Annu. Rev. Immunol. 2000. 18:495-527
Copyright © 2000 by Annua Reviews. All rights reserved

THE RAG PROTEINS AND V(D)]
RECOMBINATION: Complexes, Ends, and
Transposition

Sebastian D. Fugmann!, Alfred Ian Lee,
Penny E. Shockett, Isabelle J. Villey, and David G. Schatz

Howard Hughes Medical Ingtitute, Section of Immunobiology, Yale University School of
Medicine, New Haven, Connecticut 06520-8011; e-mail: david.schatz@yale.edu

Key Words antigen receptor, site-specific recombination, transposition, RAGL,
RAG2

B Abstract V(D)Jrecombination proceeds through a series of protein:DNA com-
plexes mediated in part by the RAG1 and RAG2 proteins. These proteins are respon-
sible for sequence-specific DNA recognition and DNA cleavage, and they appear to
perform multiple postcleavage rolesin the reaction as well. Here we review the inter-
action of the RAG proteins with DNA, the chemistry of the cleavage reaction, and
the higher order complexes in which these events take place. We aso discuss
postcleavage functions of the RAG proteins, including recent evidence indicating that
they initiate the process of coding end processing by nicking hairpin DNA termini.
Finally, we discuss the evolutionary and functional implications of the finding that
RAG1 and RAG2 constitute atransposase, and we consider RAG protein biochemistry
in the context of several bacterial transposition systems. This suggests amodel of the
RAG protein active site in which two divalent metal ions serve alternating and oppo-
site roles as activators of attacking hydroxyl groups and stabilizers of oxyanion leav-
ing groups.

INTRODUCTION

The genes encoding immunoglobulin and T cell receptor proteins are unique in
being split into multiple gene segments in the germline that are then made con-
tiguous by recombination in somatic tissues. The assembly process, known as
V(D)J recombination, is named for the V (variable), D (diversity), and J (joining)
gene segments that are the targets of the reaction. For assembly of an antigen
receptor gene, one V, one J, and in some cases one D gene segment are joined
by recombination to create an exon that encodes the antigen binding portion of
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the receptor chain. Following transcription, the V(D)J exon is spliced to one or
more exons encoding the constant region to produce the mature mRNA and sub-
sequently the receptor polypeptide.

In many species, including primates and rodents, V(D)J recombination is
responsible for generating a great deal of the diversity found in these receptors.
Such diversity arises from two sources. The first, combinatorial diversity, is a
conseguence of the fact that there are typically many different V, D, and J gene
segments and that each different V(D)J combination yields a different receptor
specificity. The second, junctional diversity, arises from imprecise joining of the
V, D, and J gene segments.

The sites of recombination are specified by recombination signal sequences
(RSSs) that immediately flank each gene segment. Each RSS consists of a highly
conserved 7-bp sequence (the heptamer; consensus 5'-CACAGTG) and an AT-
rich 9-bp sequence (the nonamer; consensus 5'-ACAAAAACC) that are sepa-
rated by a poorly conserved spacer whose length is either 12 += 1 or 23 + 1 bp.
Spacer length therefore defines two types of RSSs, termed the 12-RSS and the
23-RSS. Efficient recombination occurs only between a 12-RSS and a 23-RSS,
arestriction known as the 12/23 rule.

V(D)J recombination of the endogenous antigen receptor gene loci is a com-
plex and highly regulated process. Events can span more than a megabase and
can occur in lineage and developmental stage-specific patterns. Factors such as
nucleosomal positioning and higher order chromatin structure are likely to play
critical roles in regulating the reaction (for reviews, see 1, 2). Relatively littleis
understood about how these forces regulate V(D)J recombination, and they are
not discussed further here. Instead, we consider the reaction at a much simplified
level, that of artificial DNA substrates containing one or two RSSs, typically
analyzed in cell-free reaction systems.

At thislevel, the reaction can be considered to occur in two phases (Figure 1).
Inthefirst, the two RSSs are recognized by the recombination machinery, brought
into close juxtaposition (synapsis), and the DNA is cleaved precisely between the
RSSs and their flanking coding elements. This generatesfour free ends: two blunt,
5’-phosphorylated signal ends and two covalently sealed, hairpin coding ends. In
the second phase of the reaction, the coding ends are processed, often with the
loss and addition of a small number of nucleotides, and joined to form a coding
joint (CJ), while the signal ends are joined, typically precisely, to form a signa
joint. It is also possible, though less frequent, for a signal end to become joined
to a coding end. If the signal end is joined to the coding end to which it was
previously connected, an open/shut (O/S) joint results, whereas if it is joined to
the opposite coding end, a hybrid joint results.

The first phase of V(D)J recombination can be performed in its entirety (3, 4)
by the proteins encoded by the recombination activating genes RAG1 and RAG2
(5, 6). The high mobility group proteins -1 and -2 (HMG1/2) also make an
important contribution to this phase of the reaction (7, 8). The RAG1 and RAG2
proteins are coexpressed only in cells of the B and T lymphocyte lineages and
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Figure1l Schematic model of the protein-DNA complexesin V(D)J recombination. See
text for details. The 12-RSS and 23-RSS are represented as black and white triangles,
respectively, coding segments as rectangles and proteins as shaded ovals. Several aspects
of the reaction are not depicted, including nicking adjacent to RSSs (which may occur
before or after synapsis), asymmetric opening of the hairpin coding ends to generate P-
nucleotides, and nucleotide addition by TdT. Coding end processing likely occurs in the
context of the CSC, but the existence of acomplex containing just the coding ends (brack-
ets) cannot be ruled out. Figure adapted from (24) and relies also on datafrom (7, 31, 65).
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are each essentia for cleavage activity (9-11). Mutagenesis studies have defined
minimal *‘core” regions of each RAG protein required for catalytic activity (12—
15). While it is clear that the *‘ nonessential’’ regions of the RAG proteins make
important contributions to their activity (16-19), these roles are not well under-
stood. One striking feature of the RAG genesisthat they are located immediately
adjacent to one another in the genomes of all jawed vertebrate species examined
to date, and in most species they lack introns in their coding regions (20).

The second phase of V(D)J recombination is not well understood but appears
to require RAG1, RAG2, and a group of ubiquitous DNA repair proteins. The
enzyme terminal deoxynucleotidyl transferase (TdT) is not essential, but when
present it contributes substantially to receptor diversity by adding nontemplated
(N) nuclectides to coding junctions (21, 22). The essential DNA repair proteins
include the three components of the DNA-dependent protein kinase (DNAPK),
Ku70, Ku80, and the kinase catalytic subunit DNAPKcs, and the XRCC4 and
DNA ligase IV proteins (23 and references therein). A deficiency in any of these
factorsresultsin defective V(D)J recombination, hypersensitivity toionizing radi-
ation, and an early block in lymphocyte development. A full consideration of
these proteins is beyond the scope of this review.

Recent biochemical studies have demonstrated that V (D)J recombination prob-
ably proceeds through a series of well-defined protein:DNA complexes (Figure
1). The RAG proteins first recognize the 12-RSS and 23-RSS to form stable
complexes referred to as the 12-SC and 23-SC (nomenclature adapted from 24).
Synapsis of these complexes leads to formation of the paired complex (PC),
within which DNA cleavage is completed. After cleavage, the four ends are held
in a cleaved signal complex (CSC), which is likely the complex within which
much or all of CJ formation occurs. This leaves behind the quite stable signa
end complex (SEC), which is the precursor for signa joint formation. In this
review, we focus on the properties and activities of the RAG proteins, particularly
the protein:DNA complexesin which they participate. We also discuss the recent
finding that RAG1 and RAG2 constitute a transposase (25, 26) and compare the
properties of this transposase-become-recombinase with several well-studied bac-
terial transposases.

RECOGNITION OF THE RSS

RAG-RSS Interaction

The first step in V(D)J recombination generates a stable complex of the RAG
proteins and the RSS (12-SC or 23-SC; Figure 1), and both the heptamer and
nonamer make important contributions to complex formation. An in vivo one-
hybrid system and a surface plasmon resonance analysisreveal ed an essential role
of the nonamer for detectable binding (27, 28). Thisis mediated by an interaction
with the NBD (** nonamer-binding-domain’, aa 390-460) of RAG1. RAG1 aone
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binds the 12- and 23-RSSs with approximately equal affinities, and the heptamer
makes a small but clearly detectable contribution to this interaction (27, 29).
RAG2 by itself displays no detectable binding activity, but the 12-SC and 23-SC,
containing RAG1 and RAG2, are much more stable and sequence-specific than
complexes containing RAG1 aone (30-32). Overall, these results suggest that
the RAG-RSS interaction may involve two steps: a ‘‘ recruitment’” step in which
the nonamer acts as an anchoring motif; and a *‘ stabilization” step, in which the
heptamer, in the presence of RAG2, now supports alarger part of theinteractions,
closer to the coding flank and the site of cleavage. In al cases, formation of the
12-SC or 23-SC requires a proper spacer length and the presence of a divalent
metal cation (31, 33).

Interference and Footprinting Studies  Interactions of the RAG proteins
with the RSS have been studied at the nucleotide level by methylation and eth-
ylation interference and footprinting assays. Interaction of RAG1 with the RSS
is clearly evident (30, 34, 35), and ethylation interference studies (34) revealed
that thisinteraction is contributed by nonspecific interactions with the DNA back-
bone, especially in the spacer region, as well as by base-specific interactions,
restricted to the nonamer. Strong overall nonamer occupancy is also observed
within the RAG1-RAG2-RSS complex, and in this situation the protection
extends through the spacer to the spacer-proximal side of the heptamer (Figure
2, see color insert). In contrast with what was observed with RAG1 aone, inter-
actions outside the nonamer are then more base-specific, consistent with the obser-
vation that RAG2 and the heptamer favor amore stable complex. For the 23-RSS,
the interaction with the nonamer is evident in a RAG1-RAG2 complex, but the
protein:DNA contacts do not propagate as far toward the heptamer as with the
12-RSS. This fits well with the observation that the 23-SC is less stable than the
12-SC (31) and implies that additional factor(s) are required to stabilize the 23-
SC (see below). Strikingly, in any situation, the interactions are biased toward
one face of the helix throughout the RSS (34) (Figure 2). This could explain why
cleavage requires appropriate phasing (an integral number of helical turns)
between the heptamer and the nonamer. Indeed, changing the length of the spacer
by more than =1 bp dramatically reduces cleavage and recombination (36-40).

UV Cross-Linking Footprinting studies have failed to revea any interaction of
the RAG proteins with nucleotides near the coding flank/heptamer border. Since
this is the site at which cleavage occurs, there must be protein:DNA interactions
in this region, but they are likely to be transient or weak. Indeed, several studies
have suggested that RAG1 interacts with the coding flank (31, 41, 42). To detect
such weak interactions, we designed a UV cross-linking assay that involved sub-
stituting 5-iodouridine in place of thymidine at several positions of the coding
flank and the heptamer in RSS oligonuclectides (43). RAG1 was shown to be
cross-linked at positions flanking the site of cleavage (Figure 2): the first position
of the coding flank on the bottom strand (C-1B), the second position of the hep-
tamer on the bottom strand (H2B), and the third position of the heptamer on the
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top strand (H3T). In the presence of RAG1, RAG2 could be cross-linked at the
C-1B and H3T positions, although much more weakly than RAGL (Figure 2).
Differences in intensity of cross-linking may simply reflect the selectivity of the
assay. Such biases include the facts that the 5-position of pyrimidines liesin the
major groove of the DNA helix, and that iodo-groups preferentially cross-link to
aromatic residues (44). Cross-linking of RAG1 and RAG2 to the RSS was aso
observed using aryl-azide-modified bases (45). However, these results are more
difficult to interpret because the azido group allows cross-linking to more distant
residues. Another study using iodo-groups confirmed the RAG1-heptamer inter-
action but did not reveal cross-linking to RAG2 (32).

Interestingly, the C-1T position (first position of the coding flank on the top
strand) was also strongly cross-linked to RAG1 in our assay, but only if the DNA
of the coding flank was unpaired (which may mimic the DNA melting that is
thought to occur during cleavage). It is reasonable that RAG1 would establish
additional DNA contacts near the site of cleavage to stabilize the unpaired state.
Severe distortion of the DNA at the coding flank/heptamer border favors binding
(34), and unpairing of the coding flank has been shown to enhance cleavage (36,
39). Taken together, these studies suggest that single-stranded coding flank/
heptamer borders are recognized as well as, if not better than, double-stranded
borders, which implies that the RAG proteins are able to bind and cleave single-
stranded DNA. Consistent with this, cleavage of single-stranded RSSs occurs(36,
39), and our unpublished data show that RAG1 and perhaps RAG2 can be cross-
linked by UV light to a single-stranded RSS containing an iodo group at position
C-1B (1JVilley and DG Schatz, unpublished). Together, the results demonstrate
that the RAG proteins contact and surround the site of cleavage.

Stoichiometry and Configuration of Subunits  The composition of the RAG-
RSS complex has been investigated recently, revealing that core RAGL1 exists as
a homodimer in solution and retains its dimeric form upon binding to the RSS
(29, 45, 46), as was suggested by a previous study (33). One study found that
RAG2 forms multimers, particularly dimers, in solution, and that the 12-SC con-
sists of a tetramer of two molecules of each RAG protein bound to a 12-RSS
(46). This conflicts with other data which suggest that only a monomer of RAG2
is found in the RAG1-RAG2-RSS complex (45).

The configuration of the different subunits within the complex remains hypo-
thetical. In afirst model, one RAG1 molecule contacts both the nonamer and the
heptamer/coding flank. Alternatively, two molecules of RAG1 might interact with
one RSS, with one contacting the nonamer and the other the heptamer/coding
flank (29, 45).

Role of HMG1/2

How are the RAG proteins able to recognize the 12-RSS and 23-RSS given the
extra helical turn found in the latter? Parallels with other recombination systems
suggested the involvement of a DNA-bending accessory factor, and it has been
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shown that HMGL/2, very abundant and ubiquitous DNA-binding and bending
proteins, enhance binding and cleavage by the RAG proteins (7, 8, 47, 48). Their
effect, however, is different with the two types of RSSs. Formation of the 12-SC
with purified RAG proteins is relatively efficient and only dlightly improved by
the addition of HMGL/2. In contrast, formation of the 23-SC is stimulated over
tenfold by HMG1/2 and is then formed as efficiently as the 12-SC (7). The inter-
action of HMGL/2 with RAGL (see below) can only account for a portion of the
effect on 23-SC formation (29).

How might HMG proteins stimulate formation of the 23-SC? One possibility
is that they act to bend the DNA in the spacer region, thereby bringing the non-
amer and heptamer elements closer together and allowing the RAG proteins to
more easily contact both elements simultaneously (7). However, a recent study
has shown that RAG1 and RAG2 by themselvesinduce abend in the RSS, whose
magnitude (about 60°) is not increased by the addition of HMGL1/2 (49). It was
therefore proposed that HMGL1/2 are incorporated into the complex to stabilize it
through the stabilization of the bend. In this model, the RAG proteinswould bind
and bend the DNA, and the HMG1/2 protein would behave like aclamp to ensure
a durable and favorable bending of the RSS.

HMG1/2 contain two HM G boxes and an acidic C-terminal tail, withthe HM G
boxes involved in both protein:DNA and protein:protein interactions (50). Inter-
estingly, the protein:protein interactions invariably involve the DNA-binding-
domain of the partner protein aswell. In keeping with this, it isthe NBD of RAG1
that interacts with HMG1, and both HM G boxes are required for the binding (49).
Based on sequence and functional similaritieswith the Hin recombinase, theNBD
of RAGL has been postulated to consist of a homeobox-like domain containing
a GGRPR motif and three a-helices (27, 28).

HMGL/2 display no sequence-specific DNA-binding properties. Instead, they
recognize unusual structures, such as DNA bends, and themselves induce sharp
bends (80°) in the helix upon binding. It is now clear that HMGL/2 interact with
the DNA binding domains of many transcription factors (51). Although these
factors are able to bind their target sequence by themselves, the addition of HMG
proteins typically greatly strengthens their binding. It is interesting that steroid
hormone receptors, and not other hormone receptors, are stimulated by HMG1/2
(52). The DNA binding domain of nonsteroid nuclear receptors is composed of
three a-helices that contact both major and minor groovesin the target sequence,
whereas for the steroid hormone receptors, only two a-helices are involved, with
contacts restricted to the major groove. Because the HMGL/2 proteins bind DNA
in the minor groove, it is plausible that they provide an additional interaction
surface for the steroid hormone receptors, but they would compete with the third
helix of the nonsteroid hormone receptors (52). RAG1 interacts extensively with
both the major and minor grooves of the nonamer (34, 35). In contrast, in the
RAG1-RAG2-RSS complex, the interaction with the heptamer/spacer border
appears to involve the major groove only. It is tempting to think that HMG1/2
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may stabilize this complex by providing minor groove DNA contacts in vicinity
of the heptamer.

SYNAPSIS, CLEAVAGE, AND THE 12/23 RULE

Chemistry of the Cleavage Reaction

The cleavage reaction occurs in two steps and introduces a DNA double-strand
break between the coding gene element and the flanking RSS. In the first step
(nicking), a single-strand break is introduced on the top strand between the gene
element and the first nucleotide of the heptamer. In the subsequent hairpin for-
mation step, the bottom strand is cleaved, creating a hairpin structure at the coding
end and a blunt, 5'-phosphorylated signal end.

Nicking The phosphate ester between the last nucleotide of the coding element
and the first nucleotide of the heptamer on the top strand is hydrolyzed, creating
anick characterized by a 3'-OH group at the end of the coding element and a5’-
phosphorylated end at the heptamer (Figure 3, see color insert) (3). The exact
reaction mechanism has not been characterized yet, but the analysis of nicking
reactions catalyzed by other site-specific recombinases suggests two possibilities.
The first is a one-step reaction in which the recombinase proteins catalyze the
direct hydrolysis of the phosphate ester. The second is a two-step reaction in
which aserine or tyrosine residue of the recombinase protein acts asanucleophile
in a transesterification reaction, creating a covalent protein-DNA linkage, as
occurs with bacteriophage lambda integrase, resolvases, and invertases (reviewed
in 53). Subsequent hydrolysis of this ester generates the nicked product.

The comparison of the absolute configuration of the central phosphor atom
before and after the reaction would distinguish between the two different mech-
anisms. One-step hydrolysis is a single S2 reaction leading to inversion of the
configuration of the phosphor atom, whereas the two-step mechanism consists of
two S, 2 reactions leading to retention of the configuration. For HIV-1 integrase
it was shown, by substituting one of the nonbridging oxygen atoms of the phos-
phate with sulfur (creating a chiral phosphorothioate), that the configuration of
the phosphor atom was inverted after the nicking reaction (54). But it isimportant
to note that, for the analyzed reaction products, the 3'-OH group at the end of
the top strand was used as the nucleophile instead of water. Therefore, strictly
speaking, the direct hydrolysis mechanism still remains a conclusion drawn from
indirect evidence.

The use of a phosphorothioate ester to determine the mechanism of RAG-
mediated nicking was not successful because the ester was not cleaved by the
RAG proteins (33). Thefailure, thusfar, to isolate a coval ently linked RAG-DNA
complex suggests that the RAG proteins catalyze direct hydrolysis analogous to
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HIV-1 integrase. It is conceivable, however, that the covalently linked interme-
diate is very unstable and thus quickly hydrolyzed.

Hairpin Formation Hairpin formation by the RAG proteins occurs by direct
transesterification (55). The top strand 3'-OH group acts as a nucleophile attack-
ing the central phosphor atom of the phosphate on the lower strand in a S2
reaction (Figure 3), with the lower strand of the heptamer serving as the leaving
group. Hairpin formation also occurs starting from a pre-nicked substrate, indi-
cating that the nicked product is a real intermediate of the cleavage reaction (3,
56).

Attack of the bottom strand by the 3'-OH of the top strand could not occur
without a significant bend in one or both strands of the DNA. Some coding flank
sequences inhibit cleavage at an isolated RSS in Mn?+ in vitro, selectively at the
hairpin formation step (36, 39). Unpairing of the first two positions of the coding
flank (C-2 and C-1) usually restores hairpin formation on these substrates, sug-
gesting that flexibility of the DNA at the site of cleavage is mandatory. Because
the RAG proteins have been shown to contact the site of cleavage, one can imag-
ine that they are directly involved in its physical modification. In other recom-
bination systems, unpairing of the flanks facilitates the strand transfer reaction
(57, 58).

The Precleavage Synaptic Complex (Paired Complex)

In general, V(D)J recombination occurs effectively only on 12/23 RSS pairs (59).
Given that gene segments in the antigen receptor loci are separated by up to a
megabase, synapsis of the two RSS to generate the PC is critical for reaction
fidelity and coordinate cleavage. RAG1 and RAG2 form multimeric complexes
in vivo (60-62) and in vitro (45, 46), and it is likely that the two RSSsin the PC
are held together by the RAG proteins (24, 46). Recently the PC has been detected
and isolated in vitro by blocking the nuclease activity of the RAG proteins using
Ca?™ as the divalent metal ion (24). This complex was only detected in the
presence of HMGL. The catalytic activity of the RAG proteinsin this** captured”
PC was restored by adding an excess of Mg?*, suggesting that the isolated com-
plex had a structure similar to that of the PC formed in the presence of Mg?*
ions.

Alignment of RSSs and Stoichiometry In the PC, RSSs may be aigned in a
paralel, antiparallel, or some intermediate orientation. Thusfar, thisissue has not
been investigated using imaging techniques such as el ectron microscopy or atomic
force microscopy. However, the influence of the distance between two RSSs on
the efficiency of the reaction has been studied in vitro (37) and in vivo (63). The
steric constraint imposed by a parallel alignment of the RSSis stronger for inver-
sional than deletional substrates. Indeed, with inversional substrates, cleavageand
recombination were more sensitive to shorter inter-RSS distances than with dele-
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tional substrates (37, 63), suggesting a parallel alignment (or something close to
it) of the RSSsin the PC.

Except for the presence of two RSSs, the stoichiometry of the PC is unknown.
As described above, the complex assembled on a single RSS contains two mol-
ecules of RAG1 and either one (45) or two (46) molecules of RAG2. From
symmetry considerations, it seems likely that the minimum protein content of the
PC is two molecules of each RAG protein, although this requires each molecule
of RAGL to be able to interact with a different RSS. Another reasonable possi-
bility isthat the PC contains four molecules each of RAG1 and RAG2. A similar
situation exists for the PC of the Mu transposon, which contains two MuA homo-
dimers, and only one subunit of each MUuA dimer uses its active site during the
transposition reaction (64). HMGL/2 islikely to be a component of the PC, since
it is a stable component of at least two postcleavage complexes, the SEC (65)
and the strand transfer complex that arisesfrom RAG-mediated transposition (25).
In addition, HM G2 is stably incorporated into an RSS-RAGL1 complex (29).

Cleavage Within the Paired Complex In vitro analyses of the nicking reaction
in Mg?* (the physiological divalent cation) show that nicking occurs readily on
substrates containing asingle RSS (31, 66), or on substrates containing two RSSs
separated by short distances that prevent synapsis within the same molecule (66).
In these latter substrates, the fraction of doubly-nicked RSSsis equal to the prod-
uct of the fractions of singly-nicked RSSs. However, as the distance between the
two RSSs increases, the fraction of doubly-nicked RSSs also increases. Thus,
nicking at two RSSs is a largely uncoupled phenomenon, although synapsis of
12- and 23-RSSs substantially stimulates nicking at both RSSs.

By contrast, in vitro studies on hairpin formation show that productsin which
both RSSs are fully cleaved appear before products in which only one RSS is
cleaved (37), suggesting that single-end cleavage products result from off-
pathway reactions. Moreover, although mutationsin one RSS do not significantly
affect nicking at the partner RSS, such mutations can impair hairpin formation at
both RSSs (24, 37, 66). Hence, it appearsthat hairpin formation at the two coding
flank/heptamer junctions is both physically and temporally coupled.

This conclusion has recently gained strong support from in vitro cleavage
experimentsin Mg?* using RSS oligonucleotide substrates in which the sequence
of the coding flank was varied (66a). Certain coding flank sequences can dra-
matically inhibit recombination by wild-type RAG proteins in vivo (66b) and
cleavage by purified RAG proteins in vitro (66a). These coding flanks greatly
dlow the nicking step of the reaction but have no effect on hairpin formation if a
prenicked substrateisused. Interestingly, if nicking at one RSSisinhibited hairpin
formation (but not nicking) is inhibited at the partner RSS (66a). This indicates
that nicking of both RSSsis required for hairpin formation at either one and that
the proteins engaging one RSS can sense the status (nicked or unnicked) of the
partner RSS.

A question that remains to be answered concerns whether RAG1 and RAG2
in the PC cleave the RSS to which they are bound (cis cleavage) or the opposite
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RSS (trans cleavage). At first glance, the fact that nicking occurs in the absence
of aproper PC and the results of cleavage experimentsin Mn?* (see below) seem
to suggest that RAG proteins can perform both nicking and hairpin formation in
cis. However, the arrangement of the RAG proteins and stoichiometry of RSSs
within “single-RSS” complexes are unknown. Such complexes may represent
half of the true synaptic complex, or they may represent the full synaptic complex
with one RSS lacking. An aternative, albeit lesslikely, scenario isthat they may
be improper synaptic complexes generated between RSSs on different DNA
molecules.

The 12/23 Rule The specific requirements for enforcement of the 12/23 rule,
the precise step at which enforcement occurs, and the molecular mechanism that
mediates it have all been subjects of considerable debate.

Initial in vitro studies demonstrated the importance of the divalent cation in
conferring 12/23-coordinated cleavage. In the presence of Mn2+, both RAG-
containing lymphoid extracts (37, 56) and purified core RAG proteins (3) catalyze
nicking and hairpin formation on substrates containing either 12/23 pairs of RSSs
or isolated 12- or 23-RSSs; in substrates containing 12/23 pairs, single-RSScleav-
ages predominate. In Mn2+, therefore, cleavage eventsat two RSSsare uncoupled.
By contrast, in the presence of Mg?*, lymphoid extracts show a 25- to 50-fold
preference for double cleavage of 12/23 substrates over cleavage of 12/12 or 23/
23 substrates (37), in good agreement with in vivo data (38). The traditional
explanation for this ion dependency is that Mn?*+ alows RAG1 and RAG2 to
cleave at isolated RSSs, perhaps by altering the geometry of the active site in
relation to the substrate. Indeed, Mn?+ skews both the temperature and pH activity
profiles of the RAG proteins (33), suggesting that the architecture of the RAG-
RSS complex in Mn?+ is distorted. Interestingly, Tn10 cleavage in the presence
of low levels of Mn?* yields an accumulation of single-end events (67), although
cleavage is till believed to occur within the context of a PC.

Purified core RAG proteins in the presence of Mg?+ show only a three- to
fivefold preference for 12/23 double cleavage versus 12/12 double cleavage (4);
single cleavage events are still seen at low frequency and mainly on the 12-RSS.
Addition of HMGL1 or HM G2 has a moderate stimulatory effect on 23-RSSsingle
cleavage and a large stimulatory effect on 12/23 double cleavage (7, 8), but this
addition does not result in strict conformity to the 12/23 rule because substantial
cleavage of 12/12 and 23/23 substrates still occurs. Full restoration of the 12/23
rule can be achieved by adding crude cellular extracts (8). Thus, it appears that
both Mg?* as the divalent cation and additional nonlymphoid factors including
HMG are involved in full enforcement of 12/23-coordinated cleavage.

Recent studies have suggested that purified core RAG and HMG proteins may
be the crucial protein factors required to fully recreate the 12/23 rule. Using short
double-stranded oligonucleotides containing single RSSs, Hiom & Gellert
showed that RAG1, RAG2, and HMG1 in Mg?* cleave only 12/23 pairs of oli-
gonucleotides and not 12/12 or 23/23 pairs (24). Kim & Oettinger constructed an
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oligonucleatide substrate with a single-stranded region between the RSSs; using
purified core RAG proteins, HMGL1, and nonspecific double-stranded competitor
DNA in the presence of Mg?*, strict 12/23-coordinated cleavage is seen, with
suppression of 12/12 or 23/23 events, suggesting that the effects of cell extracts
might be at least partly due to nonspecific DNA (48). West & Lieber constructed
a double-stranded oligonucleotide substrate with a nick between the RSSs; while
purified core RAG proteinsin Mg+ have no cleavage activity on this substrate,
strict 12/23-regulated double cleavage is seen upon addition of HMG1 (47).

The precise step at which the 12/23 rule is imposed remains to be determined.
Using EMSA, Hiom & Gellert showed that in the presence of Ca?*, purified core
RAG proteins with HMG1 synapse 12/23 oligonucleotide pairs more efficiently
than either 12/12 or 23/23 pairs, although both 12/12 and 23/23 oligonuclectides
show a significant background level of synapsis (24). In contrast, West & Lieber
showed that preincubation of their labeled 12/23 substrate with unlabeled 12/23,
12/12, or 23/23 competitor substrate reduces double hairpin formation in the
labeled substrate 10- to 20-fold in all cases (47). This suggests that RAG and
HMGL proteins can synapse 12/23, 12/12, and 23/23 substrates, all with similar
efficiencies, and that enforcement of the 12/23 rule occurs at the level of double
hairpin formation.

Both studies raise important issues. It is possible that, in the study by Hiom
& Gellert, the use of Ca?+ as the divalent cation alters the events that take place
under normal physiological conditions. Also, assaying RAG-mediated synapsis
by using isolated RSSs on two separate DNA molecules may be aless sensitive
means of study, as lack of connectivity between the two RSSs automatically
decreases the probability of synapsis. On the other hand, the nicked substrate used
in West & Lieber’s study may alow for artifactual synapsis. The RSSs in their
substrate are separated by less than 70 bp, and the tight tethering of two RSSs
combined with increased flexibility between the RSSs may allow for noncanon-
ical synapsisto occur at increased efficiencies. Finally, it is possible that the 12/
23 rule is imposed at both synapsis (=threefold) and double hairpin formation
(=tenfold), generating the =30-fold preference for 12/23 substrates seen in vivo
(38).

POSTCLEAVAGE SYNAPTIC COMPLEXES

Before they are joined, hairpin coding ends must be nicked open and nucleotides
may be inserted or deleted. Nucleotide insertion usually results either from the
action of TdT or from asymmetric opening of the hairpin to generate short
stretches of palindromic (P) nucleotides (reviewed in 59). While N nucleotide
addition occurs predominantly in postnatal animals, P nucleotides are found in
V(D)J coding junctions at most loci in fetal and adult animals. The mechanism
of nucleotide deletion from coding ends is unknown.
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The Cleaved Signal Complex (CSC)

Immediately after cleavage, the RAG proteins are bound to the signal ends and
coding ends in a four-end complex, the CSC (Figure 1). One model of coding
end processing predicts that coding ends are held in this complex long enough
for modifying enzymes, ligase, and necessary cofactorsto be recruited and to act,
and hence that CJ formation occurs in the CSC. Most of the available data is
consistent with this model. Alternatively, it is possible that the two signal ends
and two coding ends are associated in the CSC immediately after cleavage, but
that the complex falls apart rapidly and coding ends are processed or joined
independent of the SEC (Figure 1). Although the stability of association of coding
endsinthe CSC hasrightly been questioned, the availabl e experimental dataargue
against this model.

The earliest hint that coding ends and signal ends must exist at least transiently
within a common protein:DNA complex came from studies that identified hybrid
joints and O/S joints with high efficiency in transfected cells (68, 69). The ability
of coding ends to be joined to signal ends implies that all four ends must exist
within acommon postcleavage complex. Additionally, the occurrence of asimilar
spectrum of coding end processing events in hybrid, O/S, and coding junctions
supportstheideathat coding endsand signal ends exist within acommon complex
during coding end processing (68-70).

Recently, direct physical evidence has been provided for the CSC (24). RAG-
mediated cleavage in trans of RSS oligonucleotide substrates (one labeled with
biotin and the other with 32P) allowed streptavidin capture of 32P-labeled signal
ends and coding ends. Coding endswere captured less efficiently than signal ends,
consistent with the failure to detect stable coding end/coding end or coding end/
signal end complexes in an earlier study (65). Definitive proof of the four-end
complex awaits experiments demonstrating that both RSSs have been cleaved in
the captured complexes.

Hairpin Opening and the Processing of Coding Ends

Signal ends were the first VV(D)J recombination-specific DNA intermediatesto be
detected in normal lymphoid precursors, and they are considerably more abundant
than coding ends (71-75). A pre-B cell line with inducible RAG expression was
used to show that coding ends are present at 10- to 100-fold lower levels than
signa ends at the Ig Jk locus (76). After RAG protein induction, CJ formation
correlates with the appearance of signal ends, suggesting that while signal ends
persist, coding ends are processed and joined rapidly after cleavage.

The RAG proteins appear to be necessary for coupling the cleavage and joining
stages of V(D)J recombination. In vitro, coding ends generated by RAG-mediated
cleavage cannot bejoined if they arefirst deproteinized (77, 78). There are several
possible postcleavage roles for the RAG proteins. First, they might help to main-
tain the structure or nuclear location of the postcleavage complex. Second, they
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may be required for the recruitment of DNA processing or repair proteins. Finaly,
as discussed below, they may play a catalytic role in coding end processing or
joining.

Ubiquitous Hairpin Opening Activities Activities have been detected that can
resolve and join transiently transfected synthetic hairpin DNA substrates in a
variety of cell lines (79, 80, and discussed in 81). These observations indicated
that ubiquitous hairpin opening activities exist in vivo and raised the possibility
that hairpin opening during V(D)J recombination is performed by a ubiquitous
factor.

Recent work has suggested that the RAD50/Mrell/NBS DNA repair complex
could potentialy serve in this capacity (82, 83). In vitro, the human Mrell/
RAD50/NBS complex possesses activities that can nick synthetic DNA hairpins,
remove 3’ overhangs, and mediate 3’ to 5' resection of DNA termini (83). This
latter activity promotes homology-mediated ligation of DNA ends and could con-
ceivably resect coding ends to promote joining stimulated by short homologies
during V(D)J recombination (82). As yet, no direct involvement of RAD50/
Mrell/NBS in V(D)J recombination has been demonstrated.

Hairpin Opening by the RAG Proteins Recent studies have suggested that hair-
pin opening during V(D)J recombination might be performed by the RAG pro-
teins (84, 85). Invitro, the RAG proteins nick synthetic hairpinsafew nucleotides
5’ of thetip, and the presence of both RAG1 and RAG2 is required. The hairpin
structure is not required for this nuclease activity because a homologous DNA
duplex substrate is nicked at the same position. With synthetic hairpins, HMG2
focuses the nicking activity to the vicinity of the hairpin tip, presumably by
interacting with the RAG proteins and promoting their interaction with the altered
DNA structure at the tip (85). HMGL/2 may perform a similar function in vivo.
Like the disregulated cleavage of isolated RSS oligonuclectides, nicking of syn-
thetic hairpins occurs in M2+ and not Mg?+ (84, 85).

Strikingly, hairpin nicking can occur in Mg?+, either in trans on oligonucle-
otide substrates or in cis with plasmid substrates, but only in the context of 12/
23 regulated cleavage. Using oligonucleotide substrates, coding end hairpins are
opened at the tip (84). After coupled cleavage of plasmid substrates, however,
coding end hairpins are opened predominantly 1 to 2 nt 5" of the tip, generating
palindromic extensions similar in length to the short P regions found in CJsin
vivo (Figure 4) (85). Hairpin nicking in Mg?* has also been observed using a
large DNA fragment containing an RSS at one end and a hairpin at the other (PE
Shockett, DG Schatz, unpublished). Since nicking of synthetic hairpin substrates
(lacking asignal end) does not occur in Mg?*, it is possiblethat transient synapsis
occurs between the signal end bound by the RAG proteins and the coding end,
to some extent mimicking the postcleavage complex. Additionaly, synthetic hair-
pin nicking in Mg?+ appearsto be stimulated by short signal end oligonucleotides
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A. sites of Coding End Hairpin Nicking

cis-cleavage with
5' of tip {

5 trans cleavage with
3 )4—-— tip € oligonucleotide substrates

plasmid substrates
?in vivo

?in vivo

3' of tip{ in vivo

B. Coding End Products Observed
in vitro in vivo

5' extensions Deletions (3' overhangs)
Fuli length (blunt)  3' extensions
Full length (?blunt)

Figure4 Summary of sites of hairpin nicking by the RAG proteins within the postcleav-
age complex (A) and types of coding ends detected in vivo (B).

(PE Shockett, DG Schatz, unpublished). Thus, in Mg?+, organization of the RAG
protein active site for hairpin nicking probably requires signal end binding.

These findings suggest that in vitro, the RAG proteins nick coding end hairpins
within the CSC, generating full-length coding ends, P nucleotides, and conceiv-
ably deletions at coding ends. Similarities between mechanistic aspects of V(D)J
recombination and bacterial transposition (see below) further support the hypoth-
esis that the RAG proteins initiate both RSS cleavage and subsequent hairpin
opening (86, 87). These similarities were further extended by the recent finding
that both the RAG proteins and Tnl0 transposase are sequence-nonspecific 3’
flap endonucleases (87a). Both 3’ extensions and 3’ flaps can be removed by
endonucleolytic cleavage at or near the double strand/single strand junction. In
addition to raising the possibility of an additional role for RAG1 and RAG2 in
creating junctional diversity, the results suggest that sequence-specific nicking by
the RAG proteins may proceed through a flap-like structure at the RSS-coding
flank border (878a).

Questions Raised by RAG-Mediated Hairpin Opening One unresolved ques-
tion is why oligonuclectide and plasmid substrates yielded different patterns of
coding end hairpin opening (Figure 4) in the two studies cited above (84, 85).
This difference may result from a combination of factorsincluding the sequence,
structure, and single-stranded character of the hairpin coding end, the substrate
orientation, and the preparation of RAG proteins (88 and references therein).
Preliminary data suggest that the differences observed in the two studies can be
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accounted for by differences in both the substrates and the protein preparations
used (85; P Cortes, personal communication).

A second question arises from the fact that while coding end hairpins are
opened at, or 5’ of, the tip in vitro, coding ends in vivo exhibit deletions and
extensions consistent with 3’ overhangs and nicking of the hairpin 3' of the tip
(Figure 4) (74-76). Whether the ends detected in vivo represent products of the
initial coding end hairpin processing event and a true intermediate in V(D)J
recombination remains to be shown. A possible precursor-product relationship
between some of the deleted ends detected in vivo and deletions found within
actual CJs has been pointed out (75). In vivo, both deletion and P nucleotide
formation are influenced by the coding end sequence (88, 89 and references
therein). It has been proposed that double-stranded hairpin nicking at AT-rich
sequences serves as a mechanism of nucleotide loss from coding ends (88). The
low recovery of coding ends with nucleotides deleted on both strands in vitro
after RAG-mediated cleavage might be a function of the coding end sequences
used or the need for a more stable and prolonged hairpin:RAG association for
double-stranded nicking of the hairpin. Additionally, the studies of RAG-
mediated hairpin opening in vitro have been performed with truncated RAG pro-
teins, and it is possible that the full-length proteins will behave differently. We
have observed synthetic hairpin nicking in the presence of full-length RAG2, but
full-length RAG1 has not yet been examined (PE Shockett, DG Schatz,
unpublished).

Finally, in lymphocytes of DNAPKcs- and Ku80-deficient mice, hairpin cod-
ing ends accumulate despite RAG protein expression (90-92). This presents an
interesting paradox: In vivo, DNAPK cs and Ku are necessary for RAG-mediated
hairpin opening, while in vitro, the RAG proteins can nick coding end hairpins
without DNAPK s or Ku. One resolution is suggested by the observation that
coding ends are retained inefficiently in the CSC in vitro (24, 65). It is plausible
that in vivo other factors are required to retain coding ends in the postcleavage
complex long enough to be nicked by the RAG proteins. Ku and DNAPKcs are
good candidates for factors that would act to stabilize coding ends in the CSC.
Ku has been proposed to regulate remodeling or disassembly of the postcleavage
complex, thereby facilitating coding end processing (91). Furthermore, the Ku
proteins have been shown to facilitate the ligation of DNA ends similar to those
generated during V(D)J recombination, suggesting that they might bridge two
coding ends to promote joining (93). DNAPK cs has been shown to bind to DNA
hairpins (94), and furthermore, in the presence of Ku but in the absence of DNA
ends, it can be activated in vitro by the putative nuclear matrix protein C1D (95).
By virtue of thisinteraction, DNAPK cs could tether the postcleavage complex to
the nuclear matrix, thereby stabilizing coding end association with the complex
and enhancing RAG-mediated hairpin nicking. Another possibility is that
DNAPK s may regulate the RAG proteins or other proteins in the postcleavage
complex by phosphorylation. DNAPKcs activity might be required in vivo to
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move DNA end-binding proteins out of the way so that processing enzymes,
including the RAG proteins, have access to coding ends (91, 96). Coding end
blocking proteins might include Ku and DNAPK ¢cs themselves, or PARP, which
bindsand isactivated by DNA ends and which may stimulate DNAPK csby ADP-
ribosylation (96-98). Finally, it is possible that a complex of Ku and possibly
DNAPKcs must move aong the coding end hairpin atering its conformation
before it can be nicked by the RAG proteins. It has been proposed that Ku might
unwind the hairpin coding end to allow nicking (99).

The Signal End Complex

In vitro, signal ends remain associated with each other in the signal end complex
(SEC) (Figure 1), anuclease resistant protein:DNA complex containing the RAG
proteins and HMGL/2 (24, 65). This complex has not been directly demonstrated
in vivo; however, several observations suggest that it exists. First, signal endsare
usually not subject to deletion and N-nucleotide insertion as are coding ends, and
this could be explained if RAG proteins protect signal ends from the processing
activities that act on coding ends (65). Second, in hormal lymphoid precursors,
signal ends are easily detected (71-73) and persist before being joined (76). This
persistence causes no obvious increase in p53 in normal animals (100). Thus,
signal ends might not trigger conventional DNA damage responses in the cell
because of their association with the RAG proteins. Finally, the formation of
signa joints correlates with the downregulation of RAG gene expression, con-
sistent with a need to remove RAG proteins from the SEC before joining (76).

Recent experiments demonstrated that removal of short terminal portions of
RAG1 and RAG2, previoudly thought to be *‘nonessential” for signal joint for-
mation, is associated with an accumulation of signal ends in transient recombi-
nation assays, consistent with decreased efficiency of signal joint formation (19).
Requirements for chaperone-mediated disassembly of Mu transposase pro-
tein:DNA complexes have prompted speculations that signal joint formation
reguires the binding of chaperones for disassembly of the SEC and subsequent
recruitment of repair proteins (19, 65). It has been suggested that these RAG
terminal domains may interact with such a factor (19). Additionally, it has been
proposed that the requirement for SEC disassembly before signal joint formation
directs processing and joining activities to coding ends first, thereby minimizing
hybrid joint formation (99).

While it is accepted that Ku proteins are required for signal joint formation,
the role of DNAPKcs is more controversial (92, 101, 102). After RAG-mediated
cleavage in cell extracts, associations between signal ends and either Ku or
DNAPKcs have been detected (65). The finding that signal joints on transfected
substratesand at TCR loci can exhibit N-nucleotide addition and del etion suggests
that in some circumstances signal ends encounter some of the same processing
enzymes as coding ends (103, 104, and references therein).
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RAG-MEDIATED TRANSPOSITION

From the beginning, it had been postulated that V(D)J recombination must have
evolved from an ancient transposition or site-specific recombination system; both
the compact genomic structure of the RAG locus and the organization of the
RSSs were compatible with this notion (6, 105). Subsequent elucidation of the
reaction pathway (3), the observation that acohols could serve as nucleophiles
in the nicking reaction, and the demonstration that hairpin formation proceeded
viaadirect Sy2 transesterification mechanism (4) all provided strong correlations
with transposition. RAG-mediated hybrid joint formation in vitro appeared to be
analogous to the disintegration reactions catalyzed in vitro by retroviral integrase
(70, 106). Finally, the demonstration that purified RAG proteins in vitro could
catalyze transpositional insertion confirmed the link between V(D)J recombina-
tion and transposition (25, 26).

Basic Features of RAG-Mediated Transposition

RAG-mediated transposition was demonstrated in two different studies using
either plasmid (25) or oligonucleotide (26) substrates containing RSSs. These
studies showed that RAG proteins catalyze efficient insertion of signal end sub-
strates into a target vector, generating a strand transfer product. The target vector
can be the same molecule as the signal end substrate, resulting in an intramolec-
ular transposition product (25); or the target vector can be a different molecule
from the signal end substrate, resulting in an intermol ecul ar transposition product.
Aswith al transposition reactions, RAG-mediated coupled strand transfer of two
signal ends results in a target site duplication at the site of insertion. The dupli-
cation is generally 5-bp long for RAG-catalyzed transposition, although dupli-
cations arising from intramolecular reactions show more variation in length. The
sites at which insertions occur vary in sequence, and GC-rich sequences are some-
what preferred; a GC-rich hotspot was observed in one instance (25). RAG-
mediated transposition is strongly dependent on the presence of HMG1/2 (25,
26) and typically requires both a 12- and a23-RSS, although alow level of strand
transfer products can be seen using only a 12-RSS substrate (26). The reaction
can occur using either Mg®* or Ca2* as the divalent cation.

Comparison to Other Transposition Systems

Many aspects of RAG behavior are shared by composite transposons, large ele-
ments whose internal sequences encode drug resistance and accessory factors,
and whose ends are functionally dissociable insertion sequences (1S) that encode
transposase (for reviews of different classes of transposable elements, see 107—
109 and references therein). In particular, many parallels are seen with the com-
posite transposon Tnl0/IS10, the first transposon in which formation of an
obligatory hairpin intermediate was conclusively demonstrated (87).
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Divalent Cation As a general rule, it appears that Mg?* is the physiological
divaent cation for proper functioning of transposases (107-110). In the absence
of adivalent cation, RAG1 and RAG2 fail to stably bind isolated RSSs (31); by
contrast, MUA can bind its cognate RSSs but is incapable of performing synapsis
(107), whereas Tn10 can perform both binding and synapsis (108, 111). Without
adivalent cation, transposases have no catalytic activity presumably because, as
discussed below, divalent cations are essential components of the active site.

In the presence of Ca+, transposase binding and synapsis are quite stable.
However, enzymatic activities are impaired, with Tn10 showing no activity (67)
and RAG proteins and MuA capable of only strand transfer (24, 57). In the
presence of Mn?+, transposases behave strangely. In various Mn?*-based assays,
both RAG and Tn10 show (a) uncoordinated single-end cleavage (47, 56, 67),
(b) inability to complete cleavage, resulting in accumulation of nicked interme-
diates (36, 39, 112), and (c) relaxed sequence specificities (33, 67). Importantly,
Mn2+-induced relaxation of sequence specificity is also seen in other enzymes
that catalyze phosphoryl transfer reactions, such as polymerases (113) and restric-
tion endonucleases (114).

Signal Seguences The organization of the RSS separates the primary site of
RAG protein binding (the nonamer) from the site of cleavage (the heptamer). The
dissociation of these two sites appearsto be ageneral property among transposons
(108, 115, 116).

It has been suggested that the RSS resembl es the sites at the ends of Tc family
transposons (117). The RSS heptamer motif is almost identical to the Tc end
sequence; the two sequences differ primarily in the first nucleotide (C for the
heptamer; T for Tc transposons). However, the cleavage products generated by
the two reactions differ (115). The RSS nonamer motif resembles an AT-rich
sequence in the Tcl transposase binding site immediately downstream of the
heptamer-like motif; however, this sequence is not well conserved among the Tc
family (115, 117). Thus, the functional significance of the parallels between RSSs
and Tc end sequences are uncertain.

Synapsis  Transposons such as Mu or Tn7 have strict requirements for synapsis
(207, 109). In Mu, under physiological conditions, topologica reguirements
restrict PC formation to supercoiled substrates in which the two end sequences
have specific orientations along the DNA (107). By contrast, Tn10 shows con-
siderable versatility in synapsis; in vitro and in vivo, transposition can occur using
many different arrangements of 1S10 ends on the same or on different molecules
(108). The behavior of the RAG proteins in synapsis appears to be similar to that
of Tn10 transposase.

Protein-DNA interactions within PCs are quite strong. Mu and Tn10 cleavage
from supercoiled donor substrates retains supercoils within the transposon ele-
ments; similarly, insertion of excised Tnl0 into a supercoiled target molecule
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retains the supercoils in the target (107, 108). Thus we may expect protein:DNA
interactions within the RAG PC to be similarly strong (see below).

The 12/23 Rule The 12/23 rule provides a means by which the two ends of the
primordial RAG transposon can be distinguished. This asymmetry in end usage
is echoed in varying degrees in other transposition systems, particularly in more
complicated systems such as Mu and Tn7 (107, 109). Perhaps the most striking
parallel isseeninthe apparent * 9-21" rule of P-element transposition (116). The
two ends of P-elements contain a 31-bp inverted repeat and a 10-bp transposase
binding site, separated by a spacer whose length is either 9 bp (3" end) or 21 bp
(5’ end). Cleavage occurs within the 31-bp inverted repeat and typically requires
both 3" and 5’ ends, although in vitro, uncoupled cleavage can be observed at
low levels on substrates containing a single 3’ end.

Cleavage Inaddition to restrictions governing PC formation, Mu and Tn7 trans-
posons have another control feature to regulate initiation of cleavage. In the
absence of target DNA, MUA performs the initial nicking reaction somewhat
slowly; addition of target DNA greatly stimulates the nicking rate (107, 108).
Tn7 is even more rigid in that cleavage is not performed at al unless a target
DNA sequence is present (109). In contrast, both RAG and Tnl10 transposases
readily cleave synapsed ends in the absence of target DNA (108). This dissoci-
ation between cleavage and target interaction may have been an important evo-
lutionary factor in allowing the RAG transposase to function in recombination.

As described previously, RAG1 and RAG2 appear to catalyze coupled cleav-
age at two RSSs amost simultaneously. However, in many other systems (e.g.,
Tn7 and Tn10), the cleavage reactions at the two ends are temporally separable
(108, 109).

The cleavage reactions catalyzed by RAG, Tn5, and Tnl0 transposases all
result in the formation of hairpin intermediates (87, 118). In Tn5 and Tn10 cleav-
age, however, the hairpin resides on the end of the transposon, whereasin V(D)J
cleavage, the hairpin resides on the end of the flanking sequence. This seemingly
minor distinction may have important functional and evolutionary ramifications
(see below). It has been suggested that excision of certain elementsin plants (Ac/
Ds, Tam3, and Side), Drosophila (hobo), and fungi (Ascot-1) may resemble RAG
cleavage in this regard (119). Interestingly, the ends of Ascot-1 bear the sequence
CAGTG that is found at the ends of Tc family transposons (117, 119) and that
represents the last five bases of the heptamer.

Postcleavage Complex  Asdiscussed above, current evidenceindicatesthat after
RAG-mediated cleavage has occurred, the CSC retains all four cleaved endsin a
single postcleavage complex (24). Available evidence on Tnl0 cleavage, how-
ever, suggests that the Tn10 transpososome rel eases each flanking sequence asiit
is cleaved, resulting in a two-end postcleavage complex (111). This release may
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be necessary to ensure that efficient hairpin opening occurs during Tn10 trans-
position (see below).

Target Immunity Transposons such as Mu or Tn7 typically do not transpose
into the same donor molecule from which they originate, a phenomenon known
as target immunity (107, 109, 120). The mechanistic basis for this residesin the
fact that under physiological conditions, strand transfer requires additional pro-
teins (MuB; TnsC) that bind to target molecules other than the transposon donor.
By contrast, RAG and Tn10 transposons do not appear to be subject to target
immunity; in both systems, intramolecular transposition occurs at relatively high
frequencies (25, 108). The rationae for this discrepancy is that, while intramo-
lecular transposition would be deleterious to a transposon such as Mu or Tn7,
such intramolecular events within a composite transposon are advantageous for
an insertion sequence whose primary aim is to disseminate as widely as possible
(108).

Thermodynamics of Transposition In transposition reactions, the stability of
each complex along the reaction pathway increases as the reaction progresses
(107, 108). Consistent with this notion, RAG complexes with cleaved signal end—
signal end molecules are extremely stable (65), and RAG proteins appear to
remain tightly associated with strand transfer complexes resulting from intra-
molecular transposition (25).

THE RAG1-RAG2 ACTIVE SITE

One of the most interesting and still open questions is the structure and function-
aity of the active site of the RAG complex. No structure has been reported for
the core regions of the RAG proteins thus far, and hence this section attemptsto
addressthisissue based primarily on analogiesto other site-specificrecombinases,
together with evidence from in vitro experiments.

How Many Active Sites Participate in Cleavage?

Comparison of active site stoichiometries in other transposition systems suggests
that in V(D)J cleavage, asingle active site may catalyze both nicking and hairpin
formation at a given coding end—signal end junction (55). Both Tn5 and Tn10
transposition generate double-strand break intermediates that are formed via a
nicking-hairpin approach, and both transposases appear to use one active site for
cleavage at each transposon end (86, 108, 118). By contrast, Tn7 transposition
generates double-strand break intermediates that are formed by nicking each of
the two complementary strands; two separate proteins are required to catalyzethe
two single-strand cleavages, apparently to accommodate the two substrate strands
with opposite polarities (109, 121).
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Neither RAG1 nor RAG2 alone exhibits any catalytic activity (3, 25, 26, 70,
84, 85), suggesting either that both proteins contribute amino acid side chainsto
the active site, or that interaction between them leads to a structural change in
one of them, bringing the catalytic site into its active conformation. In keeping
with the latter model, transposases often have cofactors that bind to and activate
the catalytic subunit, e.g. MUA-MuB and TnsA/B-TnsC (reviewed in 107, 109).

A Two-Divalent Metal Ion Model for the Active Site

HIV-1/ASV integrase, MUuA, Tn5, and Tn10 transposases all have catalytic activ-
ities similar to those of the RAG complex. Initial hydrolysis of a phosphate ester
bond on one strand releases a 3'-OH group that is subsequently used in a direct
transesterification reaction, creating either a strand transfer product or a DNA
double-strand break. Thereforeit is possible that all these proteins contain asimi-
lar active site. Although at the amino acid level the homology between the core
regions of ASV integrase, HIV-1 integrase, MUuA, and Tn5 is only 9-15% (118),
X-ray crystal structure analyses have revealed that these four proteins, together
with RuvC and RNaseH, belong to a polynucleotidyl-transferase family defined
by structural similarities (118, reviewed in 122, 123). The active site of all four
proteins contains a triplet of acidic residues, known as the DDE motif (124), that
is shared among many other transposases. These residues chelate divalent metal
ions and are important for al chemical steps of transposition and integration.
Given the mechanistic parallels between transposition and V(D)J recombination,
and the strong influence that divalent metal ions have on the activity and speci-
ficity of the RAG proteins, it is appealing to think that the active site of the RAG
proteins contains one or more divalent metal ions that are directly involved inthe
catalytic process. Indeed, recent experiments (SD Fugmann, 1J Villey, LM
Ptaszek, DG Schatz, unpublished) have identified two aspartic acid residues
within RAG1 (murine amino acids D600 and D708) that function specificaly in
catalysis. Mutation of either of these residues abolishes all cleavage and strand
transfer activities, but results in properly folded proteins that are able to bind to
the RSS and form synaptic complexes with pairs of RSSs. Additional dataindicate
that D708 directly coordinates adivalent metal ion. The results suggest that these
two amino acids and at least one divalent metal ion are critical, catalytic com-
ponents of the RAG active site.

A model describing how two divalent metal ions catalyze phosphoryl-transfer
reactions was originaly proposed for the DNA polymerase 3'-5'-exonuclease
domain (126, 127), and that model is how thought to be a general principle in
many phosphoryl-transfer enzymes (128). Applied to the RAG proteins, the
model offers a simple explanation for al their activities reported so far: nicking,
hairpin formation, hybrid joint and O/S joint formation, hairpin opening, and
strand transfer.

The general principle is that the two metal ions stabilize the trigonal bipyr-
amidal transition state of the S\2 reactions and either activate hydroxyl nucleo-
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philes or act as a Lewis acid stabilizing oxyanion leaving groups for the S2
reactions. The two metal ions switch between these two functions after each step
of the reaction, i.e. the metal ion that activates the nucleophile in the first step
stabilizes the leaving group in the next step and vice versa (Figure 3).

The nucleophile and the target phosphor atom are well defined for the two
steps of the V(D)J cleavage reaction. First, water is activated as a nucleophile by
aMg** ion (designated number 1 in Figure 3), whereas Mg?* ion number 2
stabilizes the 3'-OH leaving group on the top strand of the coding end. Second,
the hairpin is formed by the attack of the previous 3'-OH leaving group, now
activated by Mg?* number 2 as anucleophile, at the phosphate ester on the lower
strand. Mg?" number 1 enhances the leaving group properties of the 3'-OH group
on the resulting signal end.

The final outcome of the recombination event has not been established at this
point. It will be determined by the nucleophile and the target phosphate ester in
the third reaction step. If the signal end 3'-OH is used as the nucleophile, either
hybrid joint (or O/Sjoint) formation, areversal of the second step or transposition
occurs, depending on whether the hairpin coding end or a different DNA mole-
cule, respectively, is attacked (25, 26, 70). However, if awater moleculeis acti-
vated to perform the nucleophilic attack, hairpin opening can occur. The model
therefore predicts that hairpin opening and transposition (and also hybrid joint
and O/S joint formation) are mutually exclusive. Once hairpin hydrolysis occurs
(which starts the reaction down the pathway leading to CJ formation), the signal
ends lose their ability to perform strand transfer reactions.

EVOLUTION AND CONTROL OF RAG-MEDIATED
TRANSPOSITION

According to the proposed two-divalent metal ion model (Figure 3), the fate of
the SEC is determined in the CSC shortly after the cleavage. Either coding ends
and signal ends get rejoined to form hybrid joints or O/S joints, or the hairpins
are opened, or the hairpins fall out of the complex before they get opened and
the 3'-OH groups at the signal ends are active for transposition. If the hairpins
get opened, the signal end 3'-OH groups are inactive for strand transfer and the
signa ends can be ligated to form a signal joint. Since inversional recombination
and subsequent genome integrity require the formation of signal joints, regulatory
mechanisms should exist to control which pathway is chosen.

Does RAG-Mediated Transposition Occur In Vivo?

In general, transposition activity is maintained at alow level, since highly active
transposons would be detrimental to the host cell due to the mutagenic effect of
genome rearrangements. It has been proposed that chromosomal translocations
involving antigen receptor gene laci arise from incomplete RAG-mediated trans-
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position events (26), but no experimental evidence for these events has been
presented so far. To date, no RAG-mediated transposition has been observed in
vivo, although SECs are not rapidly joined or degraded after the cleavagereaction
(see above). So, why don’t we see transposition? First, transposition events might
be too rare to be detected with the current methods. Second, the transposase
activity might be suppressed in vivo either by the RAG proteins themselves, or
by other factors.

Thusfar, no active transposon has been isolated from vertebrates. The putative
vertebrate transposase genes isolated to date contain multiple, inactivating muta-
tions (129). In one case, clever reversion of these mutations resulted in an active
transposase (130). The RAG proteins might also have acquired mutations affect-
ing their ability to perform transposition in vivo, but these would have had to
spare al of their activities necessary for V(D)J recombination. Perhaps these
mutations affected target capture or strand transfer, although both activities are
robust in vitro. As mentioned above, RAG-mediated hairpin opening might be
detrimental to transposition, and an alteration of the active site might have caused
a switch in the preferred nucleophile for the third transesterification (Figure 3)
from the 3’-OH group on the signal end to a water molecule. Additionally, since
the in vitro experiments were performed using the core regions of RAG1 and
RAG2 (25, 26), it is possible that the amino-terminus of RAG1 and/or the
carboxy-terminus of RAG2, missing in the core proteins, might inhibit transpo-
sition in vivo, by facilitating the disassembly of the SEC (19).

Additional factors that are present in the nucleus of the cell but not in the in
vitro reactions might reduce or abolish the capacity of the RAG proteins to cat-
alyze a compl ete transposition reaction. These factors could cause conformational
changes in the SEC either by performing modifications (e.g. phosphorylation) or
by interacting directly with the RAG proteins or the DNA in the SEC. Such
changes could destabilize or inactivate this complex and therefore inhibit trans-
position. The DNA double-strand bresk repair factors XRCC4, DNA Ligase 1V,
Ku70, Ku80 are candidates because they are important for the formation of signa
joints, a process that is mutually exclusive of the strand transfer reaction. Addi-
tionally, the Ku70/Ku80 heterodimer and DNAPK cs could facilitate disassembly
of the SEC by competing with the RAG complex for the binding to the signal
ends. This mechanism might at least prevent reassembly of SEC in the event that
the RAG proteins dissociated from the signal ends.

Evolutionary Implications

Previoudly, the RAG transposon was proposed to consist of the RAG genes
flanked by a single RSS on each side (25, 131). To explain the separation of the
RAG genes and the RSSs, we would suggest a modification of thisideain which
the RAG transposon, like Tn10/IS10 and Tn5/I S50, was a composite transposon,
consisting of a central sequence flanked by a pair of insertion sequences (1S),
each flanked by a pair of RSSs (Figure 5). The RAG genes may have resided in
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Figure5 Schematic model of the ancient RAG transposon and the generation of the split antigen receptor genes. See text for details. The
12-RSS and 23-RSS are represented as black and white triangles, respectively. The RAG genes are drawn as boxes with arrows indicating
the direction of transcription; the RAG-proteins in the SECs are shown as shaded ovals.
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the central region or, asis the case for the composite bacterial transposons, inside
one of the insertion sequences. After this complete transposon integrated into the
germline, one or both of the IS elements was excised and integrated elsawhere
in the genome. If the RAG genes resided in the central portion of the composite
transposon, such an event would also have rendered them incapable of further
transposition. At some point during evolution, one of the IS elements integrated
into an exon of areceptor gene. The functional receptor gene could then only be
produced if the RAG proteins excised the IS and the chromosomal break was
repaired. All of the current split antigen receptor gene loci would thereafter have
arisen by repeated gene duplications. The putative microorganism from which
the RAG transposon originated has not been identified, and it is possible that it
has not survived subsequent evolutionary selection processes.
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Figure 3 Schematic model of the two divalent metal ion active site model. The figure
is focused on the phosphate ester bridges between the coding flank on left side and the
RSS on the right side. The three steps, nicking (1), hairpin formation (2), and hairpin
opening, transposition, hybrid joint and O/S joint formation (3) are proposed to be cat-
alyzed by a single active site containing two Mg2+ ions. The Mg2+ ion that activates the
nucleophile is shown in red; the ion that stabilizes the leaving group is shown in blue;
and the nucleophile is shown in green. Solid arrows represent nucleophilic attacks, and
dashed arrows indicate the activation of nucleophiles and the stabilization of leaving
groups. Phosphate groups are drawn as a circled "P". See text for additional details.



