analyses of RAG-mediated transposition suggested that
this process is biased toward GC-rich target sequences
(17,18). Additionally, altered DNA structures such as the
hairpin tips of cruciform DNA have been suggested to be
preferred target sites for RAG-mediated transposition (19),
although the mechanism by which such DNA structures target
RAG-mediated transposition is not known.

RAG-mediated transposition has been proposed to play an
essential role in the early evolution of antigen receptor loci,
and to cause chromosomal translocations and genome
instability in developing lymphocytes (17,18,20). To prevent
further modification of antigen receptor loci and to maintain
genome stability, it is thought that the transposition activity of
the RAG proteins has been selectively suppressed during
evolution. Consistent with this notion, RAG-mediated trans-
position has been shown to be selectively suppressed by high
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concentrations of Mg**, the C-terminal region of RAG2 and
GTP (21-23).

Mobilization of a V(D)J recombination intermediate, pre-
sumably by the RAG proteins, has been reported recently in a
human peripheral T cell clone (24). Insertion of a TCRa. signal
end fragment into the X-linked hypoxanthine-guanine phos-
phoribosyl transferase (HPRT) locus resulted in gene
inactivation (24), indicating that RAG-mediated transposition,
although rare, can have significant consequences. Target site
preference may have a profound influence on the outcome of
RAG-mediated transposition. In the present report, we exam-
ined the effect of target site sequence and structure on RAG-
mediated transposition. Our findings provide evidence for
target DNA melting during RAG-mediated transposition and
indicate that target site selection of RAG-mediated transpos-
ition may not be as random as previously thought.

MATERIALS AND METHODS
Protein purification

The RAG proteins used in the intramolecular transposition
reaction were the GST-fusion core RAGI protein and the his-
myc tagged core RAG2 protein. The plasmids expressing the
RAG proteins (pEBG-R1C and pEBB-R2C) were co-trans-
fected into 293T cells. The transfected cells were harvested
and the RAG proteins were partially purified by a procedure
similar to that used in the purification of the GST-core RAG2
fusion protein (25). The RAGI1 protein used in the inter-
molecular transposition assay was the recombinant MBP-core
RAGT1 fusion protein purified from Escherichia coli BL21
transformed with pCIM233 as described previously (13). The
RAG?2 protein used was a GST-core RAG2 fusion protein
purified from 293T cell transfected with pEBG-2AC as
described. HMG2 (amino acids 1-185 with a His tag at the
N-terminus) was a gift from Isabelle Villey.

DNA and oligonucleotide substrates

The body-labeled in vitro cleavage substrate (+HS 317) was
generated by PCR from pC317SB using primers LE1 and
Citd4a (18). The —HS 317 substrate was made by a two-step
PCR with which the hot spot was replaced with an A-T-rich
sequence as shown in Figure 1A. First, two PCRs were carried
out using either LE1 or Cit4a in conjunction with the primers
bearing the sequence that replaces the hot spot. The gel-
purified PCR products were mixed and used as the template
for a second PCR using primers LE1 and Cit4a. This two-step
PCR mutagenesis effectively replaced the hot spot, as
analyzed by restriction enzyme Hpall digest (data not
shown). The cold double stranded oligonucleotide substrates
were annealed in the 0.5X T4 PNK buffer (New England
Biolabs) at a concentration of 1 uM, then diluted to the
working concentrations. The quality of the annealed oligonu-
cleotides was examined by a 10% PAGE and visualized by
staining with SYBR green. All radioactively labeled oligonu-
cleotide substrates were gel purified. The list of short
oligonucleotide targets (31 bp) is as follows (top strand only
is shown): +HS target, 5’-cgctcggttgccgecgggcegtactatattga-3”;
—HS target, 5’-cgctcggttatactacataatactatattga-3’; target a, 5’-
cgcteggttatagcegggcegtactatattga-3”; target b, 5’-cgcteggttge-
cgecggtaatactatattga-3’; target ¢, 5'-cgetcggttatagecggtaatac-
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Figure 1. Identification of a hot spot for RAG-mediated intramolecular
transposition. (A) Schematic diagram of the in vitro cleavage substrate
(+HS 317) depicting the 12-RSS (open triangle), 23-RSS (closed triangle)
and putative hot spot for transposition (open rectangle). The sequences of
the 11 bp GC stretch as well as the 11 bp AT-rich sequence present in the
—HS 317 substrate are shown. (B) Effect of the 11 bp GC stretch on DNA
cleavage and transposition was assessed by comparing the reaction products
of the DNA substrates with (+HS 317C substrate, lanes 2-5) or without (-
HS 317 substrate, lanes 7-10) the 11 bp GC stretch. Structures of the sub-
strates and reaction products are indicated at the right. Open circles indicate
hairpin-coding ends and arrowheads indicate non-specific PCR products.
tnp, intramolecular transposition products.

tatattga-3’; target d, 5’-cgctcggttataaccggtaatactatattga-3’;
target e, 5'-cgctcggttatagccgataatactatattga-3”; target f, 5'-
cgetcggttatageaggtaatactatattga-3”; target g, 5’-cgctcggtta-
taaccgataatactatattga-3’.

Targets containing DNA mismatches were derived from the
—HS target and the sequences of DNA mismatches are shown
in Figures 5C, and 6A and C. Hairpin targets were made as
oligonucleotides in which the 3" end of the top strand was
connected to the 5 end of the bottom strand with a
phosphodiester bond. 100 bp targets (target I, II, III and IV)
were derived from the coupled cleavage substrate (+HS
317C). Oligonucleotides were gel purified prior to annealing
to form double stranded targets. Changes in sequences are
depicted in Figure 7A. The sequence of the target II is the
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following (top strand only is shown): 5’-gcaggtctccagtaat-
gacctcagaactccatctggatttgttcagaacgctcggttgeccgecgggcgttttttat-
tggtgagaatcgcagcaacttgtc-3’.

3’ End labeling of oligonucleotide targets by TdT

3’ End labeling reactions were carried out in a 20 p reaction
containing 4 ul of 5X TdT buffer, 5 pmol of either the
top or bottom strand of targets, 8 pmol of 32P cordycepin
(5000 Ci/mmol) and 2 ul of TdT (Gibco, 5 U/ul). Reactions
were incubated at 37°C for 30 min and terminated by
incubating at 70°C for 10 min. Duplex targets were made by
annealing the labeled strand with 7 pmol of unlabeled
complementary strand. Annealed targets were gel purified to
remove single stranded oligonucleotides. The 3’ labeling
reaction yielded targets with a 1-nt overhang at the 3" end of
the labeled strand.

Transposition reaction

In vitro couple cleavage/intramolecular transposition reac-
tions were carried out as described (13), except that the RAG
proteins used in this study were purified from 293T cells co-
expressing both the RAG1 and RAG?2 proteins. The amount of
the RAG protein used was selected to yield optimal cleavage
efficiency. Intermolecular transposition reactions were carried
out in a two-step reaction as described (13). Briefly, the signal
end complex was formed using equimolar 12- and 23-SE
substrates (0.05 pmol) in a 12 pl reaction containing 50 ng of
MBP-core RAGI, and 50 ng of GST-core RAG2 in 25 mM
MOPS-NaOH (pH 7.0), 75 mM potassium acetate, 100 pg/ml
BSA, 4 mM DTT and 5.4 mM CaCl, at 37°C for 15 min.
Subsequently, 3 ul mixtures of 0.2 pmol of labeled target DNA
and 25 mM MgCl, were added to the reaction mixtures and
incubated at 37°C for 15-20 min. For the EMSA, the reaction
was stopped by placing the reaction on ice and analyzed on a
6% PAGE (80:1). For direct visualization of the ‘b’ strand, the
reactions were stopped by adding an equal volume of
denaturing dye and incubating the reaction at 100°C for
3-5 min. The reaction products were analyzed on an 8%
sequencing gel containing urea.

RESULTS

Identification of a sequence-specific hot spot for
RAG-mediated transposition

We previously reported that RAG-mediated transposition is
targeted to a particular region of the DNA substrate used in our
in vitro intramolecular transposition assay, with 15/41 (37%)
of events occurring in a 5 bp portion of the 329 bp substrate
(18). One obvious feature of this target region is that it is
embedded within an 11 bp GC stretch (5-GCCGCCGGGCG-
3") (Fig. 1A). Because RAG-mediated transposition is biased
toward GC rich target sequences, we considered the possibility
that the RAG transposition machinery is targeted to this region
by the 11 bp GC stretch. It was also possible, however, that
target site selection was biased by positional and topological
contraints inherent in the intramolecular transposition assay.
To determine if this 11 bp GC stretch is sufficient to constitute
a preferred target site for transposition, we first replaced this
sequence with an AT rich sequence (5-ATACTACATAA-3")
and measured the intramolecular transposition efficiency with

a standard in vitro cleavage assay involving truncated (core)
versions of RAGI and RAG2, HMG2 and Mg** (Fig. 1B).
Cleavage of the DNA substrate generates a DNA fragment
flanked by 2 RSSs (the signal end fragment) and two hairpin-
coding ends. After DNA cleavage, the RAG proteins remain
stably associated with the signal end fragment and carry out
intramolecular transposition in which the 3° OH groups of the
SEs attack the DNA backbone connecting the signal ends. As a
result, the linear signal end fragment is converted to a circular
DNA containing two 3-5 bp gaps. The intramolecular
transposition products can be easily visualized by gel
electrophoresis because they migrate above the input substrate
in the gel (for example, Fig. 1B, lanes 2-5). As expected, the
two DNA substrates were cleaved equally efficiently at all
time points examined (Fig. 1B, compare lanes 2—5 with 7-10).
Replacement of the 11 bp GC stretch with the AT-rich
sequence strongly suppressed the production of the major
transposition products observed in the parental substrate
(compare lanes 2-5 with lanes 7-10), indicating that the
sequence rather than the location of the 11 bp GC stretch is
important for targeting the RAG transposition machinery. In
addition, the presence of the 11 bp GC stretch appears to
enhance overall transposition activity and to suppress the use
of other target sites, as suggested by the appearance of other
transposition products in the reaction using the DNA substrate
lacking the 11 bp GC stretch [note that the use of different
target sites gives rise to products with slightly altered mobility
in this assay (13,22)]. These results support the idea that the 11
bp GC stretch is a sequence-specific hot spot for RAG-
mediated transposition.

The 11 bp GC stretch stimulates RAG-mediated
intermolecular transposition into short oligonucleotide
targets

To further characterize this hot spot, we placed the 11 bp GC
sequence in a 31 bp target DNA and asked if this sequence acts
as a preferred target site for intermolecular transposition.
Using oligonucleotide targets allows a rapid assessment of any
DNA sequence in the absence of the positional or topological
effects inherent in the intramolecular transposition reaction.
We first asked if the RAG transposition machinery could
preferentially capture the oligonucleotide substrate containing
the 11 bp GC stretch using a gel shift assay. Incubation of
radioactive target DNA containing the 11 bp GC sequence
with the preformed signal end complex resulted in the
formation of a slowly migrating band containing two different
complexes, the target capture complex (TCC) and strand
transfer complex (STC) (Fig. 2B lane 2; a schematic of the
transposition reaction is shown in Fig. 2A). The TCC and STC
differ in that only in the latter are the target DNA and the SEs
covalently linked. To estimate the relative contribution of the
TCC and STC to the shifted band, we treated the reaction with
SDS/EDTA, which separates the target DNA from the SEs in
the TCC and removes the proteins from the transposition
products in the STC (illustrated in Fig. 2A). This results in a
faster migrating band (the transposition products, lane 3)
whose intensity is 30-40% of that of the shifted band in lane 2,
indicating that 30—40% of the shifted complex was derived
from the STC. The presence of the 11 bp GC stretch stimulates
the formation of the TCC and STC by ~8-fold and
the accumulation of the transposition products by 11-fold



i 12.8E B +HS -HS target oligos
EQQ.SE - 4 4+ - 4+ 12+23 SEs
k—RHGs& HMG2 o=+ - - + SDSEDTA
- g TCC & STC

tnp products

Ehap 2
TCC hormation

¥ Gomom

g

transposition prodeuts 123456
C

A= 11.1229

(=] o= HS

E12

2101 77+09

=8

=l

=N

a

24

% 2 i 1 1

o o :

TCC & STC inp products

Figure 2. The 11 bp GC stretch stimulates intermolecular transposition into
short oligonucleotide targets. (A) Schematic diagram of the DNA-RAG1/2
complexes leading to transposition. Shaded ovals indicate protein com-
plexes. Other symbols as in Figure 1A. (B) TCC and STC formation reac-
tions were carried out to assess the ability of different oligonucleotide
substrates to be captured by the RAG transposition machinery. First, the
RAG transposition machinery was assembled by incubating the RAG
proteins and HMG2 proteins with equimolar amount of the 12-SE and 23-
SE in the presence of 5.4 mM CaCl, at 37°C for 10 min. Formation of the
TCC and STC was initiated by adding 5’-end-labeled oligonucleotide target
DNA. Deproteinized transposition products were visualized by treating reac-
tions with SDS/EDTA prior to loading on a native 6% (80:1) polyacryla-
mide gel (lanes 3 and 6). (C) The relative efficiency of TCC and STC
formation as well as intermolecular transposition between +HS and —HS tar-
gets was quantified and normalized by setting the signal in —HS reactions to
1. The results are the average of four independent experiments.

(compare lane 2 with lane 5 and lane 3 with lane 6,
respectively and see Fig. 2C). We conclude that the 11 bp
GC stretch is sufficient to stimulate both intramolecular
(Fig. 1B) and intermolecular transposition when short
oligonucleotide targets are used (Fig. 2B).

The 11 bp GC stretch targets RAG-mediated
transposition

To determine if RAG-mediated transposition occurs prefer-
entially within the 11 bp GC stretch, we gel purified the shifted
band containing the TCC and STC from a large scale reaction
at a later time point (60 min) where the majority of the shifted
complex was the STC, and analyzed the transposition products
on a high resolution sequencing gel (Fig. 3B). As indicated in
Figure 3A, only the ‘a’ and ‘d’ strands of the transposition
products can be visualized using 5" end labeled target. Target
sites can be estimated by comparing the transposition products
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to the marker prepared by chemical sequencing reactions.
Since the chemical sequencing reactions did not cover every
position of the target, and the resulting DNA fragments
terminate with a 3" phosphate group on the preceding
nucleotide, whereas the ‘a’ and ‘d’ strands of the transposition
products should have 3" hydroxyl groups, such comparisons
could not yield precise mapping. Nonetheless, it was clear that
virtually all strand transfer occurred within the 11 bp GC
region, with three major bands seen with the top strand labeled
substrate and two bands seen with the bottom strand labeled
substrate (Fig. 3B, lanes 4 and 7).

To confirm the mapping results, we developed an assay that
directly visualizes the DNA strand of the transposition
products containing the signal end and the target by 5" end
labeling the bottom strand of the 12-SE (Fig. 3A, ‘b’ strand).
Strand transfer of the 12-SE into the target containing the 11 bp
GC stretch yielded four major bands (Fig. 3C. lane 1),
corresponding to five major transposition products of which
three contain the top strand of the target and two contain the
bottom strand of the target (Fig. 3C, lanes 2 and 3; Fig. 8C).
These four products co-migrated with synthetic oligonucle-
otide markers designed to correspond to the expected products
based on the data of Figure 3B (data not shown). This indicates
that the two reactions yield the same products and that the
target sites were mapped correctly.

The ‘b’ and ‘c’ product strands can also be detected by
labeling the target DNA at the 3" end of the top and bottom
strands, respectively (Fig. 3A). Such 3’ end labeled targets
were also used to map the sites of transposition (Fig. 3C, lanes
2 and 3), yielding results identical to the other mapping assays.
In summary, three different approaches have been used to map
the sites of transposition into the target containing the 11 bp
GC stretch, and all show that transposition occurs at a small
number of positions within the GC motif. This strongly
suggests that the 11 bp GC stretch is a hot spot for
intermolecular transposition. Since mapping of the ‘b’ and
‘c’ strands is more rapid and sensitive (because it does not
require gel purification of the transposition products), and
yields the same results as mapping of the ‘a’ and ‘d’ strands,
we have adopted this mapping method for subsequent
experiments.

Curiously, we found that the target sites obtained in
the intermolecular transposition assay (Fig. 3D) did not
co-localize with those previously obtained in the intra-
molecular transposition assay (Fig. 3E). The discrepancy is
likely due to differences in the sizes of the substrates, topology
of the reactions, small differences in the RAG proteins used in
these assays and/or differences in the transposition products
recovered [some single end events occur in the oligonucleo-
tide assay used here (see below), while only double end events
were analyzed by Agrawal et al. (18)]

Characterization of the hot spot

To characterize this hot spot further, we systematically
replaced portions of the GC motif with AT-rich sequences
(Fig. 4C) and analyzed the ability of these targets to stimulate
and direct transposition to the hot spot (Fig. 4A). Removal of
the first three GC and/or the last three GC base pairs had only a
minor effect on overall transposition efficiency, but substan-
tially altered target site selection (Fig. 4A, compare lane 3
with lanes 5-7, and see below). Since five GC base pairs (5’-
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GCCGG-3’) still supported efficient transposition, we con-
tinued the deletional analyses (Fig. 4B). We found that
replacing the first G with A did not substantially change
transposition efficiency or target site usage (compare lanes 3
and 4), whereas replacing the last G or the central C with A or
T, respectively, reduced the transposition efficiency and

A

altered target site usage (compare lanes 3, 5 and 6, and see
below). The evident change in target site usage prompted us to
map the sites of strand transfer on these targets
(Supplementary Fig. 1, see Supplementary Material available
at NAR Online). This confirmed that most transposition occurs
within or immediately adjacent to the GC regions, and that
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changes in the length/sequence of the GC region altered A B

targeting. Taken together, our results indicate that 5-CCGG- target targel
3 acts as a minimal core sequence sufficient to stimulate and
target RAG-mediated transposition in short oligonucleotide
targets, and that addition of GC base pairs to the core sequence
further enhances targeting efficiency and changes target site
selection.
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Tracks of four or more GC base pairs have a relatively
unstable structure, as indicated by surprisingly high base pair
opening rates (26). Thus it is possible that the GC hot spots
defined above have a propensity to adopt an unpaired DNA
structure that facilitates RAG-mediated transposition. There is
considerable precedent for this, since altered DNA structures
have been shown to serve as preferred targets for a number of
transposases (27-29). To investigate whether the RAG &
proteins prefer altered target DNA structure(s) for transpos-
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the sites of transposition into these targets using the procedure
described above (data shown in Fig. 5B and results
summarized in Fig. 5C). With a 1 bp C-C mismatch, strand
transfer occurred predominantly on the same side of the
mismatch on both strands (5" of the mismatch on the top strand
and 3’ of the mismatch on the bottom strand; Fig. 5C, first
line). As the size of the mismatch increased, target sites
remained clustered around the DNA mismatch but now were
biased toward the 5” end of the mismatch on both the top and
bottom strands (Fig. 5C). These results strongly suggest that
altered DNA structures caused by DNA mismatches can be
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Figure 4. Characterization of the transposition hot spot. (A) Transposition
reactions were carried out using targets bearing the hot spot (lane 3) or
various deletions of the hot spot sequence (lanes 5-7) as indicated above
each lane and in (C). (B) Further analyses of the 5 bp hot spot in (A).
Transposition reactions were carried out as in (A) using the target bearing
various mutations of the 5-bp hot spot sequence as indicated above each
lane and in (C). (C) Depiction of targets used in (A) and (B) with the area
of interest highlighted in boxes. The darkness of the shading of each box
indicates the relative efficiency with which a given target stimulates
transposition, black being the most efficient target and light gray being the

recognized by the RAG transposition machinery as preferred
target sites.

All single base pair mismatches stimulate and target
RAG-mediated transposition

The nucleotides present in the single base pair mismatch may
have distinct effects on the DNA structure created by the
mismatch, which may affect targeting of the RAG transpos-

least efficient target. Target sites of transposition into each substrate were
mapped and shown in Supplementary Figure 1.

ition machinery. Using target DNA lacking a GC hot spot, we
substituted the central base pair with various nucleotide
combinations and assessed the ability of these oligonucleotide
substrates to target transposition. All of the combinations

Figure 3. Mapping of transposition target sites. (A) Schematic diagram of the intermolecular transposition product depicting the 12-SE (terminating in an
open triangle), the 23-SE (terminating in a closed triangle) and DNA strands (a, b, ¢ and d) relevant to the mapping of target sites. The strands of the target
are arbitrarily assigned as the top (a and b) and the bottom (c and d) to better depict the various mapping results; this is not meant to suggest that the 12- or
23-SE inserts preferentially into one strand of the target. (B) Analyses of the ‘a’ and ‘d’ strands of the transposition products. Large scale TCC formation
reactions using the +HS target labeled at the 5" end of either strand were carried out essentially as described in Figure 2A (lane 2). Transposition products
from the shifted complex were gel purified and analyzed on a 12% sequencing gel. The T and G markers were generated by chemical sequencing reactions
using KnMO, and DMS, respectively. Locations of the 11 bp GC stretch are indicated at the right. (C) Analyses of the ‘b’ and ‘c’ strands of the transposition
products. Intermolecular transposition reactions were carried out using either the 5" end labeled 12-SE (lane 1), target labeled on the 3’ end of the top strand
(lane 2) or bottom strand (lane 3). Reaction products were analyzed on an 8% sequencing gel. Note that 3’-end labeling (lanes 2 and 3) increases the size of
the transposition products by 1 nt relative to lane 1. The transposition products containing 12-SE or 23-SE are indicated at the right. Sizes of the transposition
products (‘b’ strand) are indicated by the numbers at the left. Arrowheads indicate reaction products unique to reactions containing 3’ end labeled targets. It is
not clear how these products are formed. It is possible, however, that they result from attack of the 12-SE or 23-SE at sites close to the 3" overhang of the
labeled targets (a 1-nt overhang is created by the 3’ end labeling reaction). (D) The sequence of the 31-bp target containing the 11 bp GC stretch with target
sites indicated by arrows. The length of the line is approximately proportional to the frequency with which the target site was used. (E) Target sites within the
11 bp GC stretch reported in the previous study (18).
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Figure 5. DNA mismatches can stimulate and direct RAG-mediated transposition. (A) Intermolecular transposition reactions were carried out using a double
stranded target (lane 3) or the target containing various DNA mismatches as indicated above the lanes [the sequences of these target DNA are shown in (C)].

Sizes of DNA markers and 12-SE are indicated on the left. (B) The origin of

transposition products was deduced by comparing those formed using 12-SE

labeled at the 5" end (e.g. lane 1) with those formed using target DNA labeled at the 3" end of either strand (e.g. lanes 2 and 3). The two groups of
transposition products observed in the reaction containing 3’ end-labeled target are indicated on the right. Arrows indicate the transposition products unique to
the reactions containing 3" end labeled target. (C) Sequences of the targets in (A). Gray rectangles indicate the regions of DNA mismatches. Arrows indicate

target sites deduced from the same mapping procedure as shown in Figure 3C.
target site was used.

resulting in a mismatch stimulated RAG-mediated transpos-
ition, whereas the combinations that created perfect double
stranded DNA were much less efficient targets (Fig. 6,
compare lanes 3 and 4 with lanes 5-12).

To better understand how different DNA mismatches affect
target site selection, we also mapped sites of transposition into
target DNA bearing a T-T mismatch (Fig. 6B). As was

The length of the line is roughly proportional to the frequency with which the

observed with the target containing a C-C mismatch, the target
sites were concentrated at one side of the T-T mismatch
(Fig. 6C). Target sites were broadly distributed on the top
strand but were focused on two major sites on the bottom
strand. It is not yet clear what determines target site selection
besides the position of the DNA mismatch. These results
indicate that the RAG transposition machinery can recognize
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Figure 6. All single base pair mismatches stimulate RAG-mediated trans-
position. (A) Intermolecular transposition reactions were carried out with
the —HS targets in which the nucleotides in the central base pair were
replaced with different nucleotide combinations, resulting in two targets
with perfect base pairing (lanes 3 and 4), and eight targets with single base
pair mismatches (lanes 5-12). The definition of the top and bottom strands
is based on the —HS substrate. The size of the 12-SE and DNA markers is
indicated at the left. (B) Target site mapping of the target containing T-T
mismatch (as in Fig. 5B). Arrowheads indicate reaction products unique to
reactions containing 3’ end labeled targets, as in Figure 3C. (C) Target sites
of the targets containing C-C or T-T mismatch deduced from Figures 5B
and 6B, respectively, are indicated as arrows. The length of the line is
roughly proportional to the frequency with which the target site was used.

the altered DNA structures created by various single base
DNA mismatches.

Intermolecular transposition reactions using more
complex targets

We noticed that RAG-mediated transposition was focused to
the central region of the targets even in the absence of a hot
spot or DNA mismatch (for example, Figs 4B, lane 2; 6A,
lanes 3 and 4). One possibility is that only the central region of
the short target (31 bp) is available to the RAG transposase,
which would bias results obtained with such targets. Targeting
experiments were therefore performed using longer oligonu-
cleotide targets (100 bp) in which the 11 bp GC hot spot or a
DNA mismatch (1 or 5 bp) was placed ~10 bp from the center
of the target (Fig. 7A). In the absence of a hot spot or DNA
mismatches, RAG-mediated transposition occurred predom-
inantly within two GC-rich regions of the target, labeled a and
b (Fig. 7B, lane 3; gray boxes in Fig. 7A). Introduction of a hot
spot or DNA mismatch did not stimulate overall transposition
efficiency, but their presence substantially altered target site
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Figure 7. Intermolecular transposition using 100 bp targets. (A) Schematic
diagram of 100 bp targets depicting the region of interest where a hot spot
or DNA mismatch is located (hatched box), and two GC-rich regions (gray
rectangles a and b) which serve as preferred sites of transposition.
(B) Intermolecular transposition reactions were carried out in the absence or
presence of targets as indicated above the lanes. Arrowheads indicate
products that arise due to transposition into the hot spot (lane 3) or
mismatches (lanes 4-6). In the absence of the hotspot or mismatches,
transposition occurs primarily into regions a and b. M, 10 bp marker.

selection (Fig. 7B, compare lane 3 with lanes 4—6). The major
new bands present in lanes 4—6 are of the sizes predicted for
transposition into the GC hotspot (lane 4) or at the mismatches
(lanes 5-6). Furthermore, by moving the 5 bp mismatch to a
different site in the 100 bp oligonucleotide, targeting of RAG-
mediated transposition to the mismatch was demonstrated to
be independent of its location in the target (data not shown).
Taken together, these findings indicate that the 11 bp GC hot
spot and DNA mismatches are sufficient to target RAG-
mediated transposition, and that DNA mismatches are able to
stimulate transposition to DNA sequences that are otherwise
poor target sequences.

Is a hairpin structure a preferred target for
RAG-mediated transposition?

A recent study by Lee et al. found that RAG-mediated
transposition could be targeted to the dyad axis of inverted
repeats and to hairpins (19). In this study, however, only one
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Figure 8. Hairpin structure is not sufficient to target or stimulate RAG-mediated transposition. (A) TCC and STC formation reactions were carried out to
compare the ability of hairpin (hp) and duplex (ds) targets to be captured by the RAG transposition machinery as described in Figure 2A. (B) Target sites
were assessed as described in Figure 3C using 5" end labeled 12-SE. Transposition of the 12-SE into the top strand of the hairpin target results in formation
of higher molecular weight transposition products (compare lanes 3 and 4, indicated by asterisks) because in a hairpin structure, the top and bottom strands of
the target are covalently linked. They are, however, unlikely to be the result of transposition into the tip of the hairpin since they are present only in the
reaction in which the hairpin target contains a hot spot. M (lane 7), oligonucleotide marker corresponding to the transposition product expected for
transposition of the 12-SE into the tip of the hairpin containing the 12-SE and entire bottom strand of the +HS target. (C) A schematic diagram depicting
various transposition products observed in lanes 3 and 4 (B). Arrows indicate major target sites as mapped in Figure 3.

synthetic hairpin molecule was analyzed, and hence it was not
clear whether the hairpin structure itself, or perhaps some
other feature of the particular substrate used, was responsible
for the targeting and stimulation of transposition observed. To
address this, we created target substrates identical in sequence
to those analyzed in Figure 2 (+HS and -HS), but with a
hairpin-sealed tip, and assayed for the ability of a hairpin
structure to stimulate TCC formation and transposition. In
contrast to the findings of Lee et al., we found that a hairpin
structure does not significantly stimulate the formation of the
TCC or the STC (Fig. 8A, compare lane 2 with 5, and lane 8
with 11), or overall transposition efficiency (compare lane 3
with 6, and lane 9 with 12). This was true whether or not the
11 bp GC hot spot was present in the target. Further analysis of
the transposition products, in reactions containing labeled
12-SE donor, suggested that the majority of the target sites
were located within the double stranded region of the hairpin
targets, and not at the hairpin tip (Fig. 8B). Two major bands
present in lane 3 (produced by attack of the 12-SE on the top
strand, within the hotspot; see Fig. 3) are absent in lane 4, and
are replaced by two new bands whose mobility is that expected
for attack of the 12-SE at these same two top strand positions
in a hairpin target in which the 23-SE has integrated into the
bottom strand (single end insertions in the hotspot on the top
strand would yield larger products) (Fig. 8B). Hence, the
results suggest that targeting continues to occur within the
hotspot despite the presence of the hairpin, and further, that
most transposition events (=70%) are double ended insertions.
This is also supported by the absence of similar bands in lane
6, in which the target contains the hairpin but lacks the hotspot
(Fig. 8B; lane 7 provides a marker for the product resulting
from transposition into the hairpin tip).

These results indicate that, in general, a hairpin structure is
not sufficient to stimulate or target RAG-mediated transpos-
ition, and that features (presumably of the target) are needed to
render hairpins a preferred target site. To search for such
features, we analyzed four additional hairpin substrates with
different sequences at the tip of the hairpin (see supplementary

Fig. 2 for the sequences of hairpin tips analyzed), and found
that none of them was able to target or stimulate RAG-
mediated transposition (data not shown). We then synthesized
the hairpin target used by Lee et al. and found, as they reported
(19), that it served as a preferred transposition target (data not
shown). Since this hairpin substrate is thus far the only one
that exhibits this property, further analysis will be required to
identify the additional features that cooperate with the hairpin
structure to target and stimulate the reaction. Taken together,
our data clearly indicate that hairpin structures are not
typically preferred targets of the RAG transposase.

DISCUSSION

Identification of a hot spot for RAG-mediated
transposition

In the present study, we have identified a hot spot sequence for
RAG-mediated transposition that is constituted of only Gs and
Cs (5-GCCGCCGGGCG-3"). The presence of the hot spot in
the target not only focuses transposition to the hot spot but also
increases the overall efficiency of both intra- and intermole-
cular transposition when a short target is used. Formation of
TCC/STC is clearly enhanced by the presence of the hotspot,
while formation of the strand transfer product appears to be
enhanced to an even greater degree (Fig. 2). Taken together,
our results suggest that the hot spot stimulates RAG-mediated
transposition by two distinct mechanisms: increasing the
affinity of the target to the RAG transposition machinery, and
facilitating strand transfer.

We would like to propose that melting of the target DNA is
required for strand transfer by the RAG transposase, as
appears to be the case for other transposases such as Tnl0
(29). If this is correct, the mechanism by which the hot spot
promotes transposition is likely to be the consequence of high
affinity binding of the hot spot containing target to the RAG
transposase, since better binding may provide more specific
contacts between the target and the RAG proteins, which in



turn makes target DNA deformation more energetically
favorable. In addition, the hot spot sequence is likely to be
more prone to form distorted DNA structures than many other
sequences, consistent with the findings that tracts of GC base
pairs exhibit high base pair opening rates, indicative of an
unstable structure of the double helix (26). It appears that
DNA melting is required for many transesterification reactions
by the RAG proteins. Like RAG-mediated transposition,
several lines of evidence suggest that DNA melting is required
for nicking and hairpin formation by the RAG proteins
(30,31).

RAG-mediated transposition can be stimulated by and
targeted to altered DNA structures, particularly
mismatches

Further support for a distorted target DNA structure during
RAG-mediated transposition comes from our finding that
RAG-mediated transposition is readily stimulated by and
directed to the site of a DNA mismatch in a 31 bp target. All
possible single base pair mismatches have this effect,
indicating that the altered structure rather than the specific
sequence of the DNA mismatch is recognized by the RAG
transposase. A very similar finding was recently reported for
bacteriophage Mu (27), suggesting that target DNA melting
during transposition may be a common feature of many
transposases. In the case of a single base pair DNA mismatch,
it appears that the DNA mismatch cooperates with other
information (sequence or GC content) to determine where in
the target strand transfer occurs, with biases toward one strand
and toward one side of the mismatch observed in some cases.

In a somewhat more complex (100 bp) target, the hot spot or
DNA mismatches do not stimulate overall transposition
efficiency, but continue to target RAG-mediated transposition,
independent of location in the target. The failure of the hot
spot or mismatches to stimulate transposition efficiency may
be due to the presence of other favorable target sequences.
This is suggested by the finding that, in the absence of the hot
spot or mismatches, transposition occurs preferentially into
GC-rich regions (a and b in Fig. 7). Interestingly, the presence
of a 5 bp mismatch suppresses the usage of other target sites
and, as a result, RAG-mediated transposition is almost
exclusively targeted to the site of DNA mismatch (Fig. 7B,
lane 6). Taken together, the results indicate that in a very
complex target, such as the mammalian genome, many
favorable target sequences will exist, but the presence of
mismatches or similar DNA distortions might still signifi-
cantly influence target site selection.

Our results suggest that results from the gel shift assay for
TCC/STC formation (e.g. Fig. 2A) should be interpreted
cautiously. All targets containing a single base pair mismatch
stimulate strand transfer (Fig. 6A), but only a subset of them
(the C-C, C-A and C-T mismatches) stimulate TCC/STC
formation using the gel shift assay of Figure 2A (data not
shown). While the reasons for this are unclear, it is apparent
that not all good transposition targets are detected as such by
the gel shift assay.

Hairpins and hybrid joint formation

Lee et al. (19) recently reported that inverted repeats (capable
of cruciform formation) and hairpin structures serve to
stimulate RAG-mediated transposition. Based on the fact
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that RAG-mediated hybrid joint formation also involves
strand transfer into hairpin (coding) ends, they suggested that
hybrid joint formation might in fact represent transposition,
with the target (a hairpin end) being a strongly preferred one.
Our finding that six different hairpins (with five different
sequences at the hairpin tip; see supplementary Fig. 2) failed
to serve as good targets for RAG-mediated transposition
indicates that hairpins are not generally preferred transposition
targets. Based on our results, we would predict that most
coding ends would not serve as efficient targets for trans-
position. Interestingly, RAG-mediated hybrid joint formation
by the full-length RAG proteins is extremely inefficient
in vivo (32), and is inhibited in vitro by full length RAG2
(22,23). 1t is likely that virtually all hybrid joint formation
in vivo relies on the non-homologous end joining machinery
(32), with the RAG proteins serving a non-catalytic, scaffold
function (13).

Our observation that mismatches enhance and target RAG-
mediated transposition may explain why inverted repeats
strongly stimulate transposition and why almost all strand
transfer events were observed to occur near their dyad axis
(19). Inverted repeats have the potential to form cruciforms,
but the cruciforms themselves (consisting of two hairpins) are
unlikely to be the preferred target structures. Rather, our data
suggest that partially melted intermediates, lying on the
pathway between cruciform and standard duplex DNA, are the
structures that are targeted preferentially by the RAG-
transposase.

Non-random targeting in the genome

Our results suggest that RAG-mediated transposition may not
target sequences in the genome as randomly as previously
thought. Chromatin is a highly dynamic structure, subject to
covalent and conformational modifications by a huge array of
different factors and processes. Of particular relevance to
RAG-mediated transposition may be transcription, replica-
tion, DNA damage/mutation (to create mismatches or other
distorted local structures) and DNA repair. Our results indicate
that target site selection by the RAG-transposase may be
linked to cellular processes that temporarily alter DNA
structure [as also suggested by Lee et al. (19)]. We note that
HIV integrase, which integrates the HIV genome through a
mechanism similar to that of RAG-mediated transposition,
exhibits a target site preference for actively transcribed genes
(33).

To date, only one unambiguous RAG-mediated transpos-
ition event has been identified in vivo (24), suggesting that the
transposase activity may be suppressed in vivo and that such
events are rare. Our findings that RAG-mediated transposition
can be stimulated by and targeted to specific DNA sequences
and structures, along with the observation that inverted repeats
are preferred targets (19), provide guidelines for the develop-
ment of more sensitive assays for the detection of RAG-
mediated transposition in vivo.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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