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V(D)J recombination is initiated by RAG-1 and RAG-2, which introduce double-strand DNA breaks at
recombination signal sequences (RSSs) of antigen receptor gene segments to produce signal ends, terminating
in blunt, double-strand breaks, and coding ends, terminating in DNA hairpins. While the formation of
RAG-RSS complexes has been documented, observations regarding the individual contributions of RAG-1 and
RAG-2 to RSS recognition are in conflict. Here we describe an assay for formation and maintenance of
functional RAG-RSS complexes in the course of the DNA cleavage reaction. Under conditions of in vitro
cleavage, the RAG proteins sequester intact substrate DNA in a stable complex which is formed prior to strand
scission. The cleavage reaction subsequently proceeds through nicking and hairpin formation without disso-
ciation of substrate. Notably, the presence of both RAG-1 and RAG-2 is essential for formation of stable,
functional complexes with substrate DNA under conditions of the sequestration assay. Two classes of substrate
mutation are distinguished by their effects on RAG-mediated DNA cleavage in vitro. A mutation of the first
class, residing within the RSS nonamer and associated with coordinate impairment of nicking and hairpin
formation, greatly reduces the stability of RAG association with intact substrate DNA. In contrast, a mutation
of the second class, lying within the RSS heptamer and associated with selective abolition of hairpin formation,
has little or no effect on the half-life of the RAG-substrate complex.

The antigen receptors of B and T cells are encoded in the
germ line by discrete DNA segments, V, D, and J, that are
joined during lymphocyte development. This process, termed
V(D)J recombination, is mediated by conserved heptamer and
nonamer signal sequences, separated by less highly conserved
spacer regions of 12 or 23 bp (12); recombination normally
occurs between gene segments carrying spacers of different
length (the 12/23 rule). V(D)J recombination is initiated by the
recombination activating proteins RAG-1 and RAG-2 (15, 22),
which act together at the junctions between coding segments
and recombination signal sequences (RSSs) to produce two
types of DNA end: a signal end, terminating in a blunt, double-
strand break, and a coding end, terminating in a DNA hairpin
(14, 20, 21, 23, 28, 29). The cleaved coding and signal ends are
subsequently joined in what appear to be distinct reactions,
requiring the activity of at least four genes that also function in
general double-strand DNA break repair (1, 2, 6, 7, 10, 11, 13,
16, 17, 19, 24, 26, 27, 31).

RAG-1 and RAG-2 are necessary and sufficient for the pro-
duction of signal and coding ends, which occurs in two kinet-
ically distinguishable steps (14). The first step involves nicking
of the upper DNA strand at the junction between the RSS
heptamer and the coding sequence. This is followed by a trans-
esterification reaction in which the free hydroxyl group at the
39 end of the coding sequence attacks a phosphate group on
the intact opposite strand, forming a DNA hairpin (29). The
substrate sequence requirements for nicking and hairpin for-
mation apparently differ, because certain mutations within the
RSS heptamer impair hairpin formation without significantly
affecting the efficiency of site-specific nicking by the RAG
proteins (references 3 and 18 and this communication). RSS
recognition, enforcement of the 12/23 rule (5, 30), and DNA

cleavage are intrinsic properties of RAG-1 and RAG-2, indi-
cating that the RAG proteins form one or more specific com-
plexes with substrate DNA.

Nonetheless, until recently it has been difficult to demon-
strate the existence of such complexes directly. By assessing the
ability of various mutant oligonucleotides to compete with a
wild-type substrate in the cleavage reaction, the RSS heptamer
and nonamer elements have both been implicated as important
in the initial interaction between the RAG proteins and DNA,
with the nonamer apparently playing a more prominent role
(18). Two recent studies, employing a one-hybrid transfection
assay (4) or surface plasmon resonance (25), suggest that
RAG-1, acting alone, can interact specifically with the
nonamer. While the affinity of this interaction is as yet unde-
termined, the ability of certain RAG-1 mutations to impair
both V(D)J recombination and nonamer binding has sug-
gested that the interaction detected by these assays may be of
physiologic significance (4, 25). These interpretations, how-
ever, are in apparent conflict with the results of a third study,
employing an electrophoretic mobility shift assay, in which
formation of RSS-dependent complexes with substrate DNA
required the presence of both RAG-1 and RAG-2 (9).

A means of assessing formation and maintenance of RAG-
RSS complexes in the course of RAG-mediated DNA cleavage
is suggested by the protracted kinetics of the in vitro reaction.
Prior formation of a stable complex between RAG proteins
and substrate DNA is expected to render a radiolabeled sub-
strate refractory to subsequent challenge by an excess amount
of identical, unlabeled DNA. We have used this prediction to
develop an assay for formation of stable RAG-substrate com-
plexes in vitro; the assay differs from previous approaches in its
ability to monitor the persistence of RAG-DNA association
over the entire course of the cleavage reaction.

Here we demonstrate that under conditions of in vitro cleav-
age, the RAG proteins sequester substrate DNA in one or
more stable complexes; following nicking, the reaction pro-
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ceeds to the transesterification stage of the reaction without
dissociation of substrate. Notably, under these conditions for-
mation of a stable, functional complex with substrate DNA
requires the presence of both RAG-1 and RAG-2; radiola-
beled substrate is not sequestered from exchange with unla-
beled competitor upon preincubation with either RAG-1 or
RAG-2 alone. Substitution of Ca21 for Mn21 in the in vitro
reaction supports formation of a stable complex between RAG
proteins and intact substrate DNA. These complexes, however,
are trapped at a stage prior to nicking and do not proceed to
cleavage and hairpin formation until Mn21 is added. Forma-
tion of a stable RAG-substrate complex is dependent on an
intact nonamer signal sequence: a point mutation in the
nonamer that impairs nicking and hairpin formation also im-
pairs sequestration of radiolabeled substrate DNA by the
RAG proteins. In contrast, a point mutation in the heptamer
that permits nicking but abolishes hairpin formation has no
effect on the half-life of the RAG-substrate complex. Taken
together, our observations support the idea that RAG-1 and
RAG-2 cooperate in the assembly of a stable, RSS-dependent
complex with substrate DNA and suggest that under the reac-
tion conditions employed here, any interaction that may exist
between RAG-1 alone and the RSS is unproductive or short
lived.

MATERIALS AND METHODS

Proteins. RAG-1 and RAG-2 were coexpressed as truncated fusion proteins in
baculovirus and purified as described elsewhere (14). For experiments involving
reconstitution of cleavage activity from individually expressed proteins, RAG-1
and RAG-2 fusion constructs were transferred from baculovirus expression vec-
tors to the vector pcDNA-1 (Invitrogen). The resulting constructs were expressed
individually by cotransfection with pRSV-T in 293 cells. Cells were harvested at
48 h after transfection, washed in phosphate-buffered saline–EDTA, and stored
as a pellet at 280°C. RAG-1 protein was purified by amylose affinity chroma-
tography as described elsewhere (14). For purification of RAG-2, cells were lysed
by an alternative procedure (25). Briefly, cell pellets were resuspended in 1.5 ml
of cold RSB buffer (10 mM Tris Cl [pH 7.4], 10 mM NaCl, 5 mM MgCl2, 1 mM
phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40) and allowed to swell for 5
min on ice, after which time 1.5 volumes of LSB (20 mM Tris Cl [pH 7.4], 1 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM MgCl2, 0.2% Nonidet P-40
was added. After rocking for 1 h at 4°C, the lysate was clarified by centrifugation
in a SW50.1 rotor at 30,000 rpm for 45 min at 4°C and the resulting supernatant
was passed over amylose resin equilibrated in a 1:1.5 ratio of RSB to LSB. The
resin was washed with 5 volumes of a 1:1.5 ratio of RSB to LSB and 4 volumes
of WB (20 mM Tris Cl [pH 7.4], 0.5 M NaCl, 5 mM MgCl2). Fusion protein was
eluted in WB containing 10 mM maltose and dialyzed as described in reference
14.

Oligonucleotide cleavage assay. For mutational studies, standard cleavage
assays involved incubation of '50 ng of coexpressed RAG-1 and RAG-2 with
0.02 pmol of substrate (specific activity, 1 3 107 to 5 3 107 cpm/pmol) in a 10-ml
reaction volume containing 25 mM MOPS (morpholinepropanesulfonic acid)-
KOH (pH 7.0), 60 mM potassium glutamate, 60 mM KCl, 10 mM Tris Cl (pH
8.0), 1 mM MnCl2, and 0.8 mM dithiothreitol. After 2 h at 37°C, the reaction was
terminated by addition of an equal volume of 95% formamide–20 mM EDTA
and then heated for 2 min at 95°C. For substrate challenge assays, coexpressed
RAG-1 and RAG-2 were preincubated with either intact or prenicked duplex
substrates under standard cleavage conditions for various times prior to addition
of excess unlabeled, intact substrate DNA as indicated. Fractional conversion of
substrate to cleavage product (nicked and hairpin) ranged from 9 to 19%, as
indicated in figure legends. In some experiments, 1 mM CaCl2 was substituted
for MnCl2 as described in Results. Cleavage products were fractionated on a
denaturing 15% polyacrylamide (19:1 ratio of acrylamide to methylene [bis]ac-
rylamide) sequencing gel and detected by autoradiography. Autoradiographic
data were quantified by densitometry or by digital scanning. Image data, ob-
tained by digital scanning or by phosphorimager, were analyzed with the pro-
grams NIH Image or ImageQuant (Molecular Dynamics).

Substrates. Oligonucleotides were synthesized with an ABI 394 DNA/RNA
synthesizer and purified by reverse-phase high-pressure liquid chromatography.
The standard intact duplex substrate was constructed as described elsewhere (14)
from two oligonucleotides, DAR39 (59-GATCTGGCCTGTCTTACACAGTGC
TACAGACTGGAACAAAAACCCTGCAG; heptamer and nonamer se-
quences are underlined) and its complement, DAR40; after annealing, these
oligonucleotides form a 50-bp duplex substrate containing a single 12-bp RSS.
Single-base-pair substitutions were introduced into this standard duplex as noted
in the text. DAR39 was labeled with 32P at its 59 end with T4 polynucleotide

kinase and annealed to a fivefold excess of unlabeled DAR40; the resulting
duplex DNA was purified on a 10% nondenaturing polyacrylamide gel, removed
from the gel by electroelution (GE200; Pharmacia), and exchanged into 1 mM
Tris (pH 8.0) by gel filtration over Sephadex G-25 (NAP-5; Pharmacia).

For use in competition experiments, substrate analogs containing mutated
heptamer and/or nonamer motifs were constructed from complementary oligo-
nucleotides and purified by gel electrophoresis as described above. The upper
strand sequences of the resulting duplex substrates are as follows: 59-GATCT
GGCCTGTCTTAatCAGctCTACAGACTGGAACAAAAACCCTGCAG; 59-
GATCTGGCCTGTCTTACACAGTGCTACAGACTGGAAacAAccaaCTGC
AG; and 59-GATCTGGCCTGTCTTAatCAGctCTACAGACTGGAAacAAcca
aCTGCAG (positions of heptamer and nonamer elements are underlined, and
mutated residues are denoted by lowercase letters).

RESULTS

Distinct substrate sequence requirements for nicking and
hairpin formation by RAG proteins. Strand scission and trans-
esterification represent discrete steps in the overall process of
RAG-mediated DNA cleavage (14). Mutational analysis re-
vealed that these two stages in the overall cleavage reaction
depend on distinct features of the RSS. Previous work by
others has shown that the three heptamer residues abutting the
coding sequence and residues 6 and 7 of the nonamer (count-
ing from the heptamer-proximal to heptamer-distal position)
are most critical for recombination of an extrachromosomal
substrate in transfected cells (8). We assessed the effects of
mutations at the corresponding positions (C17, A18, C19, A41,
and A42) on cleavage of an oligonucleotide substrate by puri-
fied RAG proteins in vitro (Fig. 1). The RAG preparations
used in these experiments were obtained by baculovirus-medi-
ated coexpression of RAG-1 and RAG-2 core fragments, fol-
lowed by copurification as described elsewhere (14). Accumu-
lation of hairpins, but not nicked intermediates, was
profoundly impaired by mutation of C17 or A18, the two hep-
tamer residues closest to the coding flank; mutation of the
third heptamer residue, C19, had relatively little effect on the
yield of hairpins as assayed at 2 h, although the ratio of hair-
pins to nicked intermediates was reduced relative to that of
wild type. All substitutions at C17, A18, or C19 were associated
with the appearance of adventitious nicks, although the distri-
bution of these nicks varied with the identity of the mutated
base pair (Fig. 1). Mutations at nonamer positions A41 and
A42, in contrast, reduced the absolute yield of nicks and hair-
pins coordinately but did not greatly affect the relative amounts
of hairpins and nicked intermediates (Fig. 1). While a modest
decrease in the precision of nicking was observed for all mu-
tations at A41 and A42, this effect was small compared to the
effects of mutations at C17, A18, and C19.

Suppression of hairpin production by heptamer mutations at
C17 and A18 could, in principle, result from a delay in the
conversion of nicked intermediates or from selective impair-
ment of the transesterification reaction. To distinguish be-
tween these possibilities, we examined the kinetics of strand
scission and hairpin formation for substrates carrying muta-
tions at C17 and A18, relative to wild-type substrates. In a
reaction containing the wild-type substrate (Fig. 2, upper pan-
el), accumulation of nicked intermediates was distinguishable
kinetically from accumulation of hairpin products, as previ-
ously documented (14); nicked products accumulated to a
maximum by about 15 min, declining somewhat with increased
accumulation of hairpin product. In contrast, accumulation of
hairpins was undetectable in reactions containing the C17G
mutant, even at 8 h, despite accumulation of nicked products
to a level exceeding that observed for the wild-type reaction
(Fig. 2, lower panel). As indicated in Fig. 1, the C17G mutation
is associated with the appearance of a prominent, adventitious
nick at A18, the second heptamer position. Products terminat-
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ing at the first heptamer position, G17 (Fig. 2, lower panel,
nicked product A), and at A18 (Fig. 2, lower panel, nicked
product B) accumulated with identical kinetics, indicating that
the product terminating at A18 arises from imprecise cleavage
rather than subsequent modification of a precisely nicked ini-
tial product. Similar kinetics of nicking in the absence of hair-
pin formation were observed for the A18T mutant substrate
(data not shown). In agreement with observations recently
published by others (3, 18), these results indicate that hep-
tamer mutations at C17 and A18 selectively impair transesteri-

fication by the RAG proteins, effectively uncoupling nicking
from hairpin formation.

A stable complex between substrate DNA and RAG protein
persists through the transition from strand scission to hairpin
formation. The differential effects of mutations at C17 and A41
on the cleavage reaction suggested that base pairs at these
positions make distinct contributions to RAG-RSS recogni-
tion. As one approach to the detection of putative RAG-DNA
complexes, we exploited the protracted kinetics of strand scis-
sion and hairpin formation. Incubation of copurified RAG-1
and RAG-2 with radiolabeled substrate DNA under standard
reaction conditions (Fig. 2 and Fig. 3A) results in formation of
nicked intermediates, detectable by about 30 s, followed by the
appearance of hairpin products, first evident at about 4 min.
Addition of a 50-fold excess of unlabeled substrate DNA at the
initial reaction time results in a large diminution in the yield of
radiolabeled products detectable at 2 h (Fig. 3B, lane 1), as
expected by free exchange of labeled and unlabeled substrate,
with concomitant dilution of specific radioactivity. In contrast,
if excess unlabeled substrate were to be added after formation
of a stable complex between radiolabeled substrate DNA and
RAG protein, then one would expect any RAG-associated
radiolabeled substrate to be sequestered from free exchange
with unlabeled substrate. To test this, we allowed the reaction
to proceed for times ranging from 15 s to 4 min before adding

FIG. 1. Frequency and distribution of nicking and hairpin products obtained
from wild-type (WT) and mutant oligonucleotide substrates. Substrates contain-
ing the indicated RSS point mutations were tested in parallel with a wild-type
substrate for their ability to undergo nicking and hairpin formation when incu-
bated with RAG-1 and RAG-2 in the presence of Mn21. Accumulation of nicked
or hairpin product after 2 h of incubation is expressed as a percentage of total
cleaved substrate (nicked and hairpin). The yield of nicked or hairpin product,
relative to the amount obtained from a wild-type substrate assayed in parallel, is
given in parentheses. Species undetectable under conditions of the assay are
indicated (n.d.). For each substrate, the distribution of nicked products is given
at right. The abscissa is aligned with the corresponding substrate residues below;
the ordinate indicates the percentage of total nicked product occurring at each
position. Heptamer and nonamer motifs are indicated by boldface; mutations are
underlined.

FIG. 2. Kinetic analysis of nicking and hairpin formation from wild-type and
C17G mutant substrates. RAG-1 and RAG-2 were incubated with a wild-type
substrate or with the C17G mutant. Reactions were sampled at the times indi-
cated, and products were resolved by electrophoresis through a polyacrylamide-
urea gel. Nicked and hairpin products were detected by autoradiography and
quantified by densitometry. Arbitrary absorbance units are plotted as a function
of time.
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excess unlabeled substrate and then continued incubation for
30 min thereafter. As the time of addition of unlabeled sub-
strate increased, so did the subsequent accumulation of radio-
labeled products (Fig. 3B, lanes 2 to 6). Moreover, in the
reactions to which unlabeled substrate was added at 30 s, 1
min, 2 min, or 4 min, radiolabeled product continued to accu-
mulate after addition of unlabeled competitor (compare Fig.
3B, lanes 3 to 6, to Fig. 3A, lanes 4 to 7).

Continued accumulation of radiolabeled products after ad-
dition of excess unlabeled substrate was evident upon kinetic
analysis. The reaction examined in Fig. 4A was identical to that
of Fig. 3A, except that a 50-fold excess of unlabeled substrate
oligonucleotide was added to a standard cleavage reaction
after 4 min at 37°C. As expected, the amount of nicked inter-
mediate continued to increase transiently after addition of
competitor and then declined as hairpin products accumulated
(Fig. 4A). Notably, neither the amount of radiolabeled product
nor the kinetics of accumulation were perturbed by addition of
unlabeled substrate; this is seen most clearly by comparing the
time course of hairpin accumulation in the presence or absence
of unlabeled competitor (Fig. 4B). Thus, within 4 min after the
start of the standard cleavage reaction, most or all of the
radiolabeled substrate that is destined for subsequent conver-
sion into nicked and hairpin product is sequestered from free
exchange with unlabeled substrate DNA. From these observa-
tions we infer (i) that radiolabeled substrate DNA forms a
stable complex with one or both RAG proteins and (ii) that
this association is maintained through the transition from the
nicking to the transesterification phase of the overall cleavage

reaction. Consistent with this result, nicked substrates were
also found to form stable, de novo complexes with RAG pro-
teins under these conditions (data not shown).

Identification of a prenicking complex between intact sub-
strate DNA and RAG protein. From the continued accumula-
tion of radiolabeled, nicked intermediates following addition
of excess unlabeled substrate, we inferred that a stable complex
between substrate DNA and one or both RAG proteins is
formed prior to strand scission. To obtain more direct evidence
for this reaction intermediate, we sought conditions under
which radiolabeled substrate DNA might be sequestered by
RAG protein in the absence of DNA cleavage. When Ca21

was substituted for Mn21 in the in vitro reaction, neither nick-
ing nor hairpin formation was observed (Fig. 5, compare lanes
1 and 3). Ca21 does, however, support formation of a stable
substrate-RAG complex, as indicated by the following experi-
ment. Radiolabeled substrate DNA was incubated with RAG
proteins under standard reaction conditions, except that Ca21

was substituted for Mn21. At 4 min, Mn21 and 1,000-fold
excess unlabeled substrate were added; incubation was contin-
ued for 2 h, at which time radiolabeled products were readily
detected (Fig. 5, lane 6). If, however, Mn21 and competitor
DNA were added at 0 min, radiolabeled products were not
observed (Fig. 5, lane 7). Thus, radiolabeled substrate DNA is
sequestered from subsequent challenge by unlabeled compet-
itor by preincubation with RAG proteins in the presence of
Ca21. Furthermore, the extent of protection from competition
is comparable to that observed upon preincubation in the pres-
ence of Mn21 (Fig. 5, lanes 2 and 8). We conclude that Ca21

supports formation of a functional RAG-substrate complex

FIG. 3. Preincubation with RAG proteins sequesters radiolabeled substrate
DNA from unlabeled competitor. (A) Kinetics of RAG-mediated DNA cleav-
age. Lane 1: marker DNA; lanes 2 to 10: a reaction containing RAG-1, RAG-2,
Mn21, and radiolabeled wild-type substrate was incubated at 37°C and sampled
at times indicated at top, in seconds. The reaction scheme is diagrammed below;
pS denotes radiolabeled substrate. Positions of radiolabeled nicked and hairpin
products are indicated at right. Lengths of size standards, in nucleotides, are
indicated at left. By 30 min (lane 10), 9% of input substrate was converted to
nicked or hairpin product, as assessed by densitometry. (B) Radiolabeled wild-
type substrate DNA was incubated in the presence of RAG-1, RAG-2, and Mn21

at 37°C. At various times, a 50-fold excess of unlabeled substrate DNA was added
and the reaction was allowed to proceed for 30 min thereafter, at which time
products were analyzed by gel electrophoresis and autoradiography as described
above. The reaction scheme is diagrammed below. pS denotes radiolabeled
substrate; S indicates unlabeled competitor. The time of addition of unlabeled
substrate, in seconds, is indicated above each lane. Positions of radiolabeled
nicked and hairpin products are indicated at right.

FIG. 4. Sequestration of labeled substrate DNA by RAG proteins permits
continued accumulation of hairpin products following challenge with unlabeled
competitor. (A) Radiolabeled substrate DNA was incubated with RAG-1 and
RAG-2 in the presence of Mn21 at 37°C for 4 min, at which time a 50-fold excess
of unlabeled substrate was added. The reaction was allowed to proceed for
various times thereafter, and products were analyzed as described for Fig. 2. The
reaction scheme is diagrammed below. Time of incubation following addition of
competitor, in seconds, is indicated above each lane. Positions of radiolabeled
nicked and hairpin products are indicated at right. (B) The time course of hairpin
formation in a standard reaction (filled squares) is compared to that of hairpin
formation under conditions in which unlabeled competitor was added after a
4-min preincubation of labeled substrate with RAG proteins (open triangles).
Data were quantitated by digital scanning of autoradiographs presented in this
figure and in Fig. 3A, as described in Materials and Methods. The experiments
of Fig. 3A and 4A were performed in parallel with substrates of the same specific
activity, and autoradiographs were exposed for identical times. For each series,
the hairpin signal intensity at 4 min, in arbitrary units, was subtracted. The
vertical arrow indicates the time of addition of unlabeled competitor.
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and that upon addition of Mn21 this complex undergoes cleav-
age without dissociation of RAG proteins from the DNA.

Stability of the prenicking complex is impaired by the A41C
nonamer mutation but not by the C17A heptamer mutation.
Consistent with previous observations (18) and confirming the
RSS dependence of the RAG-DNA interaction assessed here,
the ability of unlabeled competitor DNA to interfere with
cleavage of a radiolabeled, wild-type substrate was greatly re-
duced by mutation of the nonamer, the heptamer, or both
(data not shown). RAG-mediated DNA nicking and transes-
terification have distinct RSS requirements (3, 18; see also
above). A subset of mutations in the nonamer, typified by the
A41C substitution, was associated with coordinate impairment
of nicking and transesterification, while a subset of heptamer
mutations, typified by C17A, resulted in selective impairment
of transesterification. The ability of Ca21 to support formation
of a stable complex in the absence of nicking and double-
strand cleavage allowed us to assess the stability of complexes
between RAG proteins and wild-type or mutant substrate
DNA.

To measure the stability of specific RAG-DNA complexes,
radiolabeled substrate DNA was incubated with RAG-1 and
RAG-2 in the presence of Ca21. After 20 min, 1,000-fold
excess unlabeled wild-type competitor DNA was introduced.
Mn21 was added at the same time as unlabeled competitor
DNA or at various times thereafter, and the reaction was
permitted to proceed for 2 h. As the time between addition of
competitor DNA and Mn21 increased, the yield of nicked and

hairpin product was observed to decline (Fig. 6A, lanes 5 to 12,
and D). To exclude the possibility that this decrease resulted
from loss of RAG activity over time, RAG proteins were pre-
incubated with substrate DNA in Ca21 for various times rang-
ing from 20 to 50 min before simultaneous addition of com-
petitor and Mn21, after which the reaction was allowed to
proceed for 2 h more. No decline in the amount of cleavage
product was observed (Fig. 6A, lanes 13 to 20), indicating that
RAG activity is stable for the period examined under the
reaction conditions used here. We infer that the decline in the
yield of cleavage products that occurs with increasing time
between addition of competitor DNA and Mn21 reflects the
kinetics of RAG dissociation from the wild-type substrate.
Under the present experimental conditions, this proceeds with
a half time of 2 to 3 min (Fig. 6D). This experiment was
performed three times with similar results. Consistent with
data presented above, the product yield was reduced somewhat
in the presence of unlabeled competitor, presumably because
of interference with continued cleavage of labeled substrate.
The magnitude of this decrease, ranging in various experi-
ments from about two- to fourfold as assessed by densitometry
or phosphorimager analysis, was similar in reactions containing
the wild-type or C17A mutant substrate, indicating that there is
little or no difference between these substrates with respect to
the relative abundance of labile versus stable complexes.

In agreement with results described above, incubation of the
radiolabeled C17A mutant substrate with RAG proteins for
2 h under standard reaction conditions resulted in exclusive
accumulation of nicked products (Fig. 6B, lane 3); a similar
reaction with the A41C mutant substrate yielded a mixture of
nicked and hairpin-containing products (Fig. 6C, lane 3).
When Ca21 was substituted for Mn21, no cleavage or hairpin
formation was observed for either mutant substrate (Fig. 6B
and C, lanes 4), consistent with results obtained with wild-type
DNA (Fig. 6A, lane 4). Preincubation of the radiolabeled
C17A substrate and the RAG proteins for 20 min in the pres-
ence of Ca21 resulted in formation of a stable complex that
decayed with kinetics similar to those observed for the wild-
type substrate (Fig. 6B, lanes 5 to 12, and D). Assuming first-
order kinetics, the wild-type and C17A mutant sequestration
complexes decay with apparent half-lives of approximately 3
min (Fig. 6D). We conclude that the stability of RAG associ-
ation with substrate is unimpaired by the C17A mutation. In
contrast, under the same conditions the A41C substrate ex-
changed rapidly with competitor DNA, as evidenced by the
nearly complete suppression of radiolabeled product forma-
tion at even the earliest times of addition of Mn21 (Fig. 6C,
lanes 5 to 12). Thus, the A41C mutation, unlike the C17A
mutation, greatly reduces the stability of interaction between
substrate DNA and the RAG proteins. The destabilizing effect
of the A41C mutation is consistent with its coordinate impair-
ment of nicking and hairpin formation.

RAG-1 and RAG-2 are both required for assembly of stable,
functional complexes with substrate DNA. The preceding ex-
periments provided evidence for stable association of substrate
DNA with RAG proteins and the persistence of this associa-
tion through strand scission and transesterification. To exam-
ine the roles of the individual RAG proteins in formation of
functional DNA complexes, RAG-1 and RAG-2 were ex-
pressed independently in 293 cells and purified separately.
Cleavage was reconstituted by combining RAG-1 and RAG-2
(Fig. 7, lane 12); as expected, neither protein alone exhibited
cleavage activity (Fig. 7, lanes 2 and 3). We next asked whether
the RAG proteins, expressed separately, retained the ability to
form a stable sequestration complex with substrate DNA.
RAG-1 and RAG-2 were combined and incubated with labeled

FIG. 5. A stable, functional complex between RAG proteins and substrate
DNA is formed in the presence of Ca21. Radiolabeled, wild-type substrate DNA
was incubated with RAG-1 and RAG-2 at 37°C. Reaction mixtures were sup-
plemented with 1,000-fold excess unlabeled competitor, Mn21, or Ca21 as indi-
cated at top. Supplements were added at initial time (09), added at 4 min (49), or
omitted (2). All reactions were allowed to proceed for 2 h; products were
resolved by electrophoresis and detected by autoradiography. Positions of radio-
labeled nicked and hairpin products are indicated at left.
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substrate. At 2 min, an aliquot was removed for assay; 1,000-
fold excess unlabeled substrate was added to the remainder of
the reaction mixture and incubation was continued for 2 h. As
expected, the nicked product predominated at 2 min (Fig. 7,
lane 13) and the bulk of this material was converted to hairpin
product upon further incubation in the presence of excess
unlabeled competitor (Fig. 7, lane 14). No cleavage product
was detectable if unlabeled competitor was added at 0 min
(Fig. 7, lane 15). We conclude that the separately purified
RAG proteins are capable of forming a stable complex with
the labeled DNA substrate.

Results of surface plasmon resonance and one-hybrid assays
have suggested that RAG-1 and substrate DNA form a func-
tional complex, to which RAG-2 is subsequently recruited (4,
25). The sequestration assay was used to test this model. La-
beled substrate DNA was incubated with RAG-1 for 2 min,
followed by simultaneous addition of RAG-2 and 1,000-fold
excess unlabeled competitor. No cleavage product was detect-
able upon further incubation for 2 h (Fig. 7, lane 4; compare to
Fig. 7, lane 14). Similarly, when RAG-2 was incubated alone
with labeled substrate for 2 min, followed by addition of
RAG-1 and unlabeled competitor, no cleavage product was
detectable at 2 h (Fig. 7, lane 8). When competitor was omit-
ted, cleavage products were readily detected, indicating that
RAG-1 and RAG-2 remain active during the preincubation
period (Fig. 7, lanes 5 and 9). Taken together, these results are
consistent with a requirement for both RAG-1 and RAG-2 in
formation of a functional complex with RSS-containing DNA
and argue against the proposal that RAG-1 alone associates
with substrate DNA prior to recruitment of RAG-2.

DISCUSSION

Sequence-specific recognition of substrate DNA by the
RAG proteins is implicit in their ability to catalyze RSS-de-
pendent DNA cleavage. By exploiting the protracted kinetics
of RAG-mediated transesterification and the divalent cation
dependence of DNA cleavage by the RAG proteins, we have
examined the association of RAG proteins with substrate
DNA during the course of the two-step cleavage reaction.
These observations permit us to draw several inferences. First,
a substrate DNA fragment bearing a single RSS is capable of
forming a stable complex with RAG proteins in solution, as
revealed by sequestration of radiolabeled substrate DNA from
an unlabeled competitor under conditions that support nicking
and transesterification. Second, when Ca21 is used in place of

FIG. 6. Stability of complexes between RAG proteins and wild-type or mu-
tant substrates. (A) Radiolabeled wild-type substrate was incubated in the ab-
sence (lane 1) or presence (lanes 2 to 20) of RAG-1 and RAG-2 at 37°C.
Incubation was carried out in the presence (lanes 2 and 4 to 20) or absence (lanes
1 and 3) of Ca21. Mn21 was added at initial time (lanes 1 and 3), 20 min (lanes
2, 5, and 13), 21 min (lanes 6 and 14), 22 min (lanes 7 and 15), 24 min (lanes 8
and 16), 27 min (lanes 9 and 17), 30 min (lanes 10 and 18), 40 min (lanes 11 and
19), or 50 min (lanes 12 and 20). Mn21 was omitted from the reaction in lane 4.
Reactions were supplemented with 1,000-fold excess unlabeled wild-type com-
petitor at 20 (lanes 5 to 13), 21 (lane 14), 22 (lane 15), 24 (lane 16), 27 (lane 17),
30 (lane 18), 40 (lane 19), or 50 (lane 20) min. The reaction mixture in lane 4 was
incubated for 2 h; all other reactions were allowed to proceed for 2 h after
addition of Mn21. Products were resolved by electrophoresis and detected by

autoradiography. Positions of radiolabeled nicked and hairpin products are in-
dicated at left. In this experiment, 19% of input substrate was converted to
nicked or hairpin product under standard conditions (lane 3), as assessed by
phosphorimager analysis. (B and C) Radiolabeled mutant substrate C17A (B) or
A41C (C) was incubated in the absence (lanes 1) or presence (lanes 2 to 12) of
RAG-1 and RAG-2 at 37°C. Incubation was carried out in the presence (lanes 2
and 4 to 12) or absence (lanes 1 and 3) of Ca21. Mn21 was added at initial time
(lanes 1 and 3), 20 min (lanes 2 and 5), 21 min (lanes 6), 22 min (lanes 7), 24 min
(lanes 8), 27 min (lanes 9), 30 min (lanes 10), 40 min (lanes 11), or 50 min (lanes
12). Mn21 was omitted from the reactions in lanes 4. Reactions were supple-
mented with 1,000-fold excess unlabeled wild-type competitor at 20 min (lanes 5
to 12). The reaction mixture in lanes 4 was incubated for 2 h; all other reactions
were allowed to proceed for 2 h after addition of Mn21. Products were analyzed
as for panel A. Positions of radiolabeled nicked and hairpin products are indi-
cated at left. (D) Kinetics of RAG-DNA dissociation. The total amount of
radiolabeled wild-type (nicked and hairpin [open squares]) or C17A mutant
(nicked [filled squares]) product obtained after incubation with competitor DNA
for various times was quantitated by densitometry from data in panels A and B.
x axis, lag time between addition of competitor DNA and addition of Mn21; y
axis, product obtained from reactions with lag time t, normalized to the amount
of product obtained from the reaction with zero lag time.

VOL. 17, 1997 STABLE ASSOCIATION OF RAG PROTEINS WITH SUBSTRATE DNA 6937



Mn21, a stable RAG-DNA complex is formed in the absence
of nicking. This result indicates that intact substrate DNA
associates stably with one or both RAG proteins prior to strand
scission and identifies complex formation as a step in the
RAG-mediated cleavage reaction distinct from nicking and
transesterification. Third, radiolabeled substrate DNA fails to
exchange with unlabeled competitor at any point in the reac-
tion subsequent to formation of this initial complex; we con-
clude, therefore, that substrate DNA remains associated with
RAG during strand scission and transesterification.

Mutations at specific positions within the RSS heptamer and
nonamer motifs impair V(D)J recombination in vivo (8). Two
classes of RSS mutations have been recognized on the basis of
their effects on cleavage in vitro (references 3 and 18 and this
communication). One class, which includes the A41C nonamer
mutation, is associated with coordinate impairment of RAG-
mediated nicking and hairpin formation in vitro. In principle,
such mutations could exert their effects by decreasing the af-
finity of substrate DNA for RAG proteins or through direct
interference with catalysis. A second class, typified by the
C17A heptamer mutation, is associated with selective impair-
ment of transesterification in vitro. Using the sequestration
assay, we assessed the effects of these mutations on the stability

of RAG-substrate complexes. The complex between RAG pro-
teins and wild-type substrate was observed to decay with a
half-life of about 3 min. Similar dissociation kinetics were
observed for a complex between RAG proteins and a substrate
bearing the C17A heptamer mutation. In contrast, complexes
between the RAG proteins and the A41C mutant substrate
were highly unstable, as evidenced by rapid exchange of sub-
strate in the sequestration assay. The effect of the A41C
nonamer mutation on DNA cleavage in vitro and V(D)J re-
combination in vivo is therefore likely to reflect impaired bind-
ing of substrate DNA to RAG proteins.

An electrophoretic mobility shift assay for RAG-DNA com-
plexes has been recently described (9). Formation of the mo-
bility shift complex was found to require intact heptamer and
nonamer elements, consistent with the requirements for V(D)J
recombination and RAG-mediated DNA cleavage. In the elec-
trophoretic assay, formation of a RAG-DNA complex was
abolished by complete mutation of the heptamer but only
modestly reduced by mutation of the first three or last four
heptamer positions (corresponding to residues 17 to 19 and 20
to 23 of the substrate used in the present study). We have
shown here that a heptamer point mutation at residue C17,
sufficient to abrogate transesterification, has little or no effect
on the stability of RAG association with intact DNA. This
result is consistent with the relatively modest effect of partial
heptamer mutation as detected by mobility shift; the insensi-
tivity of substrate sequestration to mutation of C17 may simply
reflect a difference in the extent of heptamer mutation in the
two experiments.

From the results of one-hybrid (4) and surface plasmon
resonance (25) assays, it has been inferred that RAG-1 inter-
acts with the RSS nonamer element in the absence of RAG-2
but has been unclear whether this interaction represents for-
mation of a functional reaction intermediate. The sequestra-
tion assay differs substantially from the one-hybrid and surface
plasmon resonance assays in that it monitors continuing RAG-
DNA association in the course of the in vitro cleavage reaction.
By employing active RAG-1 and RAG-2 proteins, expressed
and purified separately, it was possible to test the ability of
RAG-1 or RAG-2 to interact independently with substrate
DNA. RAG-1 or RAG-2 alone was unable to sequester sub-
strate DNA from exchange with competitor. These observa-
tions are consistent with the requirement for both RAG-1 and
RAG-2 in the electrophoretic mobility shift assay for RSS-
dependent DNA binding (9) and are in conflict with the hy-
pothesis that formation of a stable RSS–RAG-1 complex pre-
cedes recruitment of RAG-2. Another formal possibility, that
RAG-1 and RAG-2 are each able to bind substrate DNA
independently, is also consistent with the results of the seques-
tration assay, but we consider this unlikely, given that interac-
tions between DNA and RAG-2 alone have not been observed
in any assay system.

It has been possible to detect an association between DNA
and RAG-1 alone by electrophoretic mobility shift assays per-
formed under conditions of lowered temperature; although
this interaction is insensitive to mutation of the RSS heptamer
or nonamer, it may correspond to the DNA–RAG-1 interac-
tion observed in one-hybrid and surface plasmon resonance
assays (25a). The sequestration assay and the mobility shift
assay of Hiom and Gellert (9) remain at variance with results
obtained by surface plasmon resonance and one-hybrid anal-
ysis. This discrepancy may be explained if the interaction be-
tween RAG-1 alone and substrate DNA is not sufficiently
stable to be detected by sequestration or by mobility shift at
room temperature. Alternatively or in addition, formation of
RAG-1–DNA complexes may represent an unproductive side

FIG. 7. RAG-1 and RAG-2 dependence of complex formation with substrate
DNA. Radiolabeled wild-type substrate was incubated at 37°C in the absence of
RAG-1 (lanes 1 and 3), in the absence of RAG-2 (lanes 1 and 2), or with
combinations of RAG-1 and RAG-2 (lanes 4 to 15), added at initial time (09) or
2 min (29) as indicated. Reactions were supplemented with 1,000-fold excess
unlabeled competitor DNA and Mn21 at initial time (09) or 2 min (29) as
indicated above. Competitor DNA was omitted from reactions marked with a
minus sign. All reactions were allowed to proceed for 2 h; products were resolved
by electrophoresis and detected by autoradiography. Positions of radiolabeled
nicked and hairpin products are indicated at left. In this experiment, 10% of
substrate DNA was converted to product (nicked plus hairpin) under standard
conditions (lane 12), as assessed by phosphorimager analysis.
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reaction, which would remain undetected in the sequestration
assay. Taken together, our results and those obtained by mo-
bility shift analysis are most consistent with the interpretation
that RAG-1 and RAG-2 cooperate in recognition of the RSS
to form a long-lived, functional DNA-protein complex that is
maintained through strand scission.
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