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Abstract
The Recombination Activating Genes 1 and 2 (Rag1 and Rag2) encode the key enzyme that is
required for the generation of the highly diversified antigen receptor repertoire central to adaptive
immunity. The longstanding model proposed that this gene pair was acquired by horizontal gene
transfer to explain its abrupt appearance in the vertebrate lineage. The analyses of the enormous
amount of sequence data created by many genome sequencing projects now provides the basis for a
more refined model as to how this unique gene pair evolved from a selfish DNA transposon into a
sophisticated DNA recombinase essential for immunity.
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One hallmark of the adaptive immune system shared by all jawed vertebrates is a highly
diversified repertoire of antigen receptors. These recognition molecules are encoded by the
immunoglobulin (Ig) and T cell receptor (TCR) genes which are assembled from individual
gene segments in a process named V(D)J recombination. This site-specific DNA
recombination process is catalyzed by the proteins encoded by the recombination activating
genes 1 and 2 (RAG1 and RAG2). This review will focus on the evolutionary origin of the
Rag1/2 proteins, and how they evolved from a mobile DNA element into a sophisticated and
tightly controlled DNA recombinase that is only active in lymphocytes.

Cloning of the Rag genes – a historical overview
In their germline configuration, the Ig and TCR gene loci consist of an array of individual V,
D, and J gene segments and thus do not encode functional proteins. When this unique gene
structure was discovered in 1976 by the Tonegawa lab, it immediately suggested that their
assembly into functional antigen receptor genes requires an ordered DNA rearrangement
process [reviewed in 1]. Further analyses revealed that each V, D, and J gene segment was
flanked by conserved DNA sequence tags which were thought to mark these segments as
building blocks and which served as substrates for a site-specific DNA recombinase [2]. Hence
these tags were named recombination signal sequences (RSS), and found to occur in two
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flavors: 12-RSS and 23-RSS, depending on the length of the spacer that separates conserved
heptamer and nonamer sequences. The order and organization of the RSS within the Ig and
TCR gene loci indicated that recombination should only occur between a 12-RSS and 23-RSS.
The inverted repeat structure and the left/right asymmetry of the RSS resemble the terminal
repeat ends of prokaryotic insertion sequences, mobile DNA elements encoding transposases.
The most parsimonious model explaining these features was that V(D)J recombination is a
variation of the basic principle of transposition and is likely mediated by descendants of a
respective transposase [2].

Using a functional complementation approach, the Baltimore lab identified a gene pair that
allowed for recombination of RSS-flanked DNA sequences, even when expressed in non-
lymphoid cells [3, 4]. The two genes, tightly linked, were hence named Recombination
Activating Genes 1 and 2 (RAG1 and RAG2). The encoded proteins were unique as they shared
no significant sequence or functional homology with any other protein known at that point,
and zoo blots and PCR with degenerate oligos suggested that the presence of these genes is
restricted to vertebrates. Subsequent biochemical studies showed that this gene pair indeed
encodes a DNA recombinase complex that can excise an RSS-flanked DNA fragment from a
linear/circular piece of DNA [5, 6]. Later on, two landmark studies from the Gellert and Schatz
labs filled the last missing gap in the model by demonstrating that the Rag1/Rag2 protein
complex were able to catalyze a transposition reaction in vitro [7, 8]. More recent data
suggested that his also happens at extremely low levels in vivo [9, 10]. Taken together, these
observations provided increasing support for the commonly accepted model that we owe our
diversified antigen receptor repertoire to a mobile DNA element that entered the genome of a
common ancestor of all jawed vertebrates [reviewed in 11, reviewed in 12].

Rag1 and Rag1-like transposases
Mouse Rag1 is a protein 1040 amino acid in length, that when expressed together with Rag2
confers cells the ability to perform V(D)J recombination on integrated or episomal substrates
[3]. Rag1 is thought to represent the catalytic subunit of the Rag1/Rag2 recombinase complex,
while Rag2 acts as a regulatory subunit that is essential for all activities. At the time of its
cloning, Rag1 showed no sequence homologies that would have helped identify important
domains and residues. Thus it was initially operationally divided into a “core
region” (384-1008) that is essential for all activity in vivo and in vitro, and the respective N-
and C-terminal “non-core” regions (1-383, and 1009-1040, respectively) [13, 14]. The core
region of Rag1 harbors all elements and domains (including the sequence specific DNA binding
domain, the active site, and the Rag2 interaction domain) that are important for its enzymatic
activities and shows striking similarities to many cut-and-paste transposases (discussed below)
[reviewed in 12, reviewed in 15]. Even with an ever increasing number of vertebrate genomes
being sequenced, the amino acid sequence of the Rag1 core remains truly unique. In contrast,
the N-terminal non-core region of Rag1 (1-383) contains a RING domain fold that is found in
a large number of eukaryotic proteins [16]. RING domains are an essential part of all ubiquitin
ligases [reviewed in 17], and there is evidence that the RING domain of Rag1 also exhibits
ubiquitin ligase activity [reviewed in 18].

DNA binding domain
All transposases contain a sequence specific DNA binding domain that recognizes and binds
to the terminal inverted repeats (TIRs) at the end of the respective mobile DNA element.
Similarly, Rag1 harbors a nonamer binding domain (NBD, 389-441), that confers the sequence
specificity of the Rag1/Rag2 recombinase by recognizing the conserved nonamer sequence
(ACAAAAACC) within the RSS [19, 20]. It had been suggested that NBD of Rag1 might be
similar to the DNA binding domain of the prokaryotic Hin recombinase as both recognize
highly similar DNA sequence motifs [19]. While this had suggested that at least this domain
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of Rag1 originated from a bacterial DNA recombinase, a recent report of the crystal structure
of the NBD disproved this idea as its protein fold differs from that of the Hin DNA binding
domain [21]. For DNA cleavage to occur, additional contacts with the RSS, in particular at the
heptamer, are essential [reviewed in 22]. A systematic analysis of proteolytically stable
fragments of Rag1 revealed to two subdomains (amino acids 528-760 and 761-960) that
showed DNA binding activity [23, 24]. While amino acids 528-760 of Rag1 showed some
specificity for single- and double-stranded DNA containing RSS heptamer sequences, the
crystal structures of Tn5 and Hermes transposases indicated that the interaction of such
transposases with the site of cleavage is not mediated by a typical DNA binding domain fold
but rather by residues within their retroviral integrase fold [25, 26]. This suggests that Rag1
would also rely on several structural components for the interaction with the heptamer, but
only an experimentally determined structure of the entire Rag1 core will shed light on details
of how the Rag1 subdomains contribute to the heptamer-protein interaction surfaces.

Molecular mechanism
The Rag1/Rag2 complex uses the same reaction chemistry as many cut-and-paste transposases
(including Tn5, Tn10, and Hermes), and cleaves the DNA at the RSS by a set of hydrolysis
and transesterification reactions: an initial hydrolysis step creates a nick in the top strand of
the DNA, followed by a transesterification using the 3′-OH group as the nucleophile (Fig. 1)
[reviewed in 22, reviewed in 27]. The result is a hairpin DNA structure at the end of the gene
segment, and a blunt DNA end at the RSS flanking the excised DNA (Fig. 1). Although most
cut-and-paste transposition reactions that fall in this category and have been studied in detail,
proceed with opposite polarity (i.e. the ends of excised DNA fragments carry the hairpin
structure, instead of the ends of the chromosomal DNA break), recent biochemical studies of
the hAT family transposase Hermes indicated that this enzyme utilizes the same reaction
polarity as the Rag1/Rag2 enzyme [28].

Catalytic center
Although there is almost no conservation between Rag1 and any of the well-studied prokaryotic
transposases at the level of their primary amino acid sequences, secondary structure prediction
allowed the identification of a triad of acidic residues within mouse Rag1 (D600, D708, and
E962) forming the catalytic center of the Rag1/Rag2 complex [29–31]. These two aspartates
and one glutamate form a so called DDE motif that chelates two divalent metal ions essential
for catalysis [32]. Importantly, DDE (and the related DDD) motifs represent the common active
site shared by many cut-and-paste transposase superfamilies [33, 34]. As all three residues
reside within Rag1, this finding provides a strong argument that this protein is closely related
to transposases and thus may share a common evolutionary origin.

Transib transposases
All the relationships between Rag1 and bona fide cut-and-paste transposases described above
are limited solely at the functional level, and could easily be explained by convergent evolution,
i.e. evolutionary forces generating very similar solutions to the same problem from very
different starting points. The first direct evidence for a genetic relationship between Rag1 and
transposases came from the systematic search for Rag1 related genes within the many hundreds
of thousands of sequence traces and small contigs from numerous invertebrate genome
sequencing projects [35]. The sequence of the retrieved elements from sea urchin
(Strongylocentrotus purpuratus), hydra (Hydra magnipapillata), sea anemone (Nematostella
vectensis), and lancelet (Branchiostoma floridae) showed a surprising level of similarity with
the core region of Rag1. Although most of these elements lack flanking TIRs, they encoded
proteins that that still showed a striking similarity with Transib transposases and hence can be
considered to be Transib-like elements. The prototypical Transib transposons were originally

Fugmann Page 3

Semin Immunol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identified in fruit flies (Drosophila melanogaster) and mosquitoes (Anopheles gambiae) [36],
and are now known to also be present in the genomes of several other insects and nematodes.
Thus far, no in vitro or in vivo studies have been performed to determine the reaction chemistry,
active site motif, and DNA binding modules used by these cut-and-paste invertebrate
transposases. There is, however, significant sequence similarity between Transib TIRs and
Rag1/Rag2 RSSs, and both Transib and Rag1/Rag2 generate 5 bp target site duplications at
transposon integration sites. These features suggest that Transib transposases might indeed
catalyze reactions identical to those mediated by the Rag1/Rag2 complex [35]. It is intriguing
that transposases with strongest similarities to Rag1 (including Hermes and in particular
Transib) are only found in invertebrates, and not present in prokaryotes, suggesting that some
of their properties might have evolved to cope with different “lifestyle” requirements compared
to their closest relatives amongst the bacterial transposons, including Tn5 and Tn10.

In contrast to the Rag1/Rag2 gene pair, all Transib and Transib-like elements identified thus
far contain only a single open reading frame with similarity to Rag1 [35]. Thus there is no
evidence for a Rag2-like gene being part of Transib in any of the instances, although some of
the earlier studies of Transib elements might have been compromised by the rudimentary state
of the genome assemblies at the point of analysis. Alternatively, many transposable elements
in the genomes of vertebrates and invertebrates are inactivated by mutation and/or (partial)
deletions of transposon ends or coding regions, though it is highly unlikely that every single
Transib element would have lost its Rag2-like open reading frame to render them inactive. A
much simpler explanation for the absence of Rag2-like open reading frames within these
transposon remnants is that Rag2 was never a part of them, and an ancestral Rag1-like Transib
sequence simply integrated next to a prototypical Rag2 gene that served a different cellular
function at that time (Fig. 2).

The sequence similarity between vertebrate Rag1 and the Transib elements is limited to its
core region [35]. Surprisingly, an analysis of transcripts and genomic fragments from the
mollusk Aplysia californica revealed a new class of transposable element, named NRAG1-TP
that shows a striking similarity with the N-terminal conserved non-core region of Rag1 [37].
This includes the RING domain, but all the remaining parts of NRAG1-TP, including the region
thought to contain its active site, show no discernible similarities to Rag1. This finding raises
the idea that the ancient Rag1 transposon might have been generated by a recombination event
between a Transib and an NRAG1-TP element. Several sequence matches with limited
similarity to the N-terminus of Rag1 (though lacking similarity to Rag1 core) were also found
in the genomes of sea urchin, lancelet, sea anemone, and hydra [35], but whether they share a
genetic origin with Rag1 and/or NRag1-TP elements is unclear. This, however, suggests
another attractive model, namely that Rag1 could also have originated from the integration of
a Transib element into the 3′end of a ubiquitin ligase gene that was located next to the ancestral
Rag2 (Fig. 2).

Rag2 – origin and function
In contrast to Rag1, Rag2 lacks any apparent sequence similarity to any known transposon
encoded protein. While there is also only little homology with any known invertebrate or
vertebrate protein at the level of its primary amino acid sequence, secondary structure
prediction indicates that Rag2 consists of two distinct domains that are found in various proteins
throughout the eukaryotic kingdom: an N-terminal 6-bladed β-propeller, and a C-terminal plant
homeo (PHD) domain [38, 39]. β-propeller domains and the related WD40 domains are
compact globular folds that consist entirely of β sheets in the form of Kelch repeats [reviewed
in 40]. There is no specific molecular function assigned to these domains, but in many cases
they serve as docking platforms for proteins or small signaling molecules. In the case of mouse
Rag2, the β-propeller represents the minimal core (residues 1-387) that is required for all V
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(D)J recombinase activities [14, 41]. While the actual molecular function of the Rag2 core
remains elusive, all evidence so far suggest that it induces a conformational change within
Rag1 that switches the catalytic center into its active conformation. In addition, it is also thought
to contribute to the strong DNA contacts of the Rag1/Rag2 complex at the border of the RSS
heptamer and the flanking gene segment [42, 43]. PHD domains are important recognition
folds for posttranslationally modified histone tails, and are found in a diverse group of proteins
that control transcription or regulate chromatin structure [44]. The PHD domain of mouse Rag2
recognizes trimethylated histone H3K4 [39, 45, 46]. This histone modification is thought to
occur mostly within accessible chromatin, in particular areas that are actively transcribed. The
C-terminus of Rag2 also contains a threonine residue (T490) that is a target of the Chk2 kinase
and controls the degradation of Rag2 by the proteasome at the G1/S transition of the cell-cycle
[47]. This is important to prevent the formation of Rag1/2-initiated DNA breaks during
replication.

The currently prevailing concept is that Rag2 was an integral component of an ancestral Rag
transposon, which would explain both, the abrupt appearance of Rag2 in the genomes of all
jawed vertebrates and its tight genomic linkage to the transposase-derived Rag1 gene.
Importantly, there has not been a case of a Rag2-like gene not flanked by Rag1, but Rag1-like
transposons lacking Rag2 do exist (see section Rag1 and Rag1-like transposases). Along those
lines, Rag2 shows clear features of eukaryotic proteins and all functional data is consistent
with a model that Rag2 has originated from a simple domain shuffling event that connected a
globular β-propeller fold with a histone tail recognition domain. This model also readily
explains the presence of transcriptional control elements ensuring the lymphocyte-restricted
expression pattern of Rag1/Rag2, as those could have already controlled transcription of the
primordial Rag2 in primordial lymphocyte-like cells. This is in contrast to the transposon
model, in which such enhancer sequences would have to be acquired gradually as none of the
neighboring genes shares the distinctive expression pattern of Rag1/Rag2 (S.D.F. unpublished
data). In summary, the model of a prototypic Rag2 gene, already preexisting in the genome of
a common deuterostome ancestor (Fig. 2), explains many (but clearly not all) observations
with respect to the origin of the Rag1/Rag2 recombinase.

Rag-like genes in the purple sea urchin
Outside the jawed vertebrate lineage, the purple sea urchin is single only other species in which
a Rag1/Rag2-like gene pair has been identified thus far [48]. This appearance in echinoderms
represents the earliest occurrence of a complete Rag1/Rag2 gene pair in evolution, considering
that similarities with cut-and-paste transposases in lower organisms are limited to Rag1 by
itself. In the context of the sea urchin genome sequencing project, an initial analysis readily
identified sequences traces (and later on small contigs) showing significant similarity to Rag1;
some of these sequence fragment were initially assigned to be fragments and remnants of
Transib transposases by Kapitonov and Jurka (see section Rag1 and Rag1-like transposases)
[35]. A subsequent thorough analysis of a first complete assembly of genome, however,
revealed that one of the elements (parts of are present in contig 29068) encoded a protein with
remarkable sequence similarity to Rag1 that extended beyond the core region into the
conserved N-terminus [48]. Importantly, a gene with remarkable similarity to Rag2 that is
transcribed in the opposite direction was found downstream of it (see below). For the purpose
of this review, we will refer to the two genes and the encoded protein as Strongylocentrotus
purpuratus Recombination Activating Gene 1/2-like (SpRag1L and SpRag2L, respectively).
Note that parts of the SpRag1L gene are identical to the 29068_SP element described prior to
completion and of the genome sequence assembly [35].

Within SpRag1L the many of important features of Rag1 are well conserved [48]: the three
catalytic residues D548, D708, and E962, their immediate sequence environment, the zinc
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finger domain important for the interaction with Rag2, and parts of the N-terminus. The NBD
that recognizes the nonamer motif within the RSS is less well conserved, and this raises the
question whether the SpRag1L/SpRag2L protein complex recognizes and utilizes vertebrate
RSSs as its DNA substrates. A recent crystal structure of the mouse Rag1 NBD bound to a
consensus nonamer sequence identified several basic residues that are directly contacting the
DNA strands [21]. Interestingly, many of these amino acids are conserved in the sea urchin
protein, suggesting that SpRag1L might indeed bind to at a sequence similar to the RSS
nonamer of jawed vertebrates.

Unlike the prototypical Transib elements in fruit flies and mosquitoes, the SpRag1L gene is
located next to a Rag2-like gene (SpRag2L) [48]. While the similarity is quite low at the level
of the primary amino acid sequence, structure prediction of the encoded protein indicated that
it consists of two distinct structural domains: an N-terminal 6-bladed β propeller linked to a
C-terminal PHD domain. The only other proteins with this particular cadence of domains are
the Rag2s found in jawed vertebrates.

The similarity of SpRag1L and SpRag2L with vertebrate Rag1 and Rag2 extends to their
transcriptional control, namely that both genes are always coexpressed. Transcripts were
identified in developing sea urchin embryos as well as in distinct coelomocyte populations in
adult sea urchins [48]. Every tissue examined showed either expression of both genes, or of
neither of them. This finding is suggests that there exist shared regulatory DNA elements that
control the coordinated transcription of both genes in the appropriate cell types at the
appropriate developmental stage. As cis-regulatory sequences are frequently less well
conserved than coding DNA, the identification of such elements and the promoters they act on
will likely require wet-lab experiments rather than in silico approaches.

The similarity of the sea urchin Rag1/2 gene pair with their vertebrate counterparts suggests a
common origin, and therefore it is likely that they serve a similar function although they
diverged more than 400 million years ago. The exclusive function of vertebrate Rag1/2 is in
adaptive immunity to catalyze V(D)J recombination: assemble functional antigen receptor
genes during the development of B- and T-lymphocytes. Coelomocytes, the cells that express
SpRag1L/SpRag2L in adult sea urchins, are immune cells, consistent with a role of these
proteins in immunity. There is no evidence for Ig and TCR genes in the sea urchin genome,
and thus far there is no compelling evidence for an adaptive arm of the immune system in sea
urchins and many other invertebrates. Recently, however, a highly diversified family of
receptor genes, named 185/333, has been identified that is strongly induced by innate immune
stimuli in coelomocytes [49], suggesting that our view of invertebrate immunology being
limited to fixed pattern recognition receptors might need to be reconsidered. There is, however,
no evidence that SpRag1L and SpRag2L are involved in the generation of this diverse receptor
repertoire, and hence the roles of these genes in sea urchin immunity remain to be elucidated.
The molecular characterization of the SpRag1L/SpRag2L proteins yielded a number of
observations that are consistent with the complex having DNA modifying activities, including
a putative function as a transposase or DNA recombinase. Such molecular function would fit
into the conceptual framework of vertebrate and sea urchin Rags sharing common ancestry. A
key feature of the vertebrate Rag1/2 complex is that the formation of the complex itself is
essential for any catalytic activity to occur. Importantly, SpRag1L and SpRag2L form
complexes that are likely to be structurally closely related to those of bona fide Rag1/2, as it
is possible to swap components between sea urchin Rag complexes and those of jawed
vertebrates [48]. While the sea urchin Rag complex does not show activities in transient V(D)
J recombination assays in human 293T cells (S.D.F. unpublished data), the recombinase
activities of such hybrid complexes has not been determined yet. An important property of any
protein that acts on chromosomal DNA is its ability to enter the nucleus of the cell, which is
mediated by nuclear localization signals in vertebrate Rags. Similarly, both SpRag1L and
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SpRag2L are able to enter the nucleus when expressed in 293T cells [50].Lastly, the vertebrate
Rag complex is not only able to utilize naked double-stranded DNA substrates (in vitro or as
transiently transfected plasmids), but also on the endogenous antigen receptor gene loci in the
context of chromatin. The PHD domain of vertebrate Rag2 plays an important role in this
context as it binds to histone H3K4me3; this binding to histone tails is also a property of sea
urchin Rag2 albeit with a slightly altered preference for the dimethylated H3K4me2 [50].

Overall, these observations point towards a role of the SpRag1L/2L complex in the
maintenance/alteration of DNA in the context of chromatin. Based on the evolutionary
conservation of the active site of SpRag1L it is tempting to speculate that this sea urchin protein
might also be involved in a site-specific DNA recombination process. As the NBD is poorly
conserved between SpRag1L and Rag1, the sequence of the SpRag1L DNA substrate is
unclear. An extensive search for clusters of gene segments with similarity to the vertebrate V,
D, and J gene segment from the Ig and TCR clusters did not turn up any candidate gene loci.
Similarly, no apparent clusters of RSS-like sequences were found anywhere within the sea
urchin genome. The identification of the genes SpRag1L and SpRag2L are acting upon remains
a challenging goal for future studies.

Rag1 and Rag2 in jawed vertebrates
The Rag1/Rag2 cluster is a tightly linked gene pair in all jawed vertebrates in which the locus
has been characterized. The Rag1 genes or fragments thereof have been cloned from far more
than 100 different species, and reveal a strong conservation of the encoded amino acid sequence
in particular of the core region; the evolutionarily most distant shark and human Rag1 share
overall 65% identity and 77% similarity [51]. Only one vertebrate Rag1 protein has been
reported to show a unique feature not shared by any other Rag1 sequenced thus far. The Rag1
from bull shark (Carcharhinus leucas) carries a unique C-terminal repeat (nine copies of a
TILEDD consensus hexapeptide), but the biological function and significance of this sequence
for Rag1 activity in shark is unknown [51]. Rag2 is overall less well conserved than Rag1 (54%
identity and 68% similarity between shark and human Rag2), but the hydrophobic residues
that are important for the structural integrity of the β-propeller and the PHD domain remain
intact throughout all vertebrate Rag2 reported thus far.

As all jawed vertebrate species rely on the assembly of RSS flanked V, D, and J segments to
generate functional Ig and TCR genes, it is likely that the V(D)J recombinase activity of Rag1/
Rag2 is conserved. Importantly, the sequences of their DNA substrates, the RSSs, are highly
conserved from shark to humans. Although almost all published experiments were performed
using mouse or human Rag proteins or variants thereof, it is very likely that all conclusions
are valid for the Rag1/Rag2 from all other species as well. It is tempting to propose that getting
locked in its genomic location was an essential feature on the way to developing a tightly
controlled DNA recombinase system. Therefore it was considered unlikely to find any RSS-
like elements in the Rag1/Rag2 gene locus. A sophisticated computational analysis, however,
revealed conserved sequences flanking mouse and human Rag1/Rag2 that theoretically could
act as RSS [52], but their conservation in other species and whether they are indeed remnants
of the ancestral TIRs remains to be determined.

Open questions
The recent identification of Transib transposons and the SpRag1L/SpRag2L gene pair in sea
urchin has led to a revised conceptual framework regarding the origin of the vertebrate Rag1/
Rag2 cluster (Fig. 2). While this model explains many previous observations, there are still a
number of key questions that need to be resolved.
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What was the ancient Rag transposon that gave rise to the Rag1/Rag2 genes?
Was it a mobile DNA element that integrated next to a primordial Rag2-like gene? Or did the
mobile DNA element already contain both Rag1 and Rag2? As more and more drafts and
complete genomes from a variety of invertebrates become available, evidence for one or both
will emerge. Thus far no Rag2-like gene has been identified in a species in the absence of Rag1,
but the presence of Transib and Transib-like elements (based on their sequence related to the
vertebrate Rag1) in the genome of several invertebrates in the absence of a Rag2-like gene
currently tips the balance in favor of a “Rag1-only” transposable element.

When did the Rag transposon enter the genome of higher eukaryotic organisms?
The presence of the Rag1/Rag2 gene pair in an echinoderm species and in jawed vertebrates
suggest that the transposon either entered the genome of a common ancestor of all living
deuterostomes (Fig. 2), or that two related Rag1-like elements independently entered the
genome of an ancestral jawed vertebrate and an ancestral echinoderm. The “one event” model
fits readily with the “Rag1-only” transposon idea, as it seems unlikely that the very same Rag2-
like locus is targeted twice in independent events in distant species. The “two event” model,
however, provides a straightforward explanation for the apparent absence of Rag2-like genes
in species that are more closely related to vertebrates, such as the sea squirt (Ciona
intestinalis) and the lancelet. It is however worth noting, that the sea squirt has a highly
compacted genome lacking many genes present in both, echinoderms and vertebrates. Again,
a careful systematic analysis of already completed invertebrate genomes and newly sequenced
genomes is likely to provide more evidence to address this question.

3) How did the segmented antigen receptor gene loci arise?
To generate the V(D)J recombination system for antigen receptor diversity, two key events
were required: the Rag1/Rag2 gene pair needed to be acquired and co-opted for recombinase
activity, and a primordial V-type antigen receptor gene needed to be disrupted by an RSS-
flanked DNA element. This raises the question whether these events occurred sequentially (as
presented in Fig. 2), or at the very same moment, i.e. the Rag transposon itself disrupted the
receptor gene, and only later on got separated from this gene locus. The presence of the
SpRag1L/SpRag2L gene pair in sea urchins in the absence of any discernible Ig and TCR gene
loci supports the sequential model, and suggests that the first event was the co-option of the
Rag genes that subsequently served an as of yet unknown primitive function. There is, however,
no evidence of non-autonomous RSS-flanked mobile DNA elements required for the second
step in any prokaryotic or invertebrate genome analyzed thus far.

4) How did the Rag gene pair acquire its recombinase activity?
The purpose of a transposase is rather selfish in that it works to move its own genetic
information from one position in the host genome into another. In the context of V(D)J
recombination the Rag1/Rag2 complex present two properties that are unusual for a
transposase: it cares about the chromosomal DNA break and participates in its resealing (Fig.
1), and it prefers to join the two open RSS elements instead of using them to integrate into a
target location (Fig. 1). While it has been suggested that the C-terminus of Rag2 control the
transposase activity [reviewed in 15], it is likely that several other changes in Rag1 also
contributed to these altered properties.

Future experiments, ranging from sophisticated genome sequence analysis down to detailed
biochemical analyses of the enzymatic properties of the Rag1/Rag2 complex will provide
answers to at least some of these questions. Despite the enormous progress in the field over
the last decades, the continuous efforts of many laboratories will reveal more of the mysteries
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of the Rag recombinase that evolved from a selfish DNA element to the master regulator of
adaptive immunity.
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Figure 1. The enzymatic activities of Rag1/Rag2
This is a schematic representation of the reactions catalyzed by the Rag recombinase in vivo
and in vitro. Gene segments are indicated as boxes on the double-stranded DNA, and the
flanking RSSs are shown as triangles. The initial hydrolysis step, creating single strand breaks,
occurs at the RSS-gene segment borders, and is followed by a direct transesterification process,
giving rise to hairpin-sealed “coding ends” at the gene segments and “signal ends” at the RSSs.
In vivo, the DNA ends get rejoined leading to precise “signal joints”, and imprecise “coding
joints” (hatched box) as this ligation step requires additional processing of the DNA ends. Note
that the joining steps involve the Rag1/Rag2 complex but also require non-homologous end
joining DNA repair factors. The alternative fate of the RSS-flanked DNA segment in vitro (and
to a limited extend in vivo) is the result of a second transesterification that integrates this
fragment into a target DNA location. This pathway represents a bona fide transposition
reaction, and does not require any additional enzymes besides the Rag1/Rag2 complex.
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Figure 2. Current model of the origins of the Rag1/Rag2 gene cluster
This is a schematic representation of the “Rag1-only” transposon concept, and also illustrates
the “two step” concept of the evolution of V(D)J recombination (see section Open Questions).
Coding regions are drawn as open boxes with the name of the gene inside, RSS-like TIRs and
RSSs of flanking mobile elements as triangles, and directions of transcription are shown by
arrows. In a common ancestor of all living deuterostomes, a Rag1-like transposable element
integrates next to a Rag2-like gene. The box with “?” indicates that the N-terminus of Rag1
may have either been part of the original transposon or of a gene into which it integrated. The
TIRs flanking the transposon are lost, and a functional interaction of the prototypical Rag1 and
Rag2 (prot-Rag1 and prot-Rag2) proteins emerged, serving an unknown primitive function.
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As the lineages that led to sea urchins and jawed vertebrates diverged, the sea urchin gene
cluster (SpRag1L/SpRag2L) may have retained this original function, while the vertebrate
genes (Rag1/Rag2) evolved into the V(D)J recombinase. The disruption of a V-type Ig-like
receptor gene by an RSS-flanked mobile element, an event that is predicted to have occurred
in a common ancestor of all jawed vertebrates, represents a critical step in this process.
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