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Implications of transposition
mediated by V(D)J-recombination
proteins RAG1 and RAG2 for origins
of antigen-specific immunity

* Department of Pharmacology, T Department of Molecular Biophysics and Biochemistry, and ¥ Howard Hughes Medical Institute, Section of Immunobiology,
Yale University School of Medicine, New Haven, Connecticut 06510, USA

Immunoglobulin and T-cell-receptor genes are assembled from component gene segments in developing lymphocytes
by a site-specific recombination reaction, V(D) recombination. The proteins encoded by the recombination-activating
genes, RAG1 and RAG2, are essential in this reaction, mediating sequence-specific DNA recognition of well-defined
recombination signals and DNA cleavage next to these signals. Here we show that RAG1 and RAG2 together form a
transposase capable of excising a piece of DNA containing recombination signals from a donor site and inserting it into
a target DNA molecule. The products formed contain a short duplication of target DNA immediately flanking the
transposed fragment, a structure like that created by retroviral integration and all known transposition reactions. The
results support the theory that RAG1 and RAG2 were once components of a transposable element, and that the split
nature of immunoglobulin and T-cell-receptor genes derives from germline insertion of this element into an ancestral

receptor gene soon after the evolutionary divergence of jawed and jawless vertebrates.

Lymphocytes of the vertebrate adaptive system rely on a diverse
array of immunoglobulins and T-cell antigen receptors (TCRs) for
specific recognition of antigens. In the germ line, the genes encoding
the variable portions of these receptors are typically split into
component V (variable), J (joining) and, in some cases, D (diver-
sity) gene segments. One of each type of gene segment is joined
together in a site-specific recombination reaction to form the exon
that encodes the antigen-binding portion of the polypeptide'. This
reaction, known as V(D)] recombination, occurs only in lympho-
cytes, and in some vertebrate species is responsible for generating
much of the diversity seen in antigen receptors. V; D and ] gene
segments are flanked by recombination signals that consist of
conserved heptamer and nonamer sequences separated by a
poorly conserved spacer sequence whose length is usually 12 or 23
base pairs (bp) (referred to hereafter as 12-signals and 23-signals,
respectively). The signals target the reaction, and efficient recombi-
nation only occurs between a 12-signal and a 23-signal, a restriction
referred to as the 12/23 rule’.

The first phase of the recombination reaction is achieved by the
products of the recombination-activating genes, RAGI and RAG2
(refs 3, 4). Together, the RAG1 and RAG2 proteins bind two
recombination signals, bring them into close juxtaposition (this
process is termed synapsis), and cleave the DNA, thereby separat-
ing the signals from the flanking coding segments®”. The DNA-
bending  high-mobility group proteins HMG1 and HMG2
substantially enhance the efficiency of coordinate cleavage®’, in
part by improving binding to the 23-signal’. Cleavage occurs in
two steps, with a nick first introduced adjacent to the heptamer to
expose a 3'-hydroxyl group on the coding flank, followed by direct
nucleophilic attack of the 3'-hydroxyl on the opposite DNA
strand>'’. The products are blunt, 5’-phosphorylated signal
ends and covalently sealed hairpin coding ends (Fig. 1a). In the
second phase of the reaction, the two signal ends are joined
precisely to form a signal joint, whereas the coding ends are
processed to form a coding joint that typically exhibits both
nucleotide loss and addition®. An array of ubiquitously expressed
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DNA double-strand break repair proteins is essential for the
joining phase of the reaction''"".

There may be several parallels between V(D)] recombination and
transposition'*™'°. First, the RAGI and RAG2 genes have a compact
genomic organization, as would be expected for components of a
transposable element. The two genes lie immediately adjacent to
one another and are convergently transcribed in all vertebrate
species examined so far, and, in most cases, the open reading
frames are not interrupted by introns’. Second, V(D)] DNA
cleavage, retroviral integration and transposition proceed through
a common pathway that involves exposure of a 3'-hydroxyl group
and its attack on a target phosphodiester bond in a magnesium-
dependent reaction'™'®. Third, the RAG proteins remain stably
associated with a synapsed pair of recognition elements after
DNA cleavage', as is common in transposition”. Finally, RAG1
and RAG2 can join signal ends to coding ends in a reversal of the
cleavage reaction’. Here we provide a unifying explanation for
these observations and for the split configuration of antigen-
receptor genes by showing that the RAG proteins catalyse a
transposition reaction with striking similarities to those catalysed
by other transposases.

An unexpected cleavage product

The cleavage substrates used here were **P-body-labelled DNA
fragments containing a 12-signal and a 23-signal orientated such
that cleavage releases a signal end/signal end (SE/SE) fragment of
roughly 320 bp, as well as smaller fragments containing the hairpin
coding ends (Fig. 1a). Reactions were done with truncated RAG1
and RAG2 proteins substantially purified from the B-lymphoma cell
line F2A1 and with purified recombinant HMG2 in a buffer
containing magnesium but not energy source. Cleavage products
were detectable after 4 min and accumulated for at least 2 h (Fig. 1b),
concurring with previous results*’. In addition, species with a
mobility slower than that of the input substrate were visible from
15min onwards (Fig. 1b). These were not a result of proteins
remaining associated with the DNA, because proteins were elimi-
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nated with protease digestion and organic extraction before loading
of the gel. Two closely spaced bands were visible, with the upper
predominating at longer time points. The upper band, hereafter
referred to as X, is shown below to be a circular product produced by
intramolecular transposition of the SE/SE fragment. The lower
band may be a more highly knotted topo-isomer or the result of a
one-end strand-transfer event.

Restriction mapping of purified band X DNA indicated that it
contained sequences from the SE/SE fragment but not from the left
or right arms, and that it was not the result of end-to-end ligation of
the SE/SE fragment (data not shown). To begin to study the
structure of band X, we incubated cleavage products with Bal31
nuclease, which is a double-stranded-DNA exonuclease and a
single-stranded-DNA exo- and endonuclease. In the presence of
the RAG and HMG?2 proteins, band X and the SE/SE fragment were
substantially more resistant to Bal31 than were other DNA frag-
ments, whereas all bands were highly nuclease-sensitive after
removal of the proteins by protease treatment and organic extrac-
tion (Fig. 2a). The protein-dependent nuclease resistance of band X
indicated that it, like the SE/SE fragment", might be stably asso-
ciated with the RAG and HMG2 proteins. Indeed, band X DNA
could be immunoprecipitated with anti-RAG1, anti-RAG2, and
anti-HMG2 antibodies, but not with several control antibodies (Fig.
2b). Thus band X DNA is stably bound by RAG1, RAG2 and HMG2,
and this association appears to render the DNA resistant to nuclease
digestion.
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Figure 1 Time course of cleavage and band X formation. a, The cleavage
substrate was a *?P-body-labelled DNA fragment, generated by PCR, containing a
12-signal (black triangle) and a 23-signal (white triangle). Cleavage by the RAG
proteins generates a 5’-phosphorylated SE/SE fragment and two smaller
fragments containing the hairpin coding ends (circles). b, Cleavage using RAG
and HMG2 proteins was done for different lengths of time at 37 °C and aliquots of
the reaction were analysed on a native polyacrylamide gel. Asterisks indicate
bands resulting from single cleavage at the 12- or 23-signals.
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Asband X contained only DNA derived from the SE/SE fragment,
we wondered whether band X could be generated using the SE/SE
fragment as the starting substrate. Incubation of an SE/SE fragment
generated by the polymerase chain reaction (PCR) (Fig. 3a, lane 3)
with the RAG and HMG2 proteins generated a low-mobility species
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Figure 2 Stable association of the RAG and HMG2 proteins with band X confers
nuclease resistance. a, Nuclease sensitivity of the cleavage reaction products.
After 2 h of cleavage, reaction products were incubated directly with 0, 0.125, 0.5,
or 1.0UBal31 nuclease for 1h at 30°C in the presence of 2mM CaCl, (lanes 1-4,
respectively), or were treated with proteinase K, precipitated and then subject to
identical Ba/31 digestions (lanes 5-8). Products were analysed on a native
polyacrylamide gel. Asterisks indicate bands resulting from single cleavage atthe
12- or 23-signals. b, Co-immunoprecipitation of band X DNA with RAG1, RAG2 and
HMG2. Band X was generated from the 329-bp SE/SE DNA substrate and
immunoprecipitations were done with polyclonal rabbit antibodies (indicated by
a) specific for RAG1, RAG2 or HMG2 (lanes 2-4), an immunoglobulin (Ig)G1
monoclonal antibody specific for the Myc epitope tag (lane 8; both RAG1 and
RAG2 contain the epitope tag), an IgG1 isotype control monoclonal antibody (lane
7), control polyclonal rabbit IgG (lane 2), or polyclonal rabbit antibodies specific
for an irrelevant protein (XRCC4, lane 6). Co-immunoprecipitated DNA was
analysed on a native polyacrylamide gel. Lane 1 represents the reaction before
immunoprecipitation. As expected, the SE/SE DNA substrate is immunopreci-
pitated by the same antibodies as is band X, with a small amount of nonspecific
precipitation seen in lanes 2 and 6.
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(Fig. 3a, lane 6) that migrated together with gel-purified band X
DNA (Fig. 3a, lane 1) and which was exonuclease-resistant in the
presence of the RAG and HMG2 proteins (data not shown).
Identical results were obtained using as the substrate an SE/SE
fragment purified from a cleavage reaction (Fig. 3b, lane 1). If,
however, the substrate lacked one or both of the signals, no product
was produced (Fig. 3b, lanes 5,7, 9). Generation of band X was more
rapid when an SE/SE substrate was used rather than a substrate that
required cleavage, with products first visible after 8 min of reaction
with an SE/SE substrate (data not shown). We conclude that the
formation of band X can be dissociated from the process of cleavage
and requires a substrate with two signal ends.

The requirement for two signal ends indicated that the RAG
proteins, instead of contaminating proteins in the RAG preparation,
were probably responsible for formation of band X. To confirm this,
we prepared highly purified glutathione S-transferase (GST)-RAG
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Figure 3 Conditions for band X formation. a, A **P-end-labelled 329-bp SE/SE
DNA substrate was generated by PCR and incubated with combinations of RAG,
GST-RAG and HMG proteins, as indicated above the lanes, for 2h at 37°C.
Products were analysed on a native polyacrylamide gel. Lanes 1-3 show gel-
purified band X, band X digested with Pstl, and the SE/SE fragment, respectively.
The reduced mobility of Pstl-digested band X relative to the SE/SE fragment may
be due to the single-stranded gaps in the band X DNA. b, ¥P-body-labelled
substrates terminating in 12- and 23-signals, a 12-signal only, a 23-signal only, or
no signals were generated by PCR (lanes 2-9) or by RAG-mediated cleavage (lane
1) and incubated in the presence or absence of RAG and HMG2 proteins for 2 h at
37°C. The structure of the substrates is indicated above the lanes. Products were
analysed on a native polyacrylamide gel.
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fusion proteins* and showed that these proteins generate band X
(Fig. 3a, lane 8). The weaker activity of this preparation may be
explained by its lower specific activity for DNA cleavage (data not
shown). These results also showed that formation of band X
depended on the addition of HMG?2 protein (Fig. 3a, lanes 6, 8),
and that HMG?2 by itself had no activity (Fig. 3a, lane 9).

Intramolecular transposition

The results above show that a low-mobility DNA species could be
generated by RAG1, RAG2 and HMG2 from an SE/SE fragment, but
that the reaction does not involve end-to-end ligation to form
circles or concatamers. An alternative process that would generate
circular DNA molecules without requiring end joining is intramo-
lecular transposition, a strand-transfer reaction in which the free 3'-
hydroxyl groups of the signal ends attack phosphodiester bonds in
the DNA backbone (Fig. 4a). Such a reaction is a well-characterized
feature of bacterial transposases” > and retroviral integrases’®”,
and generates two distinct types of product depending on the
topology of the strand-transfer reaction. Attack of the 3’-hydroxyl
groups on the opposite strands from which they derive results in an
inversion circle in which one portion of the molecule is inverted
with respect to the other (Fig. 4a, bottom). In contrast, attack of the
3’-hydroxyl groups on the same strands from which they derive
generates two deletion circles, each of which contains one of the
recombination signals (Fig. 4a, top). If the attacks occur with a 5’
staggered polarity (as is typical for transposition and retroviral
integration®****), the two recombination signals should come to be
flanked by gaps whose length reflects the staggered positions of
strand transfer. When filled in, these gaps should yield target-site
duplications, a hallmark of mobile DNA elements™.

On the basis of its discrete mobility in a gel, we predicted that
band X would be made up primarily of inversion circles, which
should be of uniform size. If this were the case, digestion of band X
with a restriction enzyme that cuts once in the SE/SE fragment (for
example, PstI) should generate single product with a distinctive
structure (Fig. 4a). It should contain all of the sequences from the
SE/SE fragment, with one recombination signal and variable
amounts of flanking DNA inverted with respect to the rest of the
molecule. The two recombination signals should be flanked by gaps
derived from the target site. To test these predictions, we cloned
Pstl-digested band X (Fig. 3a, lane 2) and sequenced the inserts in
their entirety. Of the 50 randomly selected inserts analysed, 36 had
precisely the structure expected for a transpositionally derived
inversion circle and 5 had a structure consistent with a deletion
circle (a fragment containing the 12-signal and variable amounts of
flanking DNA). The remaining nine clones contained more com-
plex rearrangements or deletions and are not described further here.
All 36 inversion-circle clones contained a target-site duplication
immediately flanking the recombination signals: 25 (69%) were
5bp in length, 10 (28%) were 4 bp in length, and 1 (3%) was 3 bp in
length (Fig. 4b).

Among the 36 inversion-circle clones, strand transfer occurred at
17 different target sites scattered over the central one-third of the
SE/SE fragment (Fig. 4c; target sites for deletion-circle formation
are indicated below the line). The paucity of events near the ends
may reflect topological constraints or interference from proteins
bound to the terminal sequences. The sequences of the target-site
duplications and the regions immediately flanking them in the SE/
SE fragment are heterogeneous (Fig. 4b), indicating that strand
transfer can occur at several different sequences. In addition, the
results show that there is one transposition hot spot at which 13 (10
with a 5-bp duplication and 3 with a 4-bp duplication) out of 36
(36%) of the events occurred (Fig. 4c). This indicates that certain
target sequences may be preferred over others.

We then studied the structure of the two strands of the inversion
circles. The 5’ ends of the SE/SE fragment should remain unjoined,
resulting in two gaps on one strand. To test this, band X was
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generated from SE/SE fragments labelled at the 5" end of either the
12-signal or the 23-signal (Fig. 5a) and gel-purified. This material
was digested with restriction enzymes that cut close to the ends of
the SE/SE fragment (Fig. 5a), and the products were resolved on a
denaturing polyacrylamide gel. For each enzyme, band X gave rise
to a single band that migrated together with the band produced by
digestion of the SE/SE fragment with the same enzyme (Fig. 5b).
Therefore, the 5" ends of the SE/SE fragment are unjoined in the
band X material, and hence one strand must contain two nicks or
gaps. In addition, we confirmed that the other strand was covalently
sealed by PCR amplification using divergent primers (depicted as
half arrows in Fig. 4a) and gel-purified band X as the template. This
reaction yielded a predominant product whose structure was
identical to that of inversion-circle clones described above (data
not shown). We conclude that the RAG proteins constitute a
transposase. Together with HMG?2, they can perform intramolecu-
lar transposition to yield products that are identical in all major
respects to those produced by transposases and retroviral integrases.

Intermolecular transposition
The ability to move to a new genomic location is a defining feature
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of transposable elements. To determine whether the RAG proteins
could carry out intermolecular transposition, we performed reac-
tions with a 1.4-kilobase (kb) SE/SE substrate containing a tetra-
cycline-resistance gene and a 6.3-kb circular target plasmid
containing an amplicillin-resistance gene (Fig. 6a). Transposition
should result in a 7.7-kb relaxed circle carrying both antibiotic-
resistance genes (Fig. 5a). Direct analysis of the reaction products by
Southern blotting showed that substrate sequences were transferred
into a product that migrated at the position expected for the relaxed
circle (Fig. 6b, lane 5). Formation of this product required the target
plasmid and the RAG and HMG2 proteins (Fig. 6b, lanes 2—4).
Experiments described below show that at least a portion of this
band consists of the expected transposition product; we cannot rule
out that it also contains a ‘panhandle’ product generated by strand
transfer of only one end. In addition, substrate sequences also
appeared in a band migrating at roughly the position of a linear
7.7-kb product. This band might be generated from relaxed circular
molecules by nonspecific nuclease activity, or by concerted trans-
position of two signal ends derived from different substrate mol-
ecules (in which case the product would consist of the linear target
plasmid and two copies of the substrate). We ruled out the latter
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Figure 4 Intramolecular transposition events using the 329-bp SE/SE substrate.
a, Depending on the topology of the strand attacks, two deletion circles (same-
strand attack, top) or a single inversion circle (opposite-strand attack, bottom) are
generated during intramolecular transposition. Deletion circles may be catenated
and are represented as uncatenated circles for simplicity. Staggered nicks at a 5-
bp target site (five short vertical lines) are depicted. This produces 5-bp gaps
adjacent to the recombination signals and a 5-bp duplication after repair. The half-
arrow indicate the positions of PCR primers used to confirm that one strand of the

NATURE|VOL 39420 AUGUST 1998

T

Nature © Macmillan Publishers Ltd 1998

i o
> b

20 bp

inversion circle is intact. b, Target-site sequences. Pstl-digested band X was
cloned and the inserts sequenced. Only inversion-circle target sites and the 5 bp
flanking them on either side in the starting substrate are shown. e, Location of
target sites within the 329-bp SE/SE fragment. Multiple events at a single position
areindicated by numbers above or below the symbols. Inversion-circle events are
marked above the line (with different symbols used to indicate the length of the
target-site duplication) and deletion-circle events below.
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explanation by repeating the experiment with smaller target plas-
mids (<3 kb); here, the linear product contained only one copy of
the 1.4-kb substrate (data not shown).

Bacteria were transformed with the reaction products and plated
on agar containing ampicillin and tetracycline, or ampicillin alone,
and the ratio of the numbers of colonies obtained on these two
media provided a measure of the transposition frequency. This
indicated that, in the presence of the RAG and HMG2 proteins,
0.016%, or 1 in 6,300, target plasmids were transposition recipients
(average of two experiments). A fivefold molar excess of target-to-
donor molecules was used in the reaction, indicating that about 1in
1,300 SE/SE substrates was transposed. The transposition frequency
dropped by at least tenfold in the absence of HMG2, and no
ampicillin and tetramycin resistant colonies were obtained in the
absence of the RAG proteins. Roughly equal numbers of ampicillin-
resistant colonies were obtained from the different reactions.

Restriction mapping of plasmids prepared from 38 ampicillin and
tetramycin resistant colonies confirmed the presence of the SE/SE
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Figure 5 Mapping of the 5’ ends of the SE/SE fragment and band X. a, A 329-bp
SE/SE fragment, 5’-end-labelled with 3P (P*) at either the 12-signal or the 23-
signal, was incubated with RAG and HMG2 proteins. The resulting band X
products were gel-purified and digested with restriction enzymes that cut close to
the labelled ends (distances are indicated in nucleotides). b, Digested products
were analysed on an 8% denaturing polyacrylamide formamide/urea gel. The
sizes of the molecular weight markers are given in nucleotides.
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substrate in all of them, and PCR reactions showed that the element
was full-length in the ten representative plasmids analysed (data not
shown). Sequencing of the two ends of the SE/SE element and
flanking target DNA showed that all 38 plasmids contained the
expected target-site duplication immediately flanking the recombi-
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Figure 6 Intermolecular transposition events. a, A 1.4-kb substrate containing a
tetracycline-resistance gene (Tc) flanked by 12- and 23-signals, and 6.3-kb
plasmid target (a mixture of supercoiled and relaxed circular forms) containing an
ampicillin-resistance gene (Ap) and a bacterial origin of replication (ori), was
incubated with RAG and HMG2 proteins. Intermolecular transposition should
generate a relaxed circular plasmid containing both antibiotic-resistance genes.
b, Southern blot analysis of intermolecular transposition. Reactions were
electrophoresed on a 0.7% agarose gel, transferred to a membrane, and
hybridized with a *P-labelled probe generated form the 1.4-kb substrate by
random priming. Arrows indicate the positions of the 7.7-kb relaxed circle and
linear product. An asterisk indicates the position of a background band presentin
the substrate preparation. The positions of the molecular weight markers are
given in kilobases. ¢, Location of the 38 integration sites in the target plasmid. An
asterisk indicates the one event in which target sequences flanking the site of
integration had become rearranged. Symbols are as in Fig. 4c.
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nation signals. In comparison to the intramolecular reaction, a
larger proportion (35 of 38, 92%) of target-site duplications were
5bp in length, only 2 (5%) were 4 bp in length, and 1 (3%) was 3 bp
in length (Fig. 6¢). Strand transfer occurred at 33 different sites
distributed over much of the target plasmid (Fig. 6¢). Target-site
sequences were heterogeneous and included GC- and AT-rich
regions (data not shown). No hot spot or consensus target sequence
was apparent.

We also detected intermolecular transposition using 329-bp or
139-bp SE/SE substrates and a 1.1-kb linear target (data not shown),
showing that intermolecular transposition does not require a
supercoiled target. In addition, a substrate consisting of an equi-
molar mixture of double-stranded 12- and 23-signal end oligonu-
cleotides could be transposed into a circular target to generate a
linear product (data not shown), indicating that the two signal ends
need not reside on the same donor DNA molecule for the reaction
to occur. Our results show that the RAG and HMG?2 proteins can
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mediate intermolecular transposition into diverse target sequences,
usually generating a target-site duplication of 5 bp.

Discussion
The transposition reaction mediated by RAG1 and RAG2 is
mechanistically similar to that mediated by other transposases.
The transposed segment of DNA has terminal inverted repeats
(recombination signals), and is excised from a donor site and
inserted into a target site on another DNA molecule or within the
element itself. Insertion (strand transfer) generates short gaps
flanking each end of the transposed element which become
target-site duplications when repaired. No energy source is required
for the reaction, in keeping with other transpositional strand-
transfer reactions”.

RAG-protein-mediated transposition may proceed through a
series of higher-order protein-DNA complexes analogous to
those identified in well-studied bacterial transposition systems**.
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Figure 7 RAG-mediated transposition and a model for the origins of split antigen-
receptor genes. a, Parallels between RAG- and Tn10-mediated transposition.
Tn10 transposase (T'pase) or the RAG proteins (shaded ovals) recognize and
synapse the terminal sequences of the transposable element (blue and red
triangles or rectangles) and then excise it from donor sequences (dashed lines).
Target capture, strand transfer, and gap repair result in target-site duplications
(green rectangles) flanking the elements (see text). b, Possible structure of the
original transposable element that integrated into the germ line of an ancestral
vertebrate. Dashed arrows indicate the direction of transcription of the RAG
genes. ¢, The present ‘split’ nature of immunoglobulin and TCR genes is
proposed to have arisen from transposition mediated by RAG (bottom left) of one
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"cluster"

or two SE/SE elements into a primordial receptor gene exon (top, dark green
rectangle), thereby dividing the exon into two or three gene segments, each
flanked by one or two recombination signals (blue or red triangles). These gene
segments would represent the evolutionary precursors of current V,D andJ gene
segments (top). Other models for the generation of D segments can also be
envisioned. Different patterns of gene duplication (right) would result in the
‘mammalian’ or ‘cluster’ configurations of gene segments characteristic of the
heavy chain locus of mammals or cartilaginous fishes, respectively. The constant
region exons (C) are represented as single grey rectangles. Similar models have
been proposed previously™*.
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The first such complex contains two uncleaved recombination
signals, the RAG proteins and HMG1 or HMG2 (HMG1/2)*
(‘stable synaptic complex), Fig. 7a). After DNA cleavage, the RAG
proteins and HMG1/2 remain tightly associated with the signal ends
in a ‘cleaved donor complex’®*. This complex is then capable of
target capture and strand transfer to form a ‘strand-transfer com-
plex’. The existence of such a complex is suggested by the stable
association of the RAG and HMG?2 proteins with inversion-circle
DNA and by the protein-dependent exonuclease resistance of this
DNA species (Fig. 2). Analogous stable strand-transfer complexes
have been characterized in bacteriophage Mu and Tnl0
transposition*”. These mechanistic similarities suggest a possible
common evolutionary origin for the RAG proteins and other
transposases. Although no significant sequence similarities have
been found yet to support this idea, we note that the MuA and
retroviral integrase catalytic domains adopt similar topologies but
have little extended sequence similarity**°. We emphasize that
some aspects of this model for RAG-mediated transposition require
experimental confirmation.

Our results extend the range of activities and DNA interactions
known to be associated with the RAG proteins. They bind in a
sequence-specific way to the recombination signals, and also inter-
act with the flanking coding sequences and with coding ends after
cleavage™. Our results show that RAG proteins bound to a pair of
signal ends can capture duplex DNA and transfer the signal end 3'-
hydroxyl groups to staggered positions on the two strands of the
target DNA. It will be interesting to determine whether interactions
with coding flanks, coding ends and transposition target sequences
use a single, flexible active site, or whether multiple active sites are
involved.

HMG?2 is vital for both intramolecular and intermolecular
transposition, and may have several distinct functions in the
reaction. It probably enhances binding of the RAG proteins to the
23-signal and subsequent formation of a functional 12/23-signal
synaptic complex’. With short SE/SE substrates, it may stabilize the
severe bends in the DNA required for signal-end synapsis and
subsequent intramolecular transposition, and, by analogy with
the role of integration host factor in Tnl0 transposition, may
influence target-site selection and the topology of the intramole-
cular reaction’>”’. Retroviral integration occurs preferentially into
bent DNA* and HMG2 may enhance RAG-mediated transposition
by modifying the local structure of the target DNA.

Many mobile DNA elements exhibit only limited target-site
selectivity’, and, in keeping with this, the target sites of RAG-
mediated transposition are heterogeneous in location and sequence.
An exception is the hot spot observed in the intramolecular reaction
(Fig. 4), which may represent a preferred target-site sequence or
may instead be a consequence of the constrained topology of this
reaction. Two aspects of target-site selection in RAG-mediated
transposition resemble the transposition mediated by Tnl0 (refs
32, 39), but not by Tn7 or bacteriophage Mu. First, target-site
capture appears to occur after cleavage (Fig. 7a). Second, target-site
immunity is not seen (at least under the conditions used), as shown
by the robust intramolecular transposition reaction.

Evolution of the vertebrate immune system

All jawed vertebrates studied so far possess adjacent RAGI and
RAG2 genes as well as immunoglobulin and TCR genes, which, with
a few notable exceptions, must be assembled by somatic recombi-
nation before they can be expressed'®*. There is no evidence that
any of these molecules, or antigen-specific lymphocytes, are found
in jawless vertebrates (hagfish and lamprey) or invertebrates. This
indicates that split antigen-receptor genes and the enzymatic
machinery necessary for their assembly into functional units arose
in the ~100 million years between the divergence of jawless and
jawed vertebrates and the divergence of cartilaginous and bony
fishes'**". Our results are evidence in favour of the theory that a vital
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event in the evolution of the antigen-specific immune system was
the insertion of a ‘RAG transposon’ into the germ line of a vertebrate
ancestor'**'. The RAG transposon would presumably have consisted
of recombination signals flanking the RAGI and RAG2 open reading
frames (Fig. 7b). Subsequently, the RAG1/RAG2 transposase mobi-
lized the element in the germline and inserted it into an exon of a
receptor gene (Fig. 7c). The gene could then only be expressed if the
inserted transposon was excised by the RAG proteins and the two
ends of the exon rejoined, presumably by ubiquitous DNA double
strand break repair factors. This split gene has a structure analogous
to that of immunoglobulin light chain and TCR a and vy chain
genes. Insertion of a second transposon into the same exon would
have resulted in a tripartite structure analogous to that of immu-
noglobulin heavy chain and TCR 3 and & chain genes (Fig. 7c).
Subsequent duplication of individual gene segments or of the entire
gene would have resulted in the ‘mammalian-type’ or ‘cluster-type’
configurations of gene segments observed currently at the heavy-
chain locus in mammals and cartilaginous fishes, respectively (Fig.
7¢). Continued activity of RAG1 and RAG2 in the germ line could
have led to the formation of ‘preassembled’ genes observed in the
immunoglobulin loci of cartilaginous fishes'.

Our results show that the RAG proteins can perform transposi-

tion in vitro, and, if the above hypothesis proves correct, then they
were once active in vivo as well, where they played the determining
role in the evolution of the antigen-specific immune system. Do
they retain the ability to perform transposition in vivo? To our
knowledge, no such events have been described, and it is possible
that changes in the RAG proteins or some aspect of the cellular
environment has led to a suppression of transposition in vivo. In this
case, it will be interesting to determine how transposition in the cell
is regulated. This may reveal some of the evolutionary forces that
have resulted in the metamorphosis of a transposase into central
components of a site-specific recombinase. O
Methods
Proteins. The RAGI and RAG2 proteins were partially purified from the cell
line F2A1, a mouse B-lymphoma cell line expressing active, truncated forms of
the murine RAG1 (amino acids (aa) 264-1,008) and RAG2 (aa 1-387)
proteins, both of which contain carboxy-terminal polyhistidine and Myc
monoclonal antibody epitope tags. RAG proteins were purified over anion-
exchange, Ni*", and heparin columns (Q.M.E., L. Villey and D.G.S., manuscript
in preparation). Purity was >60% as judged by silver staining of
polyacrylamide gels. GST-RAG1 (aa 330-1,040) and GST-RAG2 (aa 1-
388) proteins® were purified over glutathione—agarose after transient co-
transfection of 293-T cells”. Purity was >90% as judged by silver staining of
polyacrylamide gels. Murine HMG2 lacking the C-terminal acidic domain and
containing an amino-terminal polyhistidine region and protein kinase A
phosphorylation site”? was expressed in bacteria and purified by thermal
denaturation and Ni** chromatography. Most antibodies used have been
described". The anti-RAG1 antibody used was P7. The anti-HMG2 antibodies
were generated by immunizing rabbits with the peptide CKAGKKGPG-
RPTGSK, spanning murine HMG2 residues 167—182. Antibodies were affi-
nity-purified against the peptide and exhibit no cross-reactivity towards other
proteins, including HMG1 (data not shown). The anti-XRCC4 antibodies were
generated by immunizing rabbits with a Pseudomonas exotoxin fusion protein
containing XRCC4 amino acids 5-263, and were affinity-purified. Immuno-
precipitations were done nearly as described”, except that the buffer used was
the transposition reaction buffer plus 0.1% NP40.
DNA substrates. **P-body-labelled DNA-cleavage substrates were generated
from plasmid pC329 or pC317 by PCR as described®". pC317 was generated by
inserting the 23-signal of p12 X 23 (ref. 43) into the BamHI site of p12 (ref. 43).
The Tc gene of pBR322 was PCR-amplified using primers that introduced
flanking 12- and 23-signals, and cloned to generate pTetRSS. The SE/SE
fragment containing the Tc gene was generated from pTetRSS by PCR. All
SE/SE fragments were gel-purified before use. The target for intermolecular
transposition was pJH104 (ref. 44). Sequences of primers and details of plasmid
construction are available on request.
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Transposition reactions. Transposition reactions (25 p.l) were performed for
2h at 37°C with ~25ng RAGI and RAG2 (or 200ng GST-RAG proteins),
75ng HMG2 and 0.05 pmol SE/SE fragment or cleavage substrate in a buffer
containing 20 mM HEPES—Na*, pH 7.5, 10 mM magnesium acetate, 50 mM
sodium acetate, 2mM dithiothreitol, 10 uM zinc sulphate and 100 pgml™
bovine serum albumin. Reactions were stopped by adding 175 pl 50 mM Tris-
Cl, pH 8,0.5% SDS, 10 mM EDTA and 20 p.g proteinase K and incubating for at
least 1h at 55°C. DNA was precipitated, separated on a 4% 29:1
acrylamide:bisacrylamide native polyacrylamide gel in 1x TBE buffer, and
visualized by autoradiography. Intermolecular reactions were performed for
4h at 37°C in the same reaction buffer using 0.05pmol unlabelled SE/SE
fragment and 0.25 pmol target plasmid and included a 15 min preincubation at
37°C in the absence of target DNA. Reactions were terminated and DNA
precipitated as above, and 0.1-1% of the reaction was transformed into
electrocompetent MC1061 bacteria and spread on agar plates containing
ampicillin (100 ug ml™") or ampicillin plus tetracycline (10 wg ml™). This yielded
an average of 500,000 ampicillin-resistant colonies from 0.1% of the reaction.
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