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The process of assembling immunoglobulin and T-cell receptor genes from variable (V), diversity (D), and
joining (J) gene segments, called V(D)J recombination, involves the introduction of DNA breaks at recombi-
nation signals. DNA cleavage is catalyzed by RAG-1 and RAG-2 in two chemical steps: first-strand nicking,
followed by hairpin formation via direct transesterification. In vitro, these reactions minimally proceed in
discrete protein-DNA complexes containing dimeric RAG-1 and one or two RAG-2 monomers bound to a single
recombination signal sequence. Recently, a DDE triad of carboxylate residues essential for catalysis was
identified in RAG-1. This catalytic triad resembles the DDE motif often associated with transposase and
retroviral integrase active sites. To investigate which RAG-1 subunit contributes the residues of the DDE triad
to the recombinase active site, cleavage of intact or prenicked DNA substrates was analyzed in situ in
complexes containing RAG-2 and a RAG-1 heterodimer that carried an active-site mutation targeted to the
same or opposite RAG-1 subunit mutated to be incompetent for DNA binding. The results show that the DDE
triad is contributed to a single recombinase active site, which catalyzes the nicking and transesterification steps
of V(D)J recombination by a single RAG-1 subunit opposite the one bound to the nonamer of the recombi-
nation signal undergoing cleavage (cleavage in trans). The implications of a trans cleavage mode observed in
these complexes on the organization of the V(D)J synaptic complex are discussed.

Immunoglobulin and T-cell receptor genes are assembled
from arrays of component variable (V), diversity (D), and
joining (J) gene segments by a series of site-specific DNA
rearrangements. This process, called V(D)J recombination, is
directed by recombination signal sequences (RSSs) flanking
the antigen receptor gene segments (24). The RSS is composed
of conserved heptamer and nonamer elements, separated by a
spacer whose sequence is nominally conserved but whose
length is either 12 or 23 bp (12-RSS and 23-RSS, respectively);
recombination normally occurs between gene segments whose
RSSs carry dissimilar length spacers (the 12/23 rule). V(D)J
recombination is initiated by the products of two recombina-
tion-activating genes (RAG-1 and -2) (31, 41) that together
catalyze DNA double-strand breaks at pairs of RSSs between
the heptamers and the adjacent coding gene segments. This
process generates two distinct DNA ends: blunt 59 phosphor-
ylated signal ends and coding ends terminating in DNA hair-
pins (37, 38, 42). These products are a direct consequence of a
two-step reaction that first involves the introduction of a nick
at the 59 end of the heptamer. In the second step, a 39 OH at
the terminus of the coding segment (exposed by the nicking
step) is covalently linked to the phosphate group on the op-
posing DNA strand via direct transesterification (27, 50). The
resulting signal ends are ligated heptamer to heptamer, and
coding ends are joined to yield precise signal joints and impre-
cise coding joints (24). While the chemistry of the cleavage

reaction renders suitable substrates for signal joint formation,
hairpinned coding ends must be resolved before the ends can
be joined. The RAG proteins may play a role in coding end
processing, as they have been shown to catalyze hairpin open-
ing and nicking of 39 flap structures in vitro (5, 39, 44).

Several lines of evidence suggest that the V(D)J recombi-
nase is most closely related to a family of enzymes that includes
both bacterial transposases and retroviral integrases (32, 36).
Features that the V(D)J recombinase shares with members of
this family include (i) the catalysis of polynucleotidyl transfer
reactions via direct transesterification (50); (ii) the reversibility
of the cleavage reaction (28); (iii) the generation of DNA
hairpin intermediates in recombination, as observed for the
transposition of Tn10 (19) and Tn5 (6); (iv) the catalysis of
transpositional recombination in vitro (1, 17); (v) the presence
of a triad of conserved carboxylate residues that comprise the
enzyme active site (13, 20, 22); and (vi) the existence of 39 flap
endonuclease activity, as observed in the Tn10 transposase
(39). Further insight into the biochemical and structural simi-
larities between the V(D)J recombinase and other members of
the transposase-retroviral integrase family requires a greater
understanding of how the DNA binding and catalytic activities
of the RAG proteins are distributed among the individual
protein components in RAG-RSS complexes.

The biochemical properties of RAG-1 and RAG-2 both in
the absence of DNA and bound to single or paired RSS sub-
strates have been studied extensively (reviewed in reference
12). Working models of RAG interactions with a single RSS
substrate have previously been developed, based on the char-
acterization of single RSS complexes containing RAG-1 in the
absence or presence of RAG-2 (46). In single RSS complexes
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containing both RAG proteins, RAG-1 is bound as a dimer,
associating with one or two monomers of RAG-2 (Fig. 1).
Nonamer interactions are mediated by the nonamer binding
domain (NBD; residues 389 to 446) of RAG-1 (9, 45, 47).
RAG-1 heterodimers bearing NBD mutations in a single
RAG-1 subunit but not in both subunits assemble stable pro-
tein-DNA complexes containing both RAG-1 and RAG-2, sug-
gesting that a single RAG-1 subunit is competent to support
DNA binding and that a single copy of the RSS substrate is
present in the heteromeric complex (46). However, the DNA
stoichiometry in RAG complexes assembled in the presence of
a single-length RSS has not been rigorously established. There-
fore, whether complexes containing both RAG-1 and RAG-2
contain a single copy of the RSS substrate (Fig. 1, solid lines)
or an identical pair of substrates (Fig. 1, dashed lines) is un-
clear. Compared to RAG-1–nonamer interactions, the speci-
ficity of RAG-1-toward-heptamer sequences is relatively low in
the absence of RAG-2 (35), but when RAG-2 is present in the
protein-DNA complex, stable RAG-1–heptamer contacts are
readily observed (3, 47). However, whether these heptamer
contacts are mediated by the same or opposite subunit of the
RAG-1 dimer that is bound to the adjoining nonamer is un-
known.

Because V(D)J recombination shares many biochemical
similarities with bacterial transposition and retroviral integra-
tion, the active site of the V(D)J recombinase was speculated
to contain a constellation of carboxylate residues similar to the
DDE motif often observed in enzymes that catalyze the latter
two forms of DNA rearrangement. Recently, a DDE triad of
amino acids essential for the cleavage steps of V(D)J recom-
bination has been identified in RAG-1 (Asp-600, Asp-708, and
Glu-962); no essential carboxylate residues were found in

RAG-2 (13, 20, 22). As in other transposase and retroviral
integrase proteins (for review, see reference 14 and references
therein), the DDE motif in RAG-1 appears to play a role in
catalysis by directly coordinating divalent metal ions required
as cofactors in the cleavage reaction (13, 20, 22). The localiza-
tion of critical active-site residues to RAG-1 but not to RAG-2
is consistent with the major role that RAG-1 plays in mediating
recognition near the DNA cleavage site and suggests that the
region of RAG-1 which interacts with the heptamer-coding
junction is proximal to the active site of the V(D)J recombi-
nase. Therefore, defining the active-site organization in V(D)J
initiation complexes provides a means to determine which
RAG-1 subunit contacts the RSS near the cleavage site.

In principle, the DDE triad of amino acid residues may
comprise part of a single active site on a single RAG-1 subunit
(Fig. 1). Another formal possibility (not shown) is that some of
the essential carboxylate residues are contributed by one
RAG-1 subunit, while the remaining residues are donated by
the other RAG-1 subunit, forming a composite active site. For
simplicity, only the former possibility is considered in Fig. 1. In
these models, the essential active-site residues may be contrib-
uted by the same RAG-1 subunit as the one bound to the
nonamer of the RSS undergoing cleavage (in cis) (Fig. 1, top)
or the opposite Rag-1 subunit (in trans) (Fig. 1, bottom). The-
oretically, a single active site may or may not catalyze both the
nicking and transesterification steps of V(D)J recombination
(Fig. 1, left and right, respectively).

To distinguish between these possibilities, I have exploited a
difference in DNA binding activity between wild-type RAG-1
and a form of RAG-1 bearing a mutant NBD to construct
RAG-1 chimeras that contain an active-site mutation, a mutant
NBD, or both. These chimeras were coexpressed in pairwise

FIG. 1. Modes of cleavage in protein-DNA complexes containing RAG-1 and RAG-2 bound to a single RSS. These models are adapted in part
from those published previously (46). RAG-1 (R1) binds a 12-RSS as a dimer and interacts with one or two subunits of RAG-2 (R2); a single
subunit of a RAG-1 dimer mediates nonamer binding via the NBD. If both RAG-1 subunits contain wild-type NBDs, nonamer binding could be
mediated by either subunit. These complexes minimally contain one RSS substrate (solid lines), although the presence of a second, identical RSS
substrate cannot be excluded (dashed lines). RAG-2 promotes heptamer occupancy by RAG-1. RAG-1 bears the recombinase active-site domain
(ASD) containing three carboxylate residues essential for catalysis (D600, D708, and E962). In principle, the active site that catalyzes the nicking
(left) and transesterification (right) steps of V(D)J recombination on a single RSS substrate may be donated by the same (in cis) or opposite (in
trans) RAG-1 subunit that binds the nonamer of the RSS being cleaved. A single active site may or may not catalyze both reactions (arrows).
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fashion, yielding RAG-1 heterodimers containing an active-
site mutation targeted to the same or opposite RAG-1 subunit
bearing a mutant NBD. Precleavage RAG-RSS complexes
were assembled on intact or prenicked RSS substrates and
separated by an electrophoretic mobility shift assay (EMSA).
Catalysis was initiated in situ by adding an appropriate divalent
metal cation, and the resulting cleavage products were recov-
ered and analyzed. The results suggest that a single RAG-1
subunit donates the entire DDE motif to a single recombinase
active site. In addition, both the nicking and transesterification
steps of V(D)J recombination are catalyzed by a single active
site contributed by the RAG-1 subunit opposite the one bound
to the nonamer of the RSS undergoing cleavage (cleavage in
trans). These findings provide insight into how the RAG-1
subunits may be organized in synaptic complexes and further
highlight the biochemical similarities between the V(D)J re-
combinase and other members of the transposase-retroviral
integrase family.

MATERIALS AND METHODS

Plasmid constructs and mutagenesis. Expression constructs encoding core
fragments of RAG-1 and RAG-2 fused at the amino terminus to one or two
copies of the maltose binding protein (MBP) and possessing a carboxyl-terminal
myc epitope and polyhistidine tag have been described (46, 47). Versions of these
vectors containing the myc epitope but lacking the polyhistidine tag were also
constructed using conventional techniques. Single alanine substitutions were
introduced at Asp-600, Asp-708, or Glu-962 of RAG-1 by recombination PCR
and verified by DNA sequencing (18). Primer sequences are available upon
request. Expression vectors encoding single or double MBP–RAG-1 chimeras
containing an alanine substitution in the NBD (residues 384 to 393), the active
site of RAG-1 (D600A, D708A, or E962A), or both were constructed by sub-
cloning from appropriate constructs described previously (46, 47). The encoded
fusion proteins are designated in Fig. 2.

Protein purification. Single or double MBP-RAG fusion proteins were ex-
pressed individually or coexpressed (where noted) in 293 cells and purified by
amylose affinity chromatography as previously described (25, 47). For prepara-
tions of heterodimeric single and double MBP–RAG-1 fusion proteins, eluates
from the amylose resin were diluted 1:2 in buffer B (20 mM Tris [pH 7.9], 0.5 M
NaCl, 2 mM b-mercaptoethanol, 20 mM imidazole), applied to a Ni21 chelating
resin (ProBond; Invitrogen), washed with 10 volumes of buffer B, eluted in buffer
B containing 250 mM imidazole, and dialyzed against buffer C (25 mM Tris [pH
8.0], 150 mM KCl, 2 mM dithiothreitol, 10% glycerol) as described (27). The
protein preparations were judged to be .95% pure by silver staining (Fig. 3).
RAG-1 was immunoblotted with affinity-purified rabbit anti-RAG-1 polyclonal
antibody 307 (raised against residues 507 to 524) (26), detected by chemilumi-
nescence using peroxidase-conjugated anti-rabbit immunoglobulin G and the
ECL Plus reagent (Amersham Pharmacia Biotech), and quantified with a Mo-
lecular Imager using the CH screen for chemiluminescent imaging (Bio-Rad).

Oligonucleotide binding and cleavage assays. The standard substrate used in
binding and cleavage assays was a 50-bp duplex containing a single 12-RSS,
formed by annealing the radiolabeled oligonucleotide DAR39 to unlabeled
DAR40 (27) and purified as described previously (25). The prenicked substrate
was made by annealing the radiolabeled oligonucleotide DAR42 and DG10,
which contained a nonradioactive 59 phosphate introduced during its chemical
synthesis, to unlabeled DAR40 (27). Intact and prenicked 23-RSS substrates
were similarly assembled from oligonucleotides DG61, DG62, and DG4 (27).

Binding reactions (10 ml) containing purified heterodimeric single and double
MBP–RAG-1 fusion proteins (;20 ng), RAG-2 (;20 ng, where indicated), and
either an intact or prenicked RSS substrate (0.02 pmol) were assembled in the
presence of Ca21 and analyzed by EMSA as previously described (47), except
that samples were incubated at 25°C. For in situ cleavage experiments, binding
reactions were scaled up fivefold. For samples containing 23-RSS substrates,
HMG-1 (gift of Y.-M. Yen, B. Wong, and R. Johnson) was added to a final
concentration of 1 mg/ml (48). RAG-RSS complexes were separated by an
EMSA (the duration of electrophoresis was extended to enhance separation of
RSS complexes containing both RAG-1 and RAG-2), and the gel was subse-
quently submerged in cleavage buffer (25 mM morpholinepropanesulfonic acid
[MOPS]-KOH [pH 7.0], 60 mM potassium glutamate) containing either MgCl2
(intact substrates) or MnCl2 (prenicked substrates) to a final concentration of 5

FIG. 2. Heterodimer combinations expected from cotransfections of single and double MBP–RAG-1 expression constructs. Diagrams of the
single and double MBP–RAG-1 combinations used to distinguish cis versus trans cleavage are depicted and designated at left. MBP, myc (M), and
polyhistidine (H) sequences are indicated; core RAG-1 residues are numbered at the top. The positions of the NBD (wild type or mutant; wtNBD
or mtNBD, respectively) and active site (wild type or mutant; wtAS or mtAS, respectively) are indicated. The mtNBD carries alanine substitutions
at residues 384 to 393 (47); the mtAS carries either the D600A, D708A, or E962A mutation. Fusion proteins were coexpressed in the indicated
combinations (I to VI) and purified as described in Materials and Methods. Homodimers of the single but not double MBP–RAG-1 fusion protein
are copurified with the heterodimers depicted, as single but not double MBP–RAG-1 contains a polyhistidine tag. The predicted activity of the
RAG-1 heterodimers in the presence of RAG-2 when substrate cleavage is catalyzed in cis or in trans is indicated at the right.
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mM. After incubation for 1 h at 37°C to initiate cleavage, the DNA was elec-
trophoretically transferred to DEAE-cellulose paper (DE81; Whatman), visual-
ized by autoradiography, and recovered from discrete RAG-RSS complexes as
described (47). The cleavage products were fractionated by denaturing gel elec-
trophoresis, visualized by autoradiography, and quantified with a phosphorim-
ager using the Molecular Analyst software (Bio-Rad).

RESULTS

Targeting active-site mutations in a V(D)J initiation com-
plex. Determining which subunit of the RAG-1 dimer contrib-
utes the essential residues of the DDE motif to the recombi-
nase active site in single RSS complexes requires targeting an
active-site mutation to the same or opposite RAG-1 subunit
that binds the nonamer of the RSS being followed for cleavage.
Since mutations within the DDE motif do not significantly
impair RSS binding (13, 20, 22), RAG-1 heterodimers bearing
an active-site mutant on one subunit could theoretically bind
the RSS substrate via the NBD on either RAG-1 subunit.
Hence, either configuration could potentially be responsible
for the generation of any cleavage products observed, preclud-
ing the possibility of distinguishing between cis and trans cleav-
age. In principle, this difficulty could be overcome by pairing an
active-site mutation in one RAG-1 subunit with an NBD mu-
tation in the same or opposite RAG-1 subunit that impairs
RSS binding by disrupting RAG-1–nonamer interactions (9,
45, 47). In these heterodimers, the position of the active-site
mutation is necessarily enforced in cis or in trans to the RAG-1
subunit bound to the nonamer (via the single intact NBD) of
the RSS targeted for cleavage. Analyzing the cleavage activity
in the resulting heteromeric protein-DNA complexes should
resolve whether the residues of the DDE motif are contributed
to the recombinase active site by the same (in cis) or opposite
(in trans) RAG-1 subunit bound to the nonamer of the RSS
undergoing cleavage.

Toward this end, mammalian expression vectors encoding
single or double MBP fusions of RAG-1 that carry an alanine
substitution within the NBD (residues 384 to 393), the active
site (D600A, D708A, or E962A), or both were constructed
(either with [single MBP–Rag-1] or without [double MBP–
Rag-1] a carboxyl-terminal polyhistidine tag) (Fig. 2). These
constructs were contransfected in pairwise combinations into
293 cells (Fig. 2, pairs I to VI) and purified first by amylose
affinity chromatography, followed by affinity chromatography
over a Ni21 chelating resin. This two-step process resulted in
selective recovery of RAG-1 dimers in which one or both
subunits bear a polyhistidine tag. The heterodimer composi-
tion expected from the individual transfections and their pre-
dicted activity in the presence of RAG-2 when cleavage occurs
in cis or in trans are shown in Fig. 2. Note that homodimers of
the single but not double MBP–RAG-1 fusion protein would
be copurified with the heterodimers, as the latter fusion pro-
tein lacks a polyhistidine tag. Therefore, assuming RAG-1
dimerization is random and not influenced by the appended
fusion partner(s), the single MBP–RAG-1 fusion protein is
expected to be in twofold molar excess over the double MBP–
RAG-1 fusion protein after the second affinity purification
step. Analysis of the protein preparations by silver staining and
immunoblotting shows that the ratio of the single to double
MBP–RAG-1 fusion proteins is close but lower than the pre-
dicted value, as seen previously (Fig. 3A) (46, 47). The greater
solubility of the double MBP–RAG-1 fusion proteins relative
to their single MBP counterparts (46; my personal observa-
tion), as well as variations in the solubility of the mutant pro-
teins, may explain why the representation of the double MBP–
RAG-1 fusion protein in the preparation is generally larger
than expected. Heterodimers containing mutant NBDs in both

FIG. 3. Purification and DNA binding activity of the heterodimer
preparations. (A) Purified single and double MBP–RAG-1 fusion pro-
teins coexpressed in the combinations indicated in Fig. 2 (I to VI, lanes
1 to 6) as well as MBP-RAG-2hm (lane 7) were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and detected by
silver staining. The positions of the single and double MBP–RAG-1
fusion proteins are indicated at left. The ratio of the single to double
MBP–RAG-1 fusion in each preparation (indicated below the gel) was
determined from immunoblots using anti-RAG-1 antibody 307 (26).
(B and C) EMSA of the D708A series using an intact (B) or prenicked
(C) 32P-end-labeled 12-RSS substrate. The DNA substrate was incu-
bated without (2) protein (lane 1), with (1) RAG-2 alone (lane 2), or
with single or double MBP–RAG-1 fusion proteins expressed individ-
ually (i) (lanes 3 and 4 and 12 and 13) or coexpressed (c) (lanes 5 and
14) and each heterodimer preparation (Fig. 2, I to VI) in the absence
(lanes 3 to 11) or presence (lanes 12 to 20) of RAG-2 under binding
conditions as indicated at the top. Positions of protein-DNA com-
plexes containing only single MBP–RAG-1 subunits, double MBP–
RAG-1 subunits, or both in the absence (M1, M21, or M1M21, respec-
tively) or presence (M1/M2, M21/M2, or M1M21/M2, respectively) of
RAG-2 are designated at left or right, respectively. Note that in panel
C, lanes 1 to 11 are derived from the same gel as lanes 12 to 20 but are
taken from a longer exposure to avoid overexposure of lanes 12 to 20.
Longer exposure of lanes 18 to 20 in panels B and C does not show
significant formation of the M1/M2 complex (data not shown).
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subunits were not analyzed, because RAG-1 homodimers bear-
ing NBD mutations in both subunits fail to form stable RSS
complexes containing both RAG proteins (see references 46
and 47 and Fig. 3).

The purified proteins were examined by an EMSA for their
ability to bind an intact or prenicked 32P-labeled 12-RSS sub-
strate (Fig. 3B or C, respectively). A representative example is
shown for the panel of heterodimers prepared to analyze the
contribution of Asp-708. In both cases, consistent with previ-
ous results (47), no binding was seen in reactions lacking pro-
tein or containing RAG-2 alone (Fig. 3B or C, lanes 1 and 2).
In the absence of RAG-2, a species of retarded mobility
(M1M21) was observed in all RAG-1 samples purified from
transfections I to VI (Fig. 3B and C, lanes 6 to 11). This species
corresponds to a heterodimer containing single and double
MBP–RAG-1 subunits, as it comigrates with the intermediate
of three species formed when MBP-RAG1hm (wtNBD, wtAS)
and MBP2-RAG1m (wtNBD, wtAS) are coexpressed and pu-
rified only by amylose affinity chromatography (Fig. 3B and C,
lane 5). A faster-migrating species (M1) is easily observed in
samples purified from transfections I to III (Fig. 3B and C,
lanes 6 to 8) but is less abundant in samples derived from
transfections IV to VI (Fig. 3B and C, lanes 9 to 11). This
species corresponds to a 12-RSS complex containing a ho-
modimer of the single MBP–RAG-1 fusion protein, as it comi-
grates with a species formed in the presence of the MBP-
RAG1hm (wtNBD, wtAS) alone (Fig. 3B and C, lane 3). The
decreased abundance of the M1 species in lanes 9 to 11 reflects
the presence of NBD mutations on both RAG-1 subunits,
shown previously to impair DNA binding (46, 47). Importantly,
a species comigrating with the homodimer of MBP2-RAG1m
(wtNBD, wtAS) bound to the 12-RSS was not observed in any
of the heterodimer preparations (Fig. 3B and C, lane 4), dem-
onstrating inefficient subunit exchange under these conditions.

As expected from previous results, both the RAG-1 homo-
and heterodimers obtained from transfections I to III assemble
RSS complexes containing RAG-2 of the expected mobility
(M1/M2 and M1M21/M2, respectively) (Fig. 3B and C, com-
pare lanes 12 to 14 to lanes 15 to 17), as both species contain
at least one RAG-1 subunit with an intact NBD. In contrast, no
M1/M2 complex is observed in samples from transfections IV
to VI (Fig. 3B and C, lanes 18 to 20), because the copurified
homodimer bears mutant NBDs on both subunits and hence is
unable to form stable protein-DNA complexes containing
RAG-2 (46, 47). Similar results were obtained for the other
two panels of heterodimers (data not shown).

The DDE triad acts in trans in the nicking step of V(D)J
recombination. To determine how the residues of the DDE
motif are contributed to the active site that catalyzes the nick-
ing step of V(D)J recombination, heterodimer samples pre-
pared from transfections I to VI were incubated with an intact
32P-end-labeled 12-RSS substrate in the presence of Ca21 and
RAG-2 on a preparative scale. Discrete protein-DNA com-
plexes were separated by an EMSA as described for Fig. 3, and
the gel was subsequently soaked in cleavage buffer containing
Mg21 for 1 h at 37°C to permit catalysis of nicking in situ.
Cleavage products attributed to the heteromeric M1M21/M2
complex were analyzed for panels of heterodimers prepared
for each of the three active-site mutants D600A, D708A, and
E962A (Fig. 4A to C, respectively, and Table 1). As expected,

heterodimers containing a wild-type NBD and active site in
both subunits were able to catalyze nicking in the presence of
RAG-2 (Fig. 4A to C, lane 1), whereas heterodimers contain-
ing the D600A, D708A, or E962A mutation in both subunits
were essentially inactive (Fig. 4A to C, lane 2). Heterodimers
bearing either an active site or NBD mutation (but not both) in
only one subunit are active in complexes containing RAG-2
(Fig. 4A to C, lanes 3 and 4).

Importantly, RAG-1 heterodimers containing a mutant
NBD on one subunit and a mutant active site on the other
supported nicking at levels similar to those for heterodimers
containing a single mutant NBD (Fig. 4A to C, compare lanes
4 and 5). In contrast, RAG-1 heterodimers containing both a
mutant NBD and a mutant active site on a single subunit did
not catalyze significant nicking in all three mutant series (Fig.
4A to C, lane 6). These results indicate that the V(D)J recom-
binase uses a single active site on a single RAG-1 subunit to
catalyze hydrolysis of an intact 12-RSS substrate. In addition,
the subunit opposite the one bound to the nonamer of the RSS
undergoing cleavage donates the DDE triad to the active site
(in trans). Finally, these data suggest that only a single copy of
the RSS substrate is present in complexes containing RAG-2
and a RAG-1 heterodimer with a mutant NBD on a single
subunit. If two RSS substrates were present in the complex
(one bound to each RAG-1 subunit, despite the NBD mutation
on one of the subunits), significant cleavage of the RSS sub-
strate would be detected in both the cis and trans configura-
tions (e.g., preparations V and VI) in all three mutant panels,
which clearly is not observed. Indeed, the difference in the
cleavage activity between the two configurations likely reflects
the difference in the relative affinities between the wild-type
and mutant RAG-1 subunits for the RSS.

FIG. 4. The DDE triad acts in trans in the catalysis of nicking. (A
to C) In situ cleavage analysis for D600A, D708A, and E962A mutant
heterodimer preparations, respectively. Preparative binding reactions
containing an intact 32P-end-labeled 12-RSS substrate, RAG-2, and
each RAG-1 heterodimer sample (Fig. 2, I to VI) were assembled, and
protein-DNA complexes were fractionated by EMSA. Cleavage prod-
ucts generated in situ in the presence of Mg21 were recovered from the
M1M21/M2 EMSA complex derived from each heterodimer prepara-
tion (I to VI) and were fractionated by denaturing gel electrophoresis.
The positions of full-length and nicked species are indicated at left.
Quantitative analysis of substrate cleavage is found in Table 1.
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Hairpin formation is catalyzed in trans by the DDE triad. To
determine whether hairpin product formation is catalyzed in
trans, experiments similar to those described for Fig. 4 were
performed using a prenicked 12-RSS substrate, except that
Mg21 was replaced by Mn21 in the cleavage buffer to support
hairpin formation (Fig. 5A to C). The results obtained from
these experiments were qualitatively similar to those shown for
Fig. 4 with respect to the cleavage activity of the individual
heterodimer preparations. Importantly, heterodimers contain-
ing a mutant NBD on one RAG-1 subunit and a mutant active
site on the opposite subunit but not on the same subunit
supported hairpin formation at levels similar to those for het-
erodimers containing a single mutant NBD (Fig. 5A to C,
compare lane 4 to lanes 5 and 6).

To test whether the composition of the divalent metal ion
influenced the preference for the trans configuration, the same
experiment was performed with the D600A and D708A panels,
substituting Mg21 for Mn21. Because Mg21 does not support
catalysis of the hairpin reaction as efficiently as Mn21 on single
RSS substrates (49), the degree of substrate conversion in the

presence of Mg21 was quite low compared to that for reactions
performed in the presence of Mn21 (#1% versus 15 to 50%,
respectively) (Table 1). Despite the low levels of conversion, a
;20-fold preference for the trans configuration was observed
in both the D600A and D708A panels (Table 1), suggesting
that in these complexes, the active-site organization is not
selected by the divalent metal ion cofactor assisting the cleav-
age reaction. However, since the protein-DNA complexes be-
ing examined were assembled in the presence of Ca21, which
supports binding but not cleavage of the RSS by the RAG
proteins (16), the possibility that Ca21 directs the organization
of active sites in a manner unlike that of Mg21 or Mn21 cannot
be formally excluded. Although the trans preference was qual-
itatively reproducible for both the intact and prenicked 12-RSS
substrates, some quantitative variation in the levels of substrate
cleavage (both within a given sample and between samples)
was observed in independent experiments (Table 1).

These results, together with cleavage data obtained using
intact RSS substrates, provide evidence that a RAG-1 dimer
contains two active sites, one on each subunit; a single active

TABLE 1. Quantitative analysis of in situ cleavage experiments

Mutant heterodimer
preparation RSS substrate Metal

% Conversiona
trans preference

(V/VI ratio)I II III IV V VI

D600A Intact 12 (Fig. 4A) Mg 8.7 0.3 5.6 6.6 6.6 0.3 19
Intact 12 (expt 2) Mg 17 0.2 7.8 21 22 0.4 54

Prenicked 12 (Fig. 5A) Mn 39 0.6 18 32 28 0.7 38
Prenicked 12 (expt 2) Mn 38 0.5 16 42 40 0.9 47

Prenicked 12 Mg 1.1 0.06 0.36 0.78 0.58 0.03 18

Intact 23b Mg 2.8 0.1 1.0 1.5 1.5 0.2 7
Prenicked 23b Mn 17 0.1 5.0 1.5 7.0 0.1 54

D708A Intact 12 (Fig. 4B) Mg 11 0.2 4.0 8.7 9.0 0.2 43
Intact 12 (expt 2) Mg 23 0.3 20 14 19 0.4 47

Prenicked 12 (Fig. 5B) Mn 59 1.0 31 55 52 1.1 45
Prenicked 12 (expt 2) Mn 44 0.4 13 41 42 0.6 73

Prenicked 12 Mg 0.73 0.00 0.31 0.71 0.65 0.03 21

Intact 23b Mg 12 0.2 6.4 6.6 6.1 0.2 27
Prenicked 23b Mn 35 0.7 11 24 23 0.2 104

E962A Intact 12 (Fig. 4C) Mg 16 0.1 4.0 14 15 0.2 78
Intact 12 (expt 2) Mg 15 0.1 3.7 13 12 0.2 57
Intact 12 (expt 3)c Mg 16 5.7 9.4 17 13 4.2 3

Prenicked 12 (Fig. 5C) Mn 29 0.7 13 15 15 1.1 13
Prenicked 12 (expt 2) Mn 59 0.3 11 57 53 0.7 77

Intact 23b Mg 2.7 0.2 0.9 1.4 1.2 0.1 9
Prenicked 23b Mn 20 0.9 8.1 7.7 7.0 0.2 35

a Measured as percentage of predominant nicked (intact) or hairpin (prenicked) species present relative to total DNA in samples recovered from complexes
containing RAG-1 heterodimers (I to VI) (Fig. 2).

b RAG-RSS complexes assembled in the presence of HMG-1 (see Materials and Methods).
c Nicked products found in samples II and VI likely arose from cross-contamination since they are found at similar levels in both samples and are not reproducibly

observed in two other experiments. However, the possibility that they are attributed to Glu-962 independent activity, observed by others at elevated metal ion
concentrations (20), cannot be formally excluded. In both cases, the actual trans preference may be much greater than threefold, either because the amount of cleaved
product recovered overrepresents the actual cleavage activity in these samples (the former case) or because the cleavage product observed represents a basal activity
present in every sample that can be subtracted from all the samples (the latter case).
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site is responsible for catalyzing both the nicking and hairpin
formation steps of V(D)J recombination. Moreover, the DDE
triad comprising an essential part of the active site is contrib-
uted in trans by the RAG-1 subunit opposite the subunit bound
to the nonamer of the RSS being cleaved.

A 23-RSS substrate is cleaved in trans. To examine whether
the trans cleavage mode observed in 12-RSS complexes ex-
tends to complexes containing a 23-RSS substrate, experiments
similar to those described in Fig. 4 and 5 were performed on
RAG complexes assembled on intact or prenicked 23-RSS
substrates (Table 1). Besides the RAG proteins, the binding
reactions also included the high-mobility group protein 1
(HMG-1), which has been shown to stimulate RAG bending
and binding of 23-RSS substrates (2, 48). The 23-RSS com-
plexes containing both RAG proteins displayed a pattern of
electrophoretic mobility similar to that for those formed using
12-RSS substrates (data not shown). The cleavage activity of
the individual heterodimer preparations on these substrates
was qualitatively similar to that obtained using 12-RSS sub-
strates, as shown for Fig. 4 and 5. Importantly, for both the
intact and prenicked 23-RSS substrates, a strong preference
for the trans configuration was observed (Table 1, last column),
suggesting that the basis for how the active site is organized
within the V(D)J initiation complex does not depend on the
length of the RSS spacer arm.

DISCUSSION

The DDE triad acts in trans in both cleavage steps of V(D)J
recombination. Previous studies identified a DDE triad of con-
served carboxylate residues in RAG-1 essential for the catalytic
activity of the V(D)J recombinase (13, 20, 22). Mutations in
any one of the residues in the DDE motif impair both the
nicking and hairpin reactions, suggesting that a single active
site catalyzes both of these steps in V(D)J recombination. How
the residues comprising the DDE motif are organized within a
V(D)J initiation complex was not determined. In this study,
single alanine mutations were introduced in each of the essen-
tial DDE triad of acidic amino acid residues of RAG-1 to

probe the active-site organization in discrete protein-DNA
complexes assembled on an intact or prenicked single RSS
substrates containing dimeric RAG-1 and one or two mono-
mers of RAG-2. The results presented here extend previous
studies by demonstrating that (i) a RAG-1 dimer contains two
active sites, one on each subunit; (ii) the entire DDE triad is
contributed to a single active site by a single RAG-1 subunit,
rather than being distributed between the subunits to form a
composite active site; and (iii) a single active site on the
RAG-1 subunit opposite the one bound to the nonamer of the
RSS undergoing cleavage catalyzes both the hydrolysis (nick-
ing) and transesterification (hairpin) steps of V(D)J recombi-
nation in the presence of RAG-2 (cleavage in trans).

Implications for regulation of V(D)J recombination. The
data presented here help refine models of RAG-RSS interac-
tions with single RSS substrates developed previously, based
on a combination of DNA footprinting, photocross-linking,
and protein stoichiometry analysis (46, 47), by providing evi-
dence that recognition of the heptamer-coding junction by
RAG-1 and its subsequent cleavage in these complexes occur
in trans. Modification interference footprinting and pho-
tocross-linking studies suggest that RAG-2-dependent RAG-1
interactions with the heptamer region appear to extend from
the 59 end of the spacer arm to the heptamer-coding junction
(11, 46, 47). Whether RAG-1 interacts in trans with this entire
region or just the heptamer-coding junction cannot be deter-
mined from data presented here but might be ascertained by
using photocross-linking methods.

Whether synaptic complexes containing both a 12- and 23-
RSS, expected to be the physiologically relevant complexes
supporting V(D)J recombination in vivo, also follow a trans
mode of cleavage remains unknown but is of considerable
interest. However, determining the active-site organization in
synaptic complexes poses some difficulty for two reasons. First,
although the synaptic complex is speculated to contain at least
one RAG-1 dimer (and perhaps a pair of dimers), the stoichi-
ometry of RAG-1 (and RAG-2) in these complexes has not yet
been formally demonstrated, precluding analysis of the active-
site configuration at the present time. Second, and perhaps
more important, RAG-1 exists in dimeric form both in solution
and bound to DNA (4, 35, 46). Therefore, since both RAG-1
subunits must have intact DNA binding domains to form bona
fide synaptic complexes, targeting an active-site mutation to a
particular RAG-1 subunit in order to follow cleavage at a
specific RSS is problematic because the RSS being followed
could be bound by either subunit of the RAG-1 dimer.

Nevertheless, several observations drawn from studies of
single RSS complexes containing both RAG-1 and RAG-2
provide a basis to speculate on the composition and organiza-
tion of the RAG proteins in the synaptic complex (Fig. 6). In
modeling the arrangement of RAG-1 in the synaptic complex,
three observations were considered. (i) RAG-1 is able to con-
tact both the heptamer and nonamer elements (3, 9, 11, 35,
45–47). (ii) RAG-1 retains its dimeric configuration on single
RSS substrates regardless of whether RAG-2 is present (4, 46).
(iii) A single RAG-1 dimer contains two active sites, one con-
tributed by each subunit (this study). Thus, the most econom-
ical model of the synaptic complex is one that contains a single
RAG-1 dimer; each RAG-1 subunit is bound to a separate
RSS nonamer via the NBD. Interactions with the RSS hep-

FIG. 5. Hairpin formation is catalyzed in trans by the DDE motif.
In situ cleavage of a 32P-end-labeled prenicked 12-RSS substrate was
performed for each active-site mutant series (A to C) (D600A, D708A,
and E962A, respectively) as described for Fig. 4, except that Mn21

rather than Mg21 was used as the divalent metal ion cofactor in the
cleavage reaction. The positions of nicked and hairpin species are
indicated at left. The data are otherwise displayed as shown for Fig. 4.
See Table 1 for quantitative analysis of substrate cleavage.
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tamers would be mediated by RAG-1 but depend on the pres-
ence of RAG-2. By symmetry considerations and mobility shift
assays on single RSS complexes (4, 46), RAG-2 would exist in
this speculative model of the synaptic complex as a pair of
monomers. The region of RAG-1 interacting with the hep-
tamer-coding junction would contain the DDE triad that facil-
itates catalysis of both cleavage steps of V(D)J recombination.

The trans cleavage mode adopted by the RAG proteins in
single RSS complexes might reasonably be expected to extend
to the synaptic complex for three reasons (Fig. 6). First, trans
cleavage is observed for both cleavage steps in the presence of
Mg21, which supports 12/23-regulated cleavage of RSS pairs in
vitro and is considered the relevant divalent metal ion cofactor
in vivo (10, 51). Second, both 12- and 23-RSS substrates are
individually cleaved in trans. Third, this arrangement enables
one RAG-1 subunit to interact with both RSSs in a synaptic
complex. One advantage that this organization may provide is
greater control over the possibility of single-site cleavage,
which is more easily visualized if the RAG-1 subunit bound to
a given RSS is also the one that cleaves it. A second advantage
is that the RAG-1 subunit bound to a given RSS controls each
cleavage step performed on the partner RSS, thereby provid-
ing a more direct means of ensuring that only RSSs with
spacers of different lengths are cleaved by the V(D)J recom-
binase.

Of course, I certainly acknowledge the possibility that the
synaptic complex may adopt a cis mode of cleavage. In this
scenario, the decision to initiate cleavage at a given RSS is
made by the RAG-1 subunit bound to it. Thus, protein-protein
interactions between the RAG-1 subunits would be the only

means to convey the information necessary to enforce the
12/23 rule. If the RAG-1 subunits are found to be arranged in
the synaptic complex in cis, the data presented here suggest the
possibility that major remodeling of the protein-DNA com-
plexes formed at isolated RSSs accompanies the process in-
volved in bringing a pair of RSSs together in a synaptic com-
plex.

How the RAG-1 subunits are able to discriminate spacer
length within the context of a synaptic complex is unclear.
Moreover, how RAG-2 and HMG-1 and HMG-2, which facil-
itate synaptic complex assembly (15) and activity (48), are
involved in this process remains to be elucidated. Because the
HMG proteins promote RAG binding to the 23-RSS (48) and
interact with the NBD of RAG-1 (2), it is tempting to speculate
that ternary interactions among RAG-1, the 23-RSS, and the
HMG protein(s) may provide a key sensing mechanism that
coordinates synaptic complex formation in a 12/23-regulated
fashion (Fig. 6).

DNA cleavage in trans: a common theme underlying bacte-
rial transposition and V(D)J recombination? DNA transac-
tions performed by the V(D)J recombinase share many bio-
chemical similaries to reactions catalyzed by a family of
enzymes that includes bacterial transposases and retroviral in-
tegrases. In these enzymes, a scissile phosphodiester is first
hydrolyzed by an activated water molecule. As a result, a 39
hydroxyl group is exposed, which subsequently attacks the scis-
sile phosphodiester on the target DNA, becoming covalently
linked via a direct transesterification reaction. The V(D)J re-
combinase resembles this class of enzymes with respect to the
mechanism of DNA strand scission (28, 50), the composition of
the residues essential for catalysis (13, 20, 22), its associated,
non-sequence-dependent activities (e.g., transposition [1, 17]
and 39 flap endonuclease activity [39]), and predicted active-
site folding topology (13).

The transposases from bacteriophage Mu, Tn5, Tn10, and
Tn7 have been characterized with respect to their active-site
organization. Catalysis of the donor cleavage and strand trans-
fer reactions by the MuA transposase occurs within a protein-
DNA complex containing a tetramer of MuA (23). A single
active site on one MuA monomer catalyzes both reactions on
a single Mu end; both reactions are performed by the MuA
monomer bound to the partner Mu end (cleavage in trans) (29,
52). In Tn10 transposition, a single transposase active site
sequentially catalyzes the cleavage of the transferred and non-
transferred strands of the donor DNA (via hairpin formation
on the transposon end), as well as the subsequent strand trans-
fer reaction; all chemical reactions at one transposon end are
performed by a single transposase monomer (7, 19). Whether
the Tn10 transposase monomer that catalyzes the cleavage
reactions at a given transposase end is the one bound to that
end (in cis) or the one bound to the partner end (in trans) is not
yet known. However, recent biochemical and structural studies
of a similar transposase from Tn5, which also mediates trans-
position via a DNA hairpin intermediate (6), suggest that
strand cleavage and strand transfer reactions are catalyzed by
this transposase in trans (8, 30). Unlike the previous three
examples, the DNA cleavage and joining activities underlying
Tn7 transposition are distributed between two proteins, TnsA
and TnsB; each contains a discrete active site and performs
distinct DNA processing reactions at the transposon ends (40).

FIG. 6. Speculative model of the synaptic complex that supports
V(D)J recombination. The synaptic complex, adapted from reference
46, is proposed to contain dimeric RAG-1 (R1) and two monomers of
RAG-2 (R2). The NBD of each RAG-1 subunit interacts with a sep-
arate nonamer element in the 12- or 23-RSS (depicted as straight or
curved lines, respectively). The active-site domain (ASD) proximal to
a given heptamer-coding junction is donated by the RAG-1 subunit
bound to the nonamer of the opposing RSS (in trans). A single active
site catalyzes both the nicking and transesterification steps of V(D)J
recombination. The RSSs are oriented heptamer to heptamer, based
on evidence that the minimum intersignal distance supporting coupled
cleavage and recombination is shortest when the signals have this
configuration (10, 43). This model is not meant to imply a particular
location where the domains bearing the active site or nonamer binding
activity in RAG-1 cross over on the RSS, nor is it intended to convey
a specific organization, localization, or function of the RAG-2 mono-
mers. The position of the HMG protein(s), which facilitates RAG-RSS
synaptic complex assembly (15) and coupled cleavage (48) in vitro, is
shown bridging the NBD of RAG-1 and the 23-RSS, thereby enhanc-
ing RAG bending and binding of the 23-RSS (2).
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The V(D)J recombinase resembles the Tn5, Tn10, and Mu
transposase in the use of a single active site containing a DDE
triad to catalyze sequential DNA cleavage reactions (7, 8, 52).
Moreover, like both the Mu transposase and the Tn5 trans-
posase, the V(D)J recombinase cleaves DNA in trans.

Both Tn5 and Tn10 transpositions share additional features
with V(D)J recombination, including (i) the generation of
DNA hairpin intermediates (6, 19); (ii) the presence of a single
enzyme binding site at each DNA end undergoing cleavage
(21, 34); (iii) an unusually large spacing between the second
Asp and third Glu residue of the DDE motif comprising the
enzyme active site (134 residues in Tn5 [8], 131 residues in
Tn10 transposase [7], and 254 residues in RAG-1 [20, 22]),
compared to the more typical 35- to 55-residue spacing ob-
served in many transposases and retroviral integrases, includ-
ing MuA and TnsB (33); and (iv) the use of a single active site
to catalyze the sequential nicking and hairpin formation steps
of the DNA cleavage reaction (7, 19).

Despite many similarities between RAG-1 and the Tn5 and
Tn10 transposases, two important distinctions between V(D)J
recombination and these two transposition systems are worth
noting. First, unlike Tn5 and Tn10 transposition, which gener-
ates hairpin intermediates formed on the transposon end (6,
19), V(D)J recombination produces hairpin intermediates at
the coding end (equivalent to the donor DNA). Second,
whereas only one protein, the transposase, is able to perform
all cleavage reactions involved in transposition, RSS recogni-
tion and cleavage in V(D)J recombination require two pro-
teins, RAG-1 and RAG-2. Although RAG-2 does not appear
to be directly involved in catalysis, RAG-2 may play a key role
in directing which DNA strand gets nicked at the heptamer-
coding junction and/or enforcing the cleavage mode of the
V(D)J recombinase. This may be achieved directly by tethering
the RAG-1 active site to the cleavage site through RAG-2
interactions with the heptamer-coding junction or more indi-
rectly by serving as a structural cofactor whose primary role is
stabilizing the association of RAG-1 with the RSS near the
cleavage site. While these models are not mutually exclusive,
recent photocross-linking studies demonstrating a physical
proximity between RAG-2 and the heptamer-coding junction
in RSS complexes containing both RAG proteins are more
consistent with the former possibility (11, 46). Further efforts
to distinguish between these possibilities will provide insight
into how the RAG proteins direct the cleavage steps of V(D)J
recombination to the appropriate DNA strand in trans.
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