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RAG-1 and RAG-2 initiate V(D)J recombination by cleaving DNA at recombination signal sequences
through sequential nicking and transesterification reactions to yield blunt signal ends and coding ends
terminating in a DNA hairpin structure. Ubiquitous DNA repair factors then mediate the rejoining of broken
DNA. V(D)J recombination adheres to the 12/23 rule, which limits rearrangement to signal sequences bearing
different lengths of DNA (12 or 23 base pairs) between the conserved heptamer and nonamer sequences to
which the RAG proteins bind. Both RAG proteins have been subjected to extensive mutagenesis, revealing
residues required for one or both cleavage steps or involved in the DNA end-joining process. Gain-of-function
RAG mutants remain unidentified. Here, we report a novel RAG-1 mutation, E649A, that supports elevated
cleavage activity in vitro by preferentially enhancing hairpin formation. DNA binding activity and the catalysis
of other DNA strand transfer reactions, such as transposition, are not substantially affected by the RAG-1
mutation. However, 12/23-regulated synapsis does not strongly stimulate the cleavage activity of a RAG
complex containing E649A RAG-1, unlike its wild-type counterpart. Interestingly, wild-type and E649A RAG-1
support similar levels of cleavage and recombination of plasmid substrates containing a 12/23 pair of signal
sequences in cell culture; however, E649A RAG-1 supports about threefold more cleavage and recombination
than wild-type RAG-1 on 12/12 plasmid substrates. These data suggest that the E649A RAG-1 mutation may
interfere with the RAG proteins’ ability to sense 12/23-regulated synapsis.

V(D)J recombination is the process by which noncontiguous
antigen receptor gene coding segments, called variable (V),
diversity (D), and joining (J), are assembled during lymphocyte
development to produce the variable region exon of a mature
antigen receptor gene (3). V(D)J recombination occurs in two
distinct phases. In the first phase, two lymphoid cell-specific
proteins called RAG-1 and RAG-2 assemble a multiprotein
synaptic complex with two different gene segments through
interactions with a conserved recombination signal sequence
(RSS) that adjoins each gene segment. Each RSS contains a
conserved heptamer and nonamer sequence, separated by ei-
ther 12 or 23 base pairs of intervening DNA of more varied
composition (12-RSS and 23-RSS, respectively). Generally,
synaptic complexes are assembled with two RSSs whose spacer
lengths are different (the 12/23 rule). Subsequently, the RAG
proteins catalyze a DNA double-strand break at each RSS (for
reviews, see references 10 and 13), yielding a postcleavage
complex containing four DNA ends: two blunt, 5� phosphory-
lated recombination signal ends and two coding ends termi-
nating in DNA hairpin structures (41, 42, 46). The RAG pro-
teins generate these recombination intermediates by nicking
the DNA at the junction between the RSS and the coding
sequence and then transferring the resulting 3�-OH to the
opposing DNA strand by direct transesterification (32, 57).
The second phase of V(D)J recombination involves compo-
nents of the nonhomologous end-joining repair pathway that
function to resect the broken DNA ends. Typically, signal ends
are joined to one another heptamer to heptamer to create a

signal joint, whereas coding ends are often joined together
imprecisely due to variable end processing events that can lead
to the gain or loss of nucleotides at the ends prior to joining.

To explore how the RAG proteins mediate RSS synapsis
and cleavage and to uncover the roles of the RAG complex in
facilitating the joining phase of V(D)J recombination, RAG-1
and RAG-2 have been subjected to extensive mutagenesis.
These studies have defined regions of RAG-1 and RAG-2
dispensable for supporting the rearrangement of plasmid
V(D)J recombination substrates in cell culture (7, 22, 43, 44);
identified various mutations in the RAG proteins that impair
RSS binding (9, 11, 49, 52), one or both cleavage steps (12, 20,
24, 28, 39), or the joining phase of V(D)J recombination (21,
39, 47, 54); and refined structural elements required for
RAG-1/RAG-2 association or interactions with other proteins
(2, 33, 60). RAG mutants that enhance the cleavage or joining
phases of V(D)J recombination have not yet been reported,
although mutations in RAG-2 that impair its degradation at
the G1/S transition of the cell cycle enable the RAG complex
to cleave DNA beyond the G0 to G1 phases, where it is nor-
mally restricted (25).

Hyperactive transposase mutants have been identified in
several “cut-and-paste” transpositional recombination systems,
including Tn5 (59, 61, 64), Tn7 (30), P element (4), Himar1
(23), and Sleeping Beauty (62). The ability to isolate hyperac-
tive transposase mutants has led to the suggestion that trans-
posases have not evolved for maximal activity (40). Since
V(D)J recombination shares mechanistic similarities with
transpositional recombination systems that use a cut-and-paste
mechanism (19, 38), it is likely that the RAG complex is also
less active than it potentially could be. In support of this idea,
we report here the first example of a gain-of-function RAG-1
mutation (E649A) that specifically accelerates the second bio-
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chemical step of RAG-mediated cleavage (hairpin formation)
in vitro. This rate enhancement is dependent on the type of
metal ion cofactor present in the cleavage reaction. Cleavage is
significantly elevated in the presence of a Mg2� ion, thought to
be physiologically relevant to V(D)J recombination as it sup-
ports RAG-mediated RSS synapsis and cleavage according
to the 12/23 rule in vitro (58) but is increased only minimally in
the presence of Mn2�, which decouples the 12/23 rule (58).
The RAG-1 E649A mutation does not substantially alter the
rates of other DNA strand transfer reactions catalyzed by the
RAG complex, including transposition, disintegration, and hy-
brid joint formation. In addition, RAG-RSS complex forma-
tion in vitro is also not affected by the RAG-1 mutation. In-
terestingly, in V(D)J recombination assays performed in cell
culture using an extrachromosomal substrate with a comple-
mentary pair of RSSs (12/23), wild-type (WT) and E649A
RAG-1 support the accumulation of signal ends to comparable
levels and mediate signal and coding joint formation similarly.
In contrast, the RAG-1 E649A mutant supports higher cleav-
age and recombination activity than wild-type RAG-1 in the
same assay using substrates containing a mispaired (12/12 or
23/23) or an unpaired RSS. Based on the data presented here,
we propose that this novel RAG-1 E649A mutation interferes
with the ability of the RAG complex to sense 12/23-regulated
synapsis, thereby promoting cleavage in violation of the 12/23
rule.

MATERIALS AND METHODS

DNA constructs. Eukaryotic expression constructs encoding core or full-length
RAG-1 and RAG-2, appended at the amino terminus to maltose binding protein
(MBP), have been described previously (53). The RAG-1 E649A mutation was
generated by recombination PCR mutagenesis (18). The template for PCR was
generated by subcloning a KpnI/PstI fragment from pcDNAR1 (encoding resi-
dues 384 to 755 of RAG-1) into pBluescript II SK. Template plasmid DNA was
linearized with SspI or AflIII and treated with calf intestinal alkaline phos-
phatase. Template linearized with SspI was subjected to PCR using primer
PCS8For (5�-CCCAAGCCCAATTCAGCGCTGTGTTGCAAGCCG-3�) and
an antisense primer specific for the ampicillin resistance gene (6). Similarly, PCR
was performed with template linearized with AflIII using primer PCS8Rev
(5�-CGGCTTGCAACACAGCGCTGAATTGGGCTTGGG-3�) and a sense
primer specific for the ampicillin resistance gene. The amplicons were purified
using a QIAquick PCR purification kit (QIAGEN), mixed at a 1:1 ratio, and used
to transform the Escherichia coli strain DH5a. Recombinant plasmids were
screened for the presence of an engineered AfeI restriction site, which was
further verified by DNA sequencing. The mutation was introduced into the
pcDNA1 expression vectors encoding core or full-length MBP-RAG-1 by cas-
sette replacement using BsrG1. The prokaryotic expression vector, pET11d-
HMGB1-T7, encoding full-length HMGB1 tagged at the amino terminus with a
polyhistidine sequence, has been previously described (6). The inversional plas-
mid V(D)J recombination substrate pJH299 has been previously described (16);
a version of pJH299 in which the 23-RSS is replaced by a 12-RSS (12/12 pJH299)
was generated by annealing two oligonucleotides, 23R12Top (5�-GATCCCAC
AGTGATACAGCGCTTAACAAAAACCCTCGG-3�) and 23R12Bot (5�-GAT
CCCGAGGGTTTTTGTTAAGCGCTGTATCACTGTGG-3�), and ligating the
duplex to pJH299 digested with BamHI (which removes the 23-RSS). A clone
with the 12-RSS in the same orientation as the original 23-RSS was identified by
DNA sequencing. A version of pJH299 containing two 23-RSSs (23/23 pJH299)
was generously provided by Joanne Hesse (16). To create versions of pJH299
containing only a 12-RSS or a 23-RSS, pJH299 was digested with either BamHI
(which removes the 23-RSS) or SalI (which removes the 12-RSS) and religated,
forming 12-only pJH299 and 23-only pJH299, respectively.

Protein expression and purification. MBP-RAG-1 (wild type, catalytically
inactive [D600A], or E649A and either core [cMR1] or full-length [FLMR1])
and MBP-RAG-2 (either core [cMR2] or full-length [FLMR2]) were coex-
pressed in 293 cells and purified as previously described (53). The protein
preparations are hereafter termed WT, D600A, or E649A cMR1 (or FLMR1)/

cMR2 (or FLMR2). For any given in vitro experiment, the RAG proteins used
were expressed and purified in parallel. Full-length HMGB1 was expressed in the
E. coli strain BL21(DE3)pLysS and purified by immobilized-metal-affinity chro-
matography and ion exchange chromatography as previously described (6).

Oligonucleotide cleavage and binding assays. Radiolabeled intact and nicked
12- and 23-RSS substrates were prepared as described previously (5). A 12-RSS
substrate containing a single base-pair substitution at the 5� end of the heptamer
(C17T) has also been described previously (29). The DNA cleavage and binding
activities of the RAG preparations were analyzed using in-tube and in-gel cleav-
age assays or electrophoretic mobility shift assays (EMSA) as indicated in the
text, using published procedures (5). To analyze the rates of product accumula-
tion, preparative cleavage reactions were assembled (50 �l) and incubated at
37°C. Aliquots (5 �l) were removed into 2 volumes of termination solution (95%
formamide, 10 mM EDTA, 0.01% bromophenol blue) at the indicated time
points, and reaction products were analyzed on sequencing gels as described
previously (5). For the EMSAs shown in Fig. 5B, radiolabeled intact 23-RSS was
incubated under standard binding conditions with WT or E649A cMR1/cMR2
with or without HMGB1 (150 ng) in the presence of increasing concentrations of
cold, nonspecific 50-bp duplex DNA (DAR81/82) or cold 12-RSS as indicated in
the text.

Assays for transposition, disintegration, and hybrid joint formation. The
formation of RAG target capture complexes (TCCs) and strand transfer com-
plexes (STCs) was analyzed using assays described by Matthews et al. (31).
Briefly, WT, D600A, or E649A cMR1/cMR2 (�100 ng) and HMGB1 (�150 ng)
were incubated with 0.02 pmol of both 12- and 23-RSS signal ends for 15 min at
room temperature in DNA binding buffer (25 mM morpholinepropanesulfonic
acid [MOPS]-KOH [pH 7.0], 1 mM CaCl2, 100 �g/ml bovine serum albumin,
20% dimethyl sulfoxide, 60 mM potassium acetate). Subsequently, the samples
were incubated with radiolabeled target DNA assembled from oligonucleotides
mm30t and mm30b (37); the duplex containing 32P end-labeled mm30t was
prepared as described previously (5), in either 5 mM CaCl2 or MgCl2 for 10 min
at 37°C (10 �l final reaction buffer volume). Half of the sample was treated with
proteinase K (200 ng/ml final concentration) and sodium dodecyl sulfate (SDS;
1% wt/vol) in the presence of EDTA (10 mM final concentration), and half of the
sample was mock treated. Both samples were incubated for an additional 10 min
at 37°C and then fractionated on a 4% nondenaturing polyacrylamide gel as
described previously (5). Dried gels were analyzed using a Storm 860 phosphor-
imager. Assays for disintegration and hybrid joint formation were performed as
described previously (53).

Detection of signal ends and signal and coding joint formation in cells. The
plasmid V(D)J recombination substrate pJH299 (16), which will undergo inver-
sional rearrangement when cotransfected with mammalian RAG-1 and RAG-2
expression constructs in 293 cells, was used to assay the intermediates and
products of V(D)J recombination mediated by wild-type and mutant RAG com-
plexes in cells. Briefly, each 10-cm dish of 293 cells was transfected with 5 �g
pJH299 or its derivatives and 2 �g of pcDNA1 encoding MBP-RAG-2 (core or
full-length) or 3 �g of pcDNA1 encoding MBP-RAG-1 (wild-type or mutant
full-length RAG-1) using 30 �g of polyethylenimine and harvested after 72 h as
described previously (5). Plasmid DNA was recovered from cell pellets using a
QiaPrep Spin miniprep kit (QIAGEN) and adjusted to 10 ng/�l. Primers 6111F
(5�-GCTTGCGGCTCGTATGTTGG-3�) and 6363F (5�-GACCTCAGAACTC
GATCTGG-3�) or 6624R (5�-GAACGGTGGTATATCCAGTG-3�) and 6683R
(5�-CCAGATGGAGTTCTGAGGTC-3�) were used to amplify coding or signal
joints, respectively, using real-time PCR. As a positive control, a fragment of the
chloramphenicol acetyltransferase (CAT) gene on pJH299 was amplified with
primers CATFOR and CATREV (53). Reaction products assembled for PCR
(25 �l) contained recovered plasmid DNA (10 ng) and primer pairs (2.5 pmol
each) in 1� SYBR green PCR master mix containing AmpliTaq Gold DNA
polymerase (Applied Biosystems, Foster City, CA). PCR amplification and data
analysis were performed using an ABI Prism 7000 sequence detection system
running the Sequence Detection System software (version 1.1; Applied Biosys-
tems). Reaction products were subjected to initial denaturation (95°C, 10 min)
and 30 cycles of amplification (95°C for 15 s and 60°C for 60 s). PCR products
were fractionated on a 3% agarose gel (1:1 mixture of standard agarose and Low
Range Ultra Agarose [Bio-Rad, Hercules, CA]). The target amplicons were TA
cloned and sequenced to determine their composition. Signal and coding joints
were also sequenced from recombinant plasmids recovered after transformation
of E. coli and genetic selection on LB agar containing carbenicillin and chlor-
amphenicol as described previously (15).

Signal ends were detected using ligation-mediated PCR (LM-PCR) according
to the method of Roth et al. (42), with minor modifications. Briefly, 40 ng of
plasmid DNA recovered after transfection was incubated with 200 pmol of linker
DNA (assembled by annealing oligonucleotides DR19 and DR20) in the pres-
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ence of one unit T4 DNA ligase (20 �l final volume) for 16 h at 15°C. Products
from 1/10 of the ligation reaction were amplified by PCR using primers DR20
and 6687R (5�-GGTACATTGAGCAACTGACTG-3�). Initial denaturation was
performed at 94°C for 2 min, followed by 26 cycles of amplification (94°C for 15
s, 60°C for 30 s, and 72°C for 30 s) and a final extension (72°C for 10 min). PCR
products were fractionated on a 3% agarose gel, TA cloned, and sequenced.

RESULTS

Identification of a gain-of-function RAG-1 mutant that ex-
hibits enhanced cleavage in vitro. During the course of studies
to identify acidic residues in RAG-1 essential for the cleavage
activity of the RAG complex, we generated and individually
purified an E649A cMR1 mutant that, when incubated with
purified cMR2 and a nicked 12-RSS substrate in a standard in
vitro cleavage reaction product containing Mg2�, catalyzed
hairpin formation more readily than its wild-type counterpart
(data not shown). To follow up this initial observation and to
obtain more protein of higher specific activity, core forms of
RAG-1 (wild type, catalytically inactive [D600A], or E649A)
and RAG-2, coexpressed as MBP fusion proteins in 293 cells,
were purified by amylose affinity chromatography (the protein
preparations are termed WT, D600A, or E649A cMR1/cMR2)
(Fig. 1).

In the first set of experiments, we tested the cleavage activ-
ities of WT and E649A cMR1/cMR2 on isolated intact or
nicked 12- or 23-RSS substrates (Fig. 2). As a negative control,
the cleavage activity of catalytically inactive D600A cMR1/
cMR2 was examined in parallel, showing a profile of products
identical to samples containing no RAG proteins. As expected
from our previous studies (50, 51), incubation of an intact
12-RSS with WT cMR1/cMR2 in the presence of Mg2� for 1 h
at 37°C yields predominantly the nicked product and a small
amount of hairpin product. In contrast, E649A cMR1/cMR2
yields about 20-fold more hairpin product under the same
conditions and about 2.5-fold less nicked product, likely be-
cause the nicked DNA is converted to hairpin products (Fig.
2A, compare lanes 3 and 4). One possible explanation for this
result is that RAG-1 E649A mutation accelerates the nicking
step. If the production of nicks were rate limiting to the gen-
eration of hairpin products, accelerating this step should en-
hance the abundance of hairpin products observed. To test this
scenario, we repeated the experiment using a 12-RSS substrate
containing a nick incorporated at the 5� end of the heptamer
(Fig. 2A, lanes 5 to 8). We find that the E649A cMR1/cMR2
converts the nicked substrate to hairpin product about eight-
fold more efficiently than WT cMR1/cMR2, providing evi-
dence suggesting that the RAG-1 E649A mutation selectively
enhances the transesterification step of the cleavage reaction.
Previous studies have shown that the RAG proteins catalyze
hairpin formation much more readily in the presence of Mn2�

than in the presence of Mg2�, suggesting that Mn2� relaxes a
constraint that ordinarily limits the RAG proteins from medi-
ating this particular strand transfer reaction until a synaptic
complex containing both 12- and 23-RSSs is assembled (58).
We therefore wondered whether Mn2� and the RAG-1 E649A
mutation share a common mechanism for promoting hairpin
formation by the RAG complex. If so, E649A cMR1/cMR2
might be expected to exhibit activity similar to that of WT
cMR1/cMR2 in the presence of Mn2�. Consistent with this
idea, hairpin formation catalyzed by WT and E649A cMR1/

cMR2 in the presence of Mn2� is more similar than those
catalyzed in Mg2� using both intact and nicked 12-RSS sub-
strates, with the E649A cMR1/cMR2 yielding only slightly
more (less than twofold) hairpin product than its wild-type
counterpart under Mn2� conditions (Fig. 2A, compare lane 11
to lane 12 and lane 15 to lane 16). However, since E649A
cMR1/cMR2 cleavage activity is enhanced in reactions con-
taining Mn2� relative to reactions containing Mg2� (Fig. 2A,
compare lane 12 to lane 4 and lane 16 to lane 8), we conclude
that Mn2� and the RAG-1 E649A mutation promote cleavage
activity of the RAG complex by distinct, but possibly overlap-
ping, mechanisms. Comparable trends were observed in cleav-
age assays performed using either an intact or a nicked 23-RSS
substrate (Fig. 2B).

Since differences between WT and E649A cMR1/cMR2 in
the ability to nick the RSS are difficult to evaluate because the
nicked product is consumed in the reaction, we performed a
series of time course experiments to examine the rate at which
cleavage products accumulate under various reaction condi-
tions. In the first set of experiments, cleavage product accu-
mulation was analyzed in reactions containing WT or E649A

FIG. 1. Proteins used in this study. (A) Schematic diagrams of
RAG-1, RAG-2, and HMGB1 fusion proteins are depicted (encoded
residues in parentheses) and designated at left. MBP, myc (M), and
polyhistidine (H) sequences are also indicated. (B) MBP-RAG fusion
proteins were coexpressed in the indicated combinations and purified
by amylose affinity chromatography. Protein samples were fractionated
by SDS-polyacrylamide gel electrophoresis in parallel with protein
standards (M; Bio-Rad) and detected by staining the gel with SYPRO
orange. The positions of the RAG-1 and RAG-2 fusion proteins are
shown at left. The abundances of WT, D600A, and E649A RAG-1 in
FLMR1/cMR2 and cMR1/FLMR2 protein preparations were also
similar (data not shown).
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cMR1/cMR2 assembled with intact 12- or 23-RSS substrate in
the presence of Mg2�. Under these conditions, WT cMR1/
cMR2 introduces nicks in a 12-RSS that are clearly detectable
within about 1 min of incubation, accumulating to about 80%

of all products after 1 h at 37°C; hairpin products accumulate
more slowly, first becoming evident after 10 min of incubation
and reaching about 10% of all products after 1 h (Fig. 3A and
E). E649A cMR1/cMR2 initially introduces nicks at a rate
similar to that of WT cMR1/cMR2, but these products are
more rapidly converted to DNA hairpins, which are evident
after 5 min of incubation and accumulate to about 60% of all
products after 1 h (Fig. 3A, 3E). Because nicks generated on
the 12-RSS are rapidly converted to DNA hairpins, we re-
peated the experiment using a 23-RSS because it is cleaved
more slowly than a 12-RSS and because the RAG proteins
introduce an aberrant nick in the 23-RSS in the absence of
HMGB1 that is not consumed in the reaction (5). In this case,
we find that WT cMR1/cMR2 introduces appropriate nicks in
a 23-RSS that are detectable within about 2 min of incubation,
accumulating to about 3.5% of all reaction products after 1 h
at 37°C; hairpin products are almost undetectable (Fig. 3B and
F). E649A cMR1/cMR2 introduces appropriate nicks at a
slightly faster rate, becoming as much as twofold more abun-
dant than in similar samples containing the WT cMR1/cMR2
before the ratio declines due to conversion of the nicked prod-
ucts to DNA hairpins (Fig. 3B and F). E649A cMR1/cMR2
also exhibits a slightly enhanced rate of aberrant nicking, lead-
ing us to conclude that the RAG-1 E649A mutation does
indeed modestly accelerate the nicking step on a 23-RSS. For
E649A cMR1/cMR2, hairpin products are detectable within
about 5 min and accumulate to 6% of all products after 1 h at
37°C, an increase of 150-fold over the result for the compara-
ble sample containing WT cMR1/cMR2.

Since HMGB1 is known to stimulate the DNA binding and
cleavage activity of the RAG complex (45, 56), we wondered
whether the RAG-1 E649A mutation might functionally sub-
stitute for HMGB1 in a RAG-RSS complex. If so, one might
predict that HMGB1 would fail to stimulate the cleavage ac-
tivity of E649A cMR1/cMR2. To test this possibility, cleavage
reaction products were supplemented with 150 ng of purified
recombinant full-length HMGB1 and the time course assay
was repeated (Fig. 3C, D, G, and H). As controls for this
experiment, WT, D600A, and E649A cMR1/cMR2 were incu-
bated for 1 h at 37°C in the absence of HMGB1 (Fig. 3C and
D, lanes 2 to 4). Consistent with previous studies (45, 50, 56,
63), the addition of HMGB1 does not promote 12-RSS cleav-
age by the RAG complex but does stimulate RAG-mediated
23-RSS cleavage, while concomitantly suppressing aberrant
nicking. Interestingly, HMGB1 exerts similar effects when
added to cleavage reactions containing E649A cMR1/cMR2
with either a 12- or a 23-RSS substrate. In both cases, reaction
products containing E649A cMR1/cMR2 accumulate hairpin
products more rapidly than their counterparts containing WT
cMR1/cMR2. Taken together, these data suggest that HMGB1
and the RAG-1 E649A mutation function by distinct mecha-
nisms to enhance the cleavage activity of the RAG complex.

To more clearly illustrate the selective effect of the E649A
RAG-1 mutation on hairpin formation, two additional time
course experiments were performed. The first experiment ex-
amined accumulation of nicked products using a 12-RSS sub-
strate that fails to support hairpin formation due to the pres-
ence of a single base-pair substitution at the 5� end of the
heptamer (called C17T) (29). Interestingly, we find that, like
WT cMR1/cMR2, E649A cMR1/cMR2 nicks the C17T sub-

FIG. 2. The RAG-1 E649A mutation enhances RAG complex
cleavage activity in vitro. Radiolabeled 12-RSS (A) or 23-RSS (B) sub-
strates that are either intact (lanes 1 to 4 and 9 to 12) or nicked (lanes
5 to 8 and 13 to 16) were incubated for 1 h at 37°C in the absence of
RAG proteins or with D600A, WT, or E649A cMR1/cMR2 in reaction
buffer containing Mg2� (lanes 1 to 8) or Mn2� (lanes 9 to 16) as
indicated above the gel. Reaction products were fractionated by de-
naturing gel electrophoresis and analyzed using a phosphorimager.
The percentage of nicked (% N), hairpin (% HP), and aberrantly
nicked (% Abnick) products shown in each lane is quantified below the
gel. The gel shown is representative of results obtained with several
independent protein preparations.
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strate but cannot convert the nicked products to DNA hair-
pins. Moreover, E649A cMR1/cMR2 nicks this substrate with
slightly delayed kinetics relative to WT cMR1/cMR2, in subtle
contrast with results obtained with a consensus 23-RSS. In the
second experiment, the time course assay was repeated using a
nicked 23-RSS substrate to bypass the need for the RAG
proteins to produce this reaction intermediate. Consistent with
results obtained with intact substrates, hairpin products accu-
mulate faster in samples containing E649A cMR1/cMR2 than
in those containing its wild-type counterpart, both in the ab-
sence and in the presence of HMGB1 (Fig. 4C and D and data
not shown). Similar trends were observed when these experi-
ments were repeated using purified E649A FLMR1/cMR2
(Fig. 4E and F) or cMR1/FLM2 (Fig. 4G and H), indicating
that the presence of noncore portions of RAG-1 or RAG-2,
respectively, does not suppress the ability of the E649A
RAG-1 mutation to enhance RAG complex cleavage activity
in vitro.

The E649A RAG-1 mutation does not affect RAG-RSS com-
plex formation but diminishes 12/23-regulated enhancement
of RAG-mediated cleavage activity in vitro. In principle, the
enhanced activity of E649A cMR1/cMR2 could be attributed
to its ability to support protein-DNA complex formation better
than its wild-type counterpart. To examine this possibility, we
compared the DNA binding activities of WT and E649A
cMR1/cMR2 using EMSA. In these experiments, WT or
E649A cMR1/cMR2 was incubated with either a radiolabeled
intact or a nicked 23-RSS substrate in binding reactions con-
taining Ca2� in the absence or presence of HMGB1. After
assembling these reaction products, some samples containing
HMGB1 were further supplemented with cold partner 12- or
23-RSS to form paired RSS complexes, and then the protein-
DNA complexes were fractionated using an EMSA (Fig. 5A).
We find that in the absence of HMGB1, both WT and E649A
cMR1/cMR2 form two distinct protein-DNA complexes, called
SC1 and SC2, similarly when incubated with an isolated RSS
substrate, both with intact and with nicked 23-RSS substrates.
In a previous study (51), both complexes were shown to con-
tain a RAG-1 dimer, but the RAG-2 stoichiometries differed
between SC1 and SC2, with the former containing monomeric
RAG-2 and the latter containing two RAG-2 molecules. For
both RAG preparations, the SC1 and SC2 complexes are com-
parably supershifted in the presence of HMGB1, forming
HSC1 and HSC2, respectively. Moreover, adding cold 12-RSS
partner DNA in both cases comparably promotes the forma-
tion of a paired complex (PC) that is slightly supershifted
relative to HSC2; this complex is less evident when cold 23-
RSS partner is added (Fig. 5A). Similar results were obtained
when the EMSA was repeated using Mg2� instead of Ca2� in
the binding reactions (data not shown). Taken together, these

results suggest that the RAG-1 E649A mutation does not dra-
matically alter the spectrum of protein-DNA complexes that
the RAG proteins are capable of assembling on oligonucleo-
tide substrates.

Given these results, we next considered whether the RAG-1
E649A mutation enhances the specificity of the RAG complex,
a possibility that the experiments shown in Fig. 5A do not
directly address. To test this possibility, we incubated WT or
E649A cMR1/cMR2 with a radiolabeled 23-RSS and increas-
ing concentrations of cold, nonspecific 50-bp duplex DNA
(DAR81/82) in the absence or presence of HMGB1 (Fig. 5B).
We find that the abundance of SC1 and HSC1 (formed in the
absence and presence of HMGB1, respectively) decreases sim-
ilarly for both WT and E649A cMR1/cMR2 as a function of
increasing DAR81/82 concentration. Interestingly, in the pres-
ence of HMGB1, levels of PC increase as the amounts of
DAR81/82 increase to 10 nmol in the binding reactions for
both WT and E649A cMR1/cMR2, but whereas the levels of
PC decline thereafter in samples containing WT cMR1/cMR2,
PC levels remain stable against increasing levels of DAR81/82
with E649A cMR1/cMR2 (Fig. 5B). The same trend is ob-
served when cold 12-RSS partner is titrated into the binding
reaction, except that less cold 12-RSS is required to promote
PC formation, and PC levels eventually decline in the presence
of excess cold 12-RSS (Fig. 5B). These results suggest that the
RAG-1 E649A mutation helps stabilize the PC, causing it to
resist disassembly in the presence of excess cold DNA.

To exclude any subtle contribution that the RAG-1 E649A
mutation provides to enhance the DNA binding activity of the
RAG complex, we directly compared the catalytic activities of
various preformed protein-DNA complexes assembled with
WT or E649A cMR1/cMR2 using an in-gel cleavage assay. In
this experiment, WT or E649A cMR1/cMR2 was incubated
with radiolabeled intact or nicked 23-RSS substrates in pre-
parative binding reactions assembled as shown in Fig. 5A and
fractionated on the same nondenaturing polyacrylamide gel.
The gel was then submerged in reaction buffer containing
Mg2� to initiate RSS cleavage, and reaction products were
recovered from complexes of interest and analyzed on a se-
quencing gel (Fig. 5C). Consistent with results obtained from
in-tube cleavage experiments, we find that SC1, HSC1, and
HSC2 complexes formed with E649A cMR1/cMR2 remain
more active than their wild-type counterparts when directly
compared in the in-gel cleavage assay. However, the difference
in the abundance of hairpin products observed between RAG-
RSS complexes assembled with WT and E649A cMR1/cMR2
using the in-gel cleavage assay is more modest than for simi-
larly prepared samples analyzed using the in-tube assay after
1 h at 37°C. Interestingly, however, PCs formed with E649A
cMR1/cMR2 assembled in the presence of either cold 12-RSS

FIG. 3. The RAG-1 E649A mutation preferentially promotes hairpin formation in vitro. (A to D) Time course assays comparing the cleavage
rates between WT and E649A cMR1/cMR2 were performed in reaction buffer containing Mg2� using either a radiolabeled intact 12-RSS (A and
C) or 23-RSS (B and D) substrate in the absence (A and B) or presence (C and D) of HMGB1. Aliquots from preparative in vitro cleavage
reactions were removed at the times indicated above the gel and fractionated on a sequencing gel. As negative controls for these experiments,
cleavage reactions either lacking RAG proteins or containing D600A, WT, or E649A cMR1/cMR2 without HMGB1, as indicated above the gel,
were incubated for 1 h at 37°C. (E to H) From the gels shown in panels A to D, respectively, hairpin (HP), correctly nicked (N), and aberrantly
nicked (Abnick) reaction products (positions indicated at right of gels) were quantified using ImageQuant software and plotted as percentages of
total reaction products at each time point for WT and E649A cMR1/cMR2 (WT and MT, respectively).
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or 23-RSS partner DNA are similarly active in the in-gel cleav-
age assay, whereas the PCs formed with WT cMR2/cMR2
assembled with cold 12-RSS partner are about fourfold more
active than their counterparts assembled with cold 23-RSS
partner. This result suggests that the RAG-1 E649A mutation
bypasses the stimulation of RAG-mediated cleavage provided
by 12/23-regulated synapsis in vitro.

Other DNA strand transfer reactions are mediated similarly
by WT and E649A RAG-1. The formation of DNA hairpins is
physiologically the most important DNA strand transfer reac-
tion that the RAG proteins catalyze. However, they are also
known to mediate several alternative DNA strand transfer
reactions, including the rejoining of signal ends and coding
ends in either the original or the opposing configuration in a
reversal of the cleavage reaction (yielding open-shut joints or
hybrid joints, respectively) (27, 35), the integration of signal
ends into nonhomologous DNA by classical transposition (1,
17), a retrovirus-like disintegration reaction that reverses
transpositional strand transfer (34), and an “inverse transpo-
sition” reaction, in which a non-RSS DNA strand is transferred
into a canonical RSS (48). In principle, one might expect that
since the RAG-1 E649A mutation promotes accelerated hair-
pin formation, this RAG-1 mutant might similarly exhibit en-
hanced ability to mediate alternative DNA strand transfer re-
actions. To test the possibility, we evaluated WT and E649A
cMR1/cMR2 in assays of RAG-mediated transposition, disin-
tegration, and hybrid joint formation.

To assay transposition activity, cMR1/cMR2 preparations
(D600A, WT, or E649A) were assembled with unlabeled 12-
and 23-RSS signal ends in the presence of HMGB1 to form a
signal end complex and incubated at 37°C with a 32P-labeled
DNA target in reaction buffer containing Mg2� or Ca2�, and
protein-DNA complexes were fractionated on a nondenaturing
polyacrylamide gel. A signal end complex that has captured a
DNA target is termed a TCC; if the RSS donor becomes
covalently linked to the target DNA, the complex is termed an
STC (Fig. 6A). The TCC and STC cannot be resolved on a
native polyacrylamide gel, but prior treatment with proteinase
K and SDS will liberate the transposition product from the
STC, enabling it to be visualized on a native gel as a species
whose mobility is retarded relative to that of free DNA but
faster than that of the TCC/STC. Consistent with previous
results (31), catalytically inactive D600A cMR1/cMR2 forms
the TCC/STC poorly, as target capture is impaired by muta-
tions in the DDE motif of RAG-1 (Fig. 6B). The residual
complexes we observe are attributed to nonspecific binding to
target DNA. In the presence of Mg2�, both WT and E649A
cMR1/cMR2 form the TCC/STC to comparable levels; in the
presence of Ca2�, STC/TCC complex formation is modestly
enhanced in samples containing E649A cMR1/cMR2 relative
to that in samples containing WT cMR1/cMR2 (Fig. 6B). After
treatment with proteinase K and SDS, no transposition prod-

uct is detected in samples containing D600A cMR1/cMR2 in
reaction buffers containing either Mg2� or Ca2�, a result con-
sistent with data published previously (31). In samples contain-
ing WT or E649A cMR1/cMR2 and assembled with Mg2�, the
transposition product is detected at similar levels; in Ca2�, this
product is about twofold more abundant in the sample con-
taining E649A cMR1/cMR2 than in that containing WT
cMR1/cMR2. The difference is likely attributed to the approx-
imately twofold increase in STC/TCC formation observed for
E649A cMR1/cMR2 over that for WT cMR1/cMR2 under the
Ca2� conditions (Fig. 6B). These data lead us to conclude that
the RAG-1 E649A mutation does not alter the transpositional
strand transfer activity of the RAG complex but slightly en-
hances target site capture activity in the presence of Ca2�.

We next considered whether the RAG-1 E649A mutation
enhances a disintegration reaction that models the reversal of
transpositional strand transfer (34). For these experiments, a
substrate containing a 12-RSS integrated into a radiolabeled
target DNA was incubated with the RAG proteins in the pres-
ence of either Mg2� or Ca2�. In this reaction, RAG-mediated
disintegration regenerates the “top” strand of the labeled tar-
get, yielding an 80-nucleotide product (Fig. 6C). In the pres-
ence of Mg2�, both WT and E649A cMR1/cMR2 support the
disintegration reaction to similar levels; in the presence of
Ca2�, the E649A cMR1/cMR2 yields about twofold more dis-
integration product than WT cMR1/cMR2 (Fig. 6D), most
likely attributed to slightly enhanced substrate binding under
these conditions (data not shown). Thus, we conclude that the
RAG-1 E649A mutation does not alter the disintegration ac-
tivity of the RAG complex.

Since the RAG-1 E649A mutation facilitates hairpin forma-
tion, we wondered whether this mutation would also affect the
rate at which this reaction is reversed. As discussed above, the
outcome of reversing this reaction depends upon which signal
end attacks the hairpin. In the experiments described here, we
chose to examine cleavage and rejoining in a plasmid V(D)J
recombination substrate called pJH200, which normally yields
signal joints after V(D)J rearrangement but can yield hybrid
joints detectable by PCR if the RAG proteins mediate the
inversion of the intervening sequence in vitro (the strategy is
outlined in Fig. 6E). We previously demonstrated that PCR
amplifies three major products from pJH200 after incubation
with the RAG proteins (53): an �190-bp “canonical hybrid
joint” product corresponding to the rejoining of the 23-RSS to
the coding sequence originally abutting the 12-RSS, an
�320-bp “cryptic hybrid joint” product that results from the
rejoining of the 23-RSS with the coding sequence abutting a
cryptic 12-RSS called 6121 (usually incorporating a single P
nucleotide), and an �400-bp product reflecting a wider spec-
trum of integration products upstream of the cryptic 12-RSS
whose underlying molecular mechanisms remain uncertain.
Using this PCR assay with a semiquantitative approach, we

FIG. 4. Effects of composition of RSS substrate and RAG protein on in vitro cleavage activity. Time course assays comparing the cleavage rates
between WT and E649A (MT) cMR1/cMR2 (A to D), WT and E649A FLMR1/cMR2 (E and F), or WT and E649A cMR1/FLMR2 (G and H)
were performed in reaction buffer containing Mg2� using either a radiolabeled intact 12-RSS containing a single base-pair substitution (C17T) at
the 5� end of the heptamer (A and B), a nicked 23-RSS substrate (C and D), or an intact 23-RSS substrate (E to H) in the absence (A and B)
or presence (C to H) of HMGB1. Experiments were performed and analyzed as shown in Fig. 3.
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find that E649A cMR1/cMR2 supports formation of the “ca
nonical hybrid joint” at levels comparable to those supported
by its wild-type counterpart, but the “cryptic hybrid joint” is
formed slightly more readily (approximately twofold) by
E649A cMR1/cMR2 than by WT cMR1/cMR2 (Fig. 6F). This
difference may be attributed in part to the approximately two-
fold increase in substrate cleavage levels observed in reaction
products containing E649A cMR1/cMR2 over those in reac-
tion products containing WT cMR1/cMR2 as assessed by
Southern hybridization (Fig. 6G) but does not entirely explain
why the distribution of amplicons observed after PCR is
skewed toward the “cryptic hybrid joint” product for E649A
cMR1/cMR2. Thus, these results raise the possibility that the
RAG-1 E649A mutation eases a constraint that normally limits
hybrid joint formation with a noncanonical RSS.

The E649A RAG-1 mutation does not enhance canonical
V(D)J recombination but impairs adherence to the 12/23 rule
in vivo. Since E649A cMR1 (and FLMR1)/cMR2 exhibits a
significant rate enhancement in hairpin formation in vitro, we
naturally wondered whether this mutant would support higher
levels of V(D)J recombination in vivo. To test this possibility,
we used a well-established cell culture-based assay of V(D)J
recombination which utilizes a plasmid substrate, called
pJH299 (16), that undergoes RAG-mediated inversional rear-
rangement when the substrate is cotransfected with RAG-1
and RAG-2 expression constructs in 293 cells. At 72 h after
transfection, DNA harvested from the cells was subjected to
PCR to detect signal joint and coding joint formation using the
strategy outlined in Fig. 7A. In control reactions containing
DNA obtained from cells transfected with pJH299 and either
the empty mammalian expression vector pcDNA1 or versions
of pcDNA1 encoding core MBP-RAG-2 and an MBP-tagged
version of full-length D600A RAG-1, specific amplification of
signal joints or coding joints is not detected, although a very
low level of nonspecific amplification is observed (Fig. 7B). In
contrast, signal joints and coding joints are readily amplified in
PCR samples containing DNA from cells transfected with
pJH299, the core MBP-RAG-2 expression construct, and
pcDNA1 encoding an MBP-tagged version of full-length
RAG-1 (WT or E649A). Interestingly, the levels of reaction
products observed after PCR are quite similar in both cases
(Fig. 7B, compare lanes 3 and 4 and lanes 11 and 12). This
outcome is consistent with an earlier report showing that a
comparable E649Q RAG-1 mutant did not exhibit a hyper-
recombination phenotype (24). As expected from previous
studies (16), when rearrangement is assayed using a form of

pJH299 containing a pair of 12-RSSs (12/12), we find that
full-length WT and E649A RAG-1 support lower levels of
signal joint and coding joint formation detectable by PCR than
when similar experiments are performed using 12/23 pJH299.
However, in contrast to results obtained with 12/23 pJH299,
E649A RAG-1 consistently supports slightly more rearrange-
ment than WT RAG-1 on a 12/12 version of pJH299 (Fig. 7B,
compare lanes 7 and 8 and lanes 15 and 16). To more carefully
evaluate these differences, we employed real-time PCR to an-
alyze the rate of amplicon accumulation by the comparative
threshold approach (14), using amplification of a fragment
from the CAT gene in pJH299 as a calibrator (Fig. 7C). These
data confirm that while the 12/23 pJH299 signal joint and
coding joint amplicons accumulate at comparable rates from
WT and E649A RAG-1 samples, 12/12 signal joint and coding
joint amplicons accumulate about threefold faster from E649A
RAG-1 samples than from their wild-type counterparts (Table 1).
These differences cannot be attributed to variations in the
amounts of template in the reaction products, as PCR ampli-
fication of CAT proceeds similarly in all samples tested (Fig.
7C). Whether E649A RAG-1 exhibits elevated recombination
activity on a 23/23 version of pJH299 could not be ascertained
unambiguously, as levels of signal and coding joint amplicons
obtained with WT or E649A RAG-1 using this substrate were
very close to background levels obtained with inactive D600A
RAG-1 (Table 1). In the presence of full-length MBP-RAG-2,
WT and E649A RAG-1 also exhibited similar recombination
activities using 12/23 pJH299, although the abundances of sig-
nal and coding joint amplicons detected were consistently
two- to threefold lower, but 12/12 and 23/23 rearrangements
were virtually undetectable above background levels (Table
1).

In principle, the failure to observe greater recombination of
12/23 pJH299 with E649A RAG-1 than with WT RAG-1 in
vivo may be because the activity of the nonhomologous end-
joining factors is rate limiting for V(D)J recombination in this
assay. Hence, greater levels of RAG-mediated cleavage may
not necessarily result in higher levels of DNA end joining. To
test this possibility, we used LM-PCR to determine the abun-
dance of signal end intermediates in the same DNA prepara-
tions used for evaluating signal and coding joint formation
(schematically depicted in Fig. 7D). We find that two major
amplicons are detected after LM-PCR from DNA isolated
from cells transfected with pJH299 and WT or E649A RAG-1
expression constructs, which are not evident in samples derived
from cells transfected with a construct encoding inactive

FIG. 5. The RAG-1 E649A mutation decreases stimulation of cleavage by 12/23-regulated synapsis in vitro. (A) Radiolabeled intact 23-RSS
(lanes 1 to 9) or nicked 23-RSS (lanes 10 to 18) substrates were incubated with D600A, WT, or E649A cMR1/cMR2 in the absence or presence
of HMGB1 and/or cold partner DNA (12-RSS or 23-RSS) under binding conditions as indicated above the gel, and protein-DNA complexes were
fractionated by EMSA. The positions of SC1, HSC1, SC2, HSC2, and PC species (described in the text) are indicated at left. (B) Radiolabeled
intact 23-RSS substrate was incubated with WT or E649A cMR1/cMR2 (�100 ng) in the absence (top panel) or presence (middle and lower
panels) of HMGB1. The binding reactions shown in lanes 2 to 7 and 8 to 14 were further supplemented with increasing amounts (1, 2.5, 5, 10, 25,
or 50 pmol) of either unlabeled DAR81/82 (top and middle panels) or unlabeled 12-RSS (lower panel), and the protein-DNA complexes were
fractionated by EMSA and are indicated as in panel A. (C) Preparative binding reactions were assembled as shown in panel A, and the cleavage
activities of various protein-DNA complexes fractionated by EMSA were compared using an in-gel cleavage assay. Reaction products from
protein-DNA complexes of interest shown in the EMSA lanes in panel A (SC1, HSC1, SC2, HSC2, and PC) were recovered, normalized, and
fractionated by denaturing gel electrophoresis. Positions of nicked and hairpin products are shown at left. The percentages of nicked (% N) and
hairpin (% HP) products shown in each lane are quantified below the gel and account for slight variations in the amounts of DNA actually loaded.
The abundance and distribution of the cleavage products observed are representative of independent experiments.
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FIG. 6. Intermolecular DNA strand transfer reactions are not significantly enhanced by the RAG-1 E649A mutation. (A) Diagram of TCC/STC
formation. The RAG proteins and HMGB1 assemble a protein-DNA complex (shaded oval) with 12- and 23-signal ends (the donor DNA), capture
a radiolabeled DNA target (the TCC; the position of 32P is indicated by an asterisk), and integrate the signal ends into target DNA (the STC).
(B) Donor and target DNA were incubated in reaction buffer containing Mg2� (lanes 1 to 7) or Ca2� (lanes 8 to 13) with D600A (inactive), WT,
or E649A cMR1/cMR2 in the presence of HMGB1 as indicated. Untreated samples (lanes 2 to 4 and 8 to 10) and samples further incubated with
proteinase K and SDS (lanes 5 to 7 and 11 to 13) were fractionated on a native 4% polyacrylamide gel. The positions of the mixed TCC/STC species
and the transposition products released by proteinase K/SDS treatment are shown at left. (C) Schematic diagram of the disintegration substrate
and reaction outcome. (D) The disintegration substrate was incubated in reaction buffer containing Mg2� (lanes 1 to 4) or Ca2� (lanes 5 to 8) with
D600A, WT, or E649A cMR1/cMR2 as indicated. Reaction products were fractionated on a sequencing gel and analyzed using a phosphorimager.
The radiolabeled 80-nucleotide bottom strand oligonucleotide serves a sizing marker (M) for the position of the expected disintegration product.
The percentage of disintegration product shown in each lane is quantified below the gel. (E) Diagram of the PCR assay used to detect hybrid joints
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D600A RAG-1 (Fig. 7E). Sequencing of the TA-cloned prod-
ucts reveals that the smaller of the two amplicons is the ex-
pected product derived from linker ligation to the 23-RSS. The
larger product is derived from linker ligation to a cleaved
12-RSS in which the 23-RSS partner is intact or nicked (PCR
cannot distinguish between these possibilities). Since the abun-
dance and distribution of the two PCR products are compara-
ble between WT and E649A RAG-1 samples, we conclude that
the enhancement in cleavage activity apparent with E649A
RAG-1 in vitro is not evident in vivo when assayed using
recombination substrates bearing a 12/23-RSS pair. However,
when the assay is performed using the 12/12 or 23/23 form of
pJH299, E649A RAG-1 is found to support about two- to
threefold higher levels of signal end formation detectable by
LM-PCR than WT RAG-1, which is consistent with assays of
signal and coding joint formation, but the levels of these prod-
ucts remain lower than those observed using 12/23 pJH299
(Fig. 7E). Interestingly, in the presence of core RAG-2, E649A
RAG-1 also supports two- to threefold more cleavage of
pJH299 containing either a single 12- or 23-RSS (Fig. 7F, 7G),
suggesting that cleavage of 12/12 and 23/23 substrates in this
case may be independent of synapsis. E649A RAG-1 also sup-
ports levels of signal end formation on 12/23 pJH299 compa-
rable to those supported by WT RAG-1 in the presence of
full-length RAG-2, but the abundance of the amplicons (espe-
cially the 23SE) is consistently lower than when core RAG-2 is
present (Fig. 7E). Moreover, signal ends generated from 12/12
and 23/23 forms of pJH299 in the presence of full-length
RAG-2 are essentially undetectable above background levels.
Taken together, these data suggest that the RAG-1 E649A
mutation relaxes adherence to the 12/23 rule, thereby promot-
ing greater cleavage and recombination of substrates contain-
ing a mispaired or an unpaired RSS.

Finally, we wondered whether E649A RAG-1 might pro-
mote excessive processing of signal and/or coding ends in vivo
if it exhibits poor postcleavage complex stability. To examine
this possibility, we compared the sequences of signal joints and
coding joints in rearranged pJH299 plasmids (both 12/23 and
12/12) recovered from E. coli transformants selected on LB
agar plates containing carbenicillin and chloramphenicol. No
striking differences in the abundance or distribution of inser-
tions or deletions in signal joints or coding joints were appar-
ent in 12/23 pJH299 plasmids recovered from cells transiently
expressing WT or E649A RAG-1 in the presence of core
RAG-2 (Table 2). Unexpectedly, we failed to recover any 12/12
pJH299 recombinants that had undergone inversional recom-
bination, even though sequence analysis of signal joints and
coding joints detected by PCR clearly indicated the presence of
such molecules. Instead, all 12/12 pJH299 recombinants recov-
ered after antibiotic selection from both WT and E649A

RAG-1 samples had undergone a deletion event in which the
heptamer of the 12-RSS that replaced the 23-RSS was joined
precisely to the 3� end of the heptamer of the other 12-RSS
(Fig. 8). Visual inspection of the sequence reveals that the
heptamer at this site might service a nonamer-like sequence in
the opposite orientation, creating a cryptic 23-RSS in a dele-
tional configuration with the 12-RSS (Fig. 8). This outcome
would not be detected by our PCR strategy, as the internal
primer sites are deleted after recombination, but must be at
least 10-fold more frequent than inversional recombination,
since no inversional recombinants were recovered from more
than 15 colonies identified and characterized after genetic
screening.

DISCUSSION

RAG-1 and RAG-2 have been subjected to extensive mu-
tagenesis by many laboratories (2, 7, 9, 11, 12, 20–22, 24, 28, 33,
39, 43, 44, 47, 49, 52, 54, 60). Through these efforts, several
classes of mutations have been identified, including mutations
that impair the DNA binding activity of the RAG complex,
abolish one or both biochemical steps of RAG-mediated DNA
cleavage (nicking and transesterification), disrupt the joining
phase of V(D)J recombination, or alter RAG-1-RAG-2 asso-
ciation or interactions between the RAG complex and other
proteins. To date, no mutant forms of RAG-1 or RAG-2 that
enhance the cleavage or joining phases of V(D)J recombina-
tion have been reported in the literature. Since V(D)J recom-
bination shares mechanistic similarities with transposition, for
which gain-of-function mutants have been reported in several
systems (4, 23, 30, 36, 61, 64), it is likely that the RAG complex
in its current form is less active than it potentially could be. In
support of this possibility, we report here that mutation of a
single residue in RAG-1, E649A, specifically enhances the
ability of the RAG complex to catalyze hairpin formation in
vitro and facilitate greater cleavage of plasmid V(D)J recom-
bination substrates containing an unpaired RSS or a mispaired
(12/12 or 23/23) RSS in vivo, in violation of the 12/23 rule. The
E649A RAG-1 mutation is located within the central domain
of RAG-1 (8), which encompasses two residues critical for the
catalytic activity of the recombinase, D600 and D708 (12, 21,
24). This colocalization suggests that the central domain plays
an active role not only in recognition and catalysis at the site
of DNA cleavage but also in perceiving 12/23-regulated
synapsis.

E649A RAG-1 as a separation-of-function mutant for RAG-
mediated DNA strand transfer reactions. The core RAG com-
plex is capable of mediating several DNA strand transfer re-
actions, including the hairpin formation step of the V(D)J
cleavage reaction, open-shut and hybrid joint formation, trans-

formed on pJH200. The positions of PCR primers A and B (half arrowhead) and the Southern hybridization probe (shaded overline) are shown.
The relative positions and orientations of the canonical 12- and 23-RSSs are indicated by small and large filled triangles; the “6131” cryptic 12-RSS
(26) is indicated by a shaded triangle. (F) Supercoiled pJH200 was incubated with D600A (100 ng), WT, or E649A cMR1/cMR2 (100, 50, 25, and
12 ng) under conditions that permit coupled cleavage. PCR was performed on a portion of the reaction products using primers designed to detect
hybrid joints (top panel) or CAT (bottom panel). Samples were run in parallel with molecular sizing markers (M; 1-kb ladder; Invitrogen); the
positions of the �190- and 320-bp amplicons are denoted by arrows at right. (G) The portion of the cleavage reaction products not used for PCR
detection of hybrid joints shown in panel F was fractionated on a 7% nondenaturing polyacrylamide gel and analyzed by Southern hybridization
using the probe shown in panel E. The composition of the three major cleavage products is shown at right.
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positional strand transfer, and a retroviral-like disintegration
reaction. All of these reactions involve the attack of a 3�-OH
on a phosphodiester bond. Despite this mechanistic similarity,
the observation that the E649A cMR1/cMR2 complex selec-

tively enhances the hairpin formation step of V(D)J cleavage
in vitro, while not substantially altering other DNA strand
transfer reactions mediated by the RAG complex, clearly illus-
trates that these reactions are biochemically distinct.

The feature that separates hairpin formation from other
DNA strand transfer reactions mediated by the RAG complex
is that hairpin formation is an intramolecular strand transfer
reaction, whereas the other reactions can be considered inter-

FIG. 7. The RAG-1 E649A mutation relaxes enforcement of the 12/23 rule in vivo. (A) PCR assay of coding joint (CJ) and signal joint (SJ)
formation. V(D)J rearrangement of the plasmid substrate pJH299 results in inversion of the DNA sequence between the RSSs, yielding signal and
coding joints detectable with primer pairs SJP1/SJP2 and CJP1/CJP2, respectively. (B and C) Plasmid DNA isolated from 293 cells 72 h after
transfection with RAG expression constructs and 12/23 or 12/12 versions of pJH299 was subjected to real-time PCR to detect signal and coding
joint formation using the SYBR green dye. As a control, a fragment of the CAT gene in pJH299 was also amplified. (B) Amplicons representing
signal joints and coding joints were visualized on an agarose gel by staining with ethidium bromide. (C) Amplification curves charting fluorescence
emission at each reaction cycle were generated for each PCR to detect CAT, signal joint formation, or coding joint formation from samples shown
in panel B containing 12/23 pJH299 (solid line) or 12/12 pJH299 (dashed line). The difference (n-fold) in the relative abundances of signal or coding
joints detected by real-time PCR in samples containing 12/23 versus 12/12 pJH299 recovered after transfection with WT or E649A (MT) RAG-1
is shown in the inset. (D) Ligation-mediated PCR strategy to detect signal ends. Cleavage at either RSS in vivo yields a DNA break that can be
detected by ligating linker DNA to the blunt signal end and amplifying the ligated end using a linker primer (LP) and a primer specific to the
sequence 3� of the 23-RSS (23P). (E) Plasmid DNA recovered from 293 cells cotransfected with various pcDNA1 expression constructs encoding
FLMR1 (D600A, WT, or E649A) and either cMR2 or FLMR2 and various forms of pJH299 (12/23, 12/12, or 23/23; the combinations are as
indicated above the gel) was subjected to LM-PCR using the LP/23P primer pair shown in panel D, and the amplicons were visualized on an
agarose gel by staining with ethidium bromide. The positions of PCR products corresponding to linker ligation to signal ends produced at the
12-RSS (12-SE) and 23-RSS (23-SE) are indicated at right. (F) Diagram of forms of pJH299 containing a 12/23 pair of RSSs or a single 12- or
23-RSS (12 only and 23 only, respectively). (G) LM-PCR products obtained from plasmid DNA recovered from cells cotransfected with the
pcDNA1 expression constructs shown in panel E and the forms of pJH299 shown in panel F. Note that removal of the 23-RSS shortens the length
of the PCR product that detects the cleaved single 12-RSS.

TABLE 1. Comparisons of signal and coding joint formation
determined by real-time PCR

Protein preparation, pJH299
substrate, and joint analyzeda

Relative amplicon level obtained with
indicated RAG-1/2 combinationd

FLMR1/cMR2 FLMR1/FLMR2

E649A RAG-1 12/23 vs
WT RAG-1 12/23

SJ 1.13 � 0.42b 0.82 � 0.19
CJ 1.03 � 0.30c 0.93 � 0.24

E649A RAG-1 12/12 vs
WT RAG-1 12/12

SJ 2.90 � 0.52b 1.94 � 1.17
CJ 2.69 � 0.46c 1.75 � 0.41

E649A RAG-1 23/23 vs
WT RAG-1 23/23

SJ 1.81 � 0.58 0.84 � 0.13
CJ 1.57 � 0.40 1.54 � 0.19

WT RAG-1 12/23 vs
D600A RAG-1 12/23

SJ 319 � 21 145 � 76
CJ 501 � 278 232 � 193

WT RAG-1 12/12 vs
D600A RAG-1 12/12

SJ 5.21 � 2.83 1.73 � 0.77
CJ 5.55 � 3.42 1.59 � 0.77

WT RAG-1 23/23 vs
D600A RAG-1 23/23

SJ 1.55 � 0.71 1.78 � 0.59
CJ 2.06 � 0.71 1.56 � 0.57

a SJ, signal joint; CJ, coding joint.
b P of �0.003 comparing FLMR1/cMR2 SJ between 12/23 and 12/12 using the

paired t test (n � 5).
c P of �0.004 comparing FLMR1/cMR2 CJ between 12/23 and 12/12 using the

paired t test (n � 5).
dRelative amplican levels for WT FLMR1/cMR2 12/23 versus WT FLMR1/

FLMR2 12/23 are as follows: SJ, 3.71 � 1.69; CJ, 2.38 � 0.33.

TABLE 2. Sequence analysis of 12/23 pJH299 coding joints
obtained from recombination assays of WT or E649A

FLMR1/cMR2

Clone Result for 23-RSS
coding enda P nucleotide(s) Result for 12-RSS

coding endb

WT 12/23
DA7.2 	0 	3
PS3.15 	0 	3
PS3.2 	0 	4
PS3.3 	0 	6
DA7.4 	0 	10
PS3.10 	1 	3
PS3.4 	1 	4
PS3.1 	1 	8
PS3.5 	3 C 	0
DA7.5 	6 	5
PS3.13 	6 	5
PS3.6 HJ 	8
PS3.9 HJ 	3

E649A 12/23
PS4.7 	0 GGA 	1
DA10.2 	0 	3
PS4.1 	0 	7
PS4.12 	0 	7
PS.4.9 	0 	8
PS4.11 	1 	10
PS4.10 	3 C 	0
DA10.3 	3 	5
DA10.1 	4 	1
PS4.13 	4 	1
PS4.3 HJ 	2
PS4.14 HJ 	3

a Coding end sequence TCGATGAGAGGATCC.
b Coding end sequence GTCGACCTGCAGCCC.
c HJ, hybrid joint formed by deletion to 23-RSS.
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molecular strand transfer reactions. We speculate that the
RAG-1 E649A mutation may relax a constraint that normally
limits the efficiency of hairpin formation. One constraint
placed on this reaction is the steric requirements involved in
positioning the 3� terminal nucleotide in an orientation that
allows for in-line attack of the 3�-OH on the opposing phos-
phodiester strand. In principle, the RAG-1 E649A mutation
might ease the ability of the RAG complex to induce the
conformational changes necessary in the DNA to facilitate this
reaction. However, if this were true in vivo, one might expect
that E649A RAG-1 would support enhanced cleavage and
recombination of the pJH299 plasmid V(D)J recombination
substrate in vivo, which is not observed. While this outcome
could be attributed simply to a failure of the RAG-1 E649A
mutation’s effect in vitro to be recapitulated in vivo, an out-
come with precedents in studies of other transposases (55), we
consider an alternative possibility in which the RAG-1 E649A
mutation disrupts the sensing of 12/23-regulated synapsis by
the RAG complex, which is normally required to promote
cleavage at both RSSs. In this scenario, the RAG-1 E649A
mutation “tricks” the RAG complex into falsely perceiving
synapsis, causing it to cleave a bound RSS as though it were
integrated into a paired complex. Three lines of evidence sup-
port this hypothesis. First, in the presence of Mn2�, which is
known to uncouple the 12/23 rule, the cleavage activities of
WT and E649A cMR1/cMR2 using isolated RSS substrates are
quite similar. Second, unlike that of WT cMR1/cMR2, the
cleavage activity of E649A cMR1/cMR2 is not significantly
stimulated by paired-complex formation as assessed by in-gel
cleavage assays. Third, the cleavage and recombination activ-
ities supported by E649A RAG-1 on V(D)J recombination
substrates containing an unpaired or a mispaired RSS in vivo
are enhanced relative to those supported by WT RAG-1 (at
least in the presence of core RAG-2). However, we recognize
that the 12/23 rule is still partially enforced by E649A RAG-1
in vivo, since the levels of cleavage and recombination of 12/12
pJH299 supported by E649A RAG-1 still remain below those
for 12/23 pJH299. How can this result be explained mechanis-
tically? Since the ability of the RAG complex to support 12/
23-regulated synapsis is not dramatically perturbed by the

RAG-1 E649A mutation based on mobility shift assays, we
speculate that in the presence of RAG-2, E649A RAG-1 me-
diates synapsis of 12/23 pJH299 similarly to the WT RAG-1
and cleaves it with comparable efficiency. However, when con-
fronted with pJH299 containing an unpaired or mispaired RSS,
we suggest that E649A RAG-1 and RAG-2 may assemble
paired complexes inefficiently, but the assembled complex
may able to cleave the RSS(s) independently of synapsis more
efficiently than WT RAG-1.

Comparisons with other gain-of-function mutants in trans-
positional recombination systems. V(D)J recombination ex-
hibits many similarities to “cut-and-paste” transpositional
recombination systems. In many of these systems, gain-of-func-
tion transposase mutants have been identified and character-
ized, revealing a spectrum of biochemical mechanisms leading
to transposase hyperactivity. In some cases, such as for the
Sleeping Beauty (62) and Tn5 transposases (36, 64), mutations
that enhance the DNA binding activity of the transposase,
thereby improving the efficiency of donor DNA cleavage, have
been identified. In other cases, such as for the Tn5 transposase
(61), the P-element transposase (4), and TnsA and TnsB in-
volved in Tn7 transposition (30), mutations that bypass nega-
tive regulatory mechanisms without altering the intrinsic DNA
binding activity of the transposase have been identified. A third
type of mutation is one that enhances transposase activity by
promoting interactions between the subunits that comprise the
functional transposase. This type of mutation is exemplified by
the LP372 mutant Tn5 transposase (59), whose hyperactivity
has been attributed to the increasing of the dimerization po-
tential of the transposase. The RAG-1 E649A mutation exhib-
its most similarities to the latter two classes of mutations, as the
mutant RAG complex appears to bypass the 12/23 rule that
regulates the DNA cleavage activity of the recombinase. The
12/23 rule is likely enforced by key protein-protein and/or
protein-DNA interactions that help prevent inappropriate
synapsis. Dissecting what interactions are altered by the
RAG-1 E649A mutation will provide greater insight into
how the RAG complex mediates 12/23-regulated synapsis
and coupled cleavage.

FIG. 8. Structure of pJH299 recombinants obtained after genetic selection. Diagrams of 12/23 and 12/12 versions of pJH299 are shown at left
and right, respectively. Heptamer and nonamer elements are boxed, and the spacer lengths are indicated. V(D)J recombination of 12/23 pJH299
results primarily in the inversion of the DNA sequence between the RSSs. For 12/12 pJH299, all recombinants recovered after genetic selection
showed precise joining of the replaced 23-RSS heptamer to the 3� end of the original 12-RSS heptamer. We speculate that a cryptic nonamer may
service the original 12-RSS heptamer in the inverse orientation, forming a cryptic 23-RSS in a deletional configuration. The putative cryptic
nonamer lies 22 bp from the heptamer and is shown aligned with a canonical nonamer sequence. Sequence identities between canonical and cryptic
heptamer and nonamer sequences are underlined.
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