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in vivo: evidence for a capture model of synapsis
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Variable (diversity) joining (V(D)J) recombination is initiated by the introduction of single-strand DNA breaks (nicks) at

recombination signal sequences (RSSs). The importance and fate of these RSS nicks for the regulation of the V(D)J

rearrangement and their potential contribution to genomic instability are poorly understood. Using two new methodologies,

we were able to detect and quantify specific RSS nicks introduced into genomic DNA by incubation with recombination-

activating gene proteins in vitro. In vivo, however, we found that nicks mediated by recombination-activating gene (RAG)

proteins were detectable only in gene segments associated with RSSs containing 12–base pair spacers but not in those

containing 23–base pair spacers. These data support a model of capture rather than synapsis for pairwise RSS cleavage

during V(D)J recombination.

Immune-receptor diversity is dependent on a unique, lymphoid-
restricted set of site-specific DNA recombination reactions known as
variable (diversity) joining (V(D)J) recombination1,2. Recombination
of immunoglobulin and T cell receptor (TCR) gene segments is
catalyzed in part by products of the recombination-activating gene 1
(Rag1) and Rag2 (refs. 3,4). These rearranging gene segments are
flanked by well conserved recombination signal sequences (RSSs)2. An
RSS consists of a dyad-symmetric heptamer (5¢-CACAGTG-3¢) fol-
lowed by either 12 ± 1 bases (RSS-12) or 23 ± 1 bases (RSS-23) of
poorly conserved sequence and an A-T-rich nonamer (5¢-
ACAAAAACC-3¢). Only gene segments flanked by dissimilar RSS-12
and RSS-23 sequences are permitted to recombine, a restriction
known as the ‘12/23 rule’2. In vitro studies have shown that a
heteromultimer of RAG proteins binds to a pair of RSSs5. The RAG
complex then introduces single-strand nicks precisely at the junctions
between the RSSs and coding segments, leaving a 3¢-hydroxyl group
on each coding end6. These 3¢-hydroxyl groups are then activated to
attack the opposite phosphodiester bonds, cleaving the DNA and
forming hairpin loops on the coding ends and blunt 5¢-phosphory-
lated double-strand breaks on the signal ends7–10. The hairpin ends are
opened through the cooperative action of DNA-dependent protein
kinase (DNA-PK) and Artemis (an endonuclease), are processed and
then finally are joined by the promiscuously expressed nonhomolo-
gous end-joining (NHEJ) machinery to form a coding joint5. The
blunt-ended RSS fragments are also joined, forming a reaction
byproduct known as a signal joint11.

RAG proteins can bind, nick and then cleave RSS-containing
DNA in vitro6. In the presence of Mn2+, the RAG proteins generate
precise double-strand DNA (dsDNA) breaks on individual RSS-12 or
RSS-23 substrates. In a Mg2+ buffer, however, the presence of both

RSS-12 and RSS-23 substrates is required for double-stranded clea-
vage12. Notably, in the presence of Mg2+, the RAG proteins will nick
individual RSS-12 or RSS-23 substrates in the absence of their
complementary RSS partner12. That last observation emphasizes the
possibility that RAG protein complexes may bind and nick many
individual RSSs in vivo with dsDNA breakage occurring only after
RSS-12–to–RSS-23 synapsis.

Whereas ex vivo studies have reported on the characterization of
coding and signal joints13 and then later of signal and coding
ends9,10,14, little is known about the formation and stability of the
initial DNA nicks in vivo. A variety of issues concerning the timing,
regulation and persistence of V(D)J recombinase–mediated DNA
nicks remain unresolved. Do the RAG proteins bind to and nick
many RSS elements before the synapsis and cleavage of a particular
pair of RSSs? Are RAG-mediated RSS nicks involved in regulating the
recombination machinery? Do these single-strand breaks persist or are
they immediately converted to dsDNA breaks in vivo? These questions
are of particular importance given the report that such nicks are highly
recombinogenic and may cause genomic instability15,16.

Biochemical data have led to the suggestion that RAG protein
complexes may preferentially assemble on one RSS (perhaps the RSS-
12, which data suggest has a higher affinity for RAG protein complexes
when associated with a nucleosome17) and then capture the second
RSS as free DNA18. This is in contrast to a model in which RAG
protein complexes form on both RSSs and then synapse through
protein-protein interaction before dsDNA breakage. Although data in
support of the ‘capture’ model are compelling, those experiments
were done in vitro using large amounts of recombinant ‘core-RAG’
proteins. ‘Core-RAG’ proteins are truncation mutants of RAG1 and
RAG2 that contain the minimally active domains of each protein and
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are highly soluble. The relevance of such an RSS capture model in vivo
has yet to be determined.

In an attempt to address these issues, we used two different
methods to capture and quantify single-strand breaks in genomic
DNA. The first of these methods, called the ‘oligo-capture assay’ here,
is sequence specific and relies on the ligation of a complementary
biotin-labeled oligonucleotide to the free 3¢-hydroxyl group of nicked
RSSs in genomic DNA. The second method involves nick translation
of genomic DNA with biotin-labeled ddUTP and Escherichia coli DNA
polymerase I19. In both approaches, biotin-labeled genomic DNA is
then restriction digested and fractionated using streptavidin-coated
paramagnetic beads, and captured DNA is analyzed by quantitative
real-time PCR assay.

We used the oligo-capture assay to measure RSS nicks associated
with rearranging gene segments in pro–B cell lines and in lymphoid
progenitors from mouse bone marrow and thymus. Our data suggest
that RSS nicking by the V(D)J recombinase is developmentally
regulated and that the recombination machinery preferentially targets
RSS-12. These data suggest that RSS-23 capture may be rate limiting
for recombination in accessible rearranging loci.

RESULTS

Oligo-capture assay for RAG-mediated RSS nicks

As described above, the V(D)J recombinase nicks DNA precisely at the
junction between the conserved RSS heptamer and the end of an
immunoglobulin or TCR coding segment. We reasoned that a short 5¢-
phosphorylated oligonucleotide complementary to the heptamer se-
quence of the intact strand might displace the nicked strand and be
capable of ligation to the exposed 3¢-hydroxyl group on the coding end
(Fig. 1a). To test that idea, we treated purified high-molecular-weight
genomic DNA from the Rag2�/� cell line 63-12 with recombinant
core-RAG1 and core-RAG2 proteins in vitro for various lengths of time.
We then ligated a biotinylated ‘capture’ oligonucleotide to the RAG-
treated DNA. We digested ligated DNA with restriction enzymes and
magnetically fractionated it using streptavidin-conjugated paramag-
netic beads. We finally quantified captured DNA using various quanti-
tative real-time PCR assays. We compared captured DNA from two loci
that lacked RSS sequences (adenine phosphoribosyltransferase (Aprt)
and b2-microglobulin (B2m)) with that from Vk and Jk gene segments
bearing RSS-12 or RSS-23 sequences, respectively (Fig. 1b). There was
increasing Vk and Jk capture dependent on the length of incubation
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Figure 2 Limit of detection and specificity of

the oligo-capture assay. (a) Oligo-capture assay

with genomic DNA treated with the nicking

endonuclease N.Alw I. Various percentage

mixtures of N.Alw I–nicked and untreated 63-12

genomic DNA were subjected to oligo-capture

with a specific heptamer oligonucleotide

homologous to DNA adjacent to an N.Alw I nick

site near the DFL16.1 Igh gene segment. Far

right, capture with a nonspecific oligonucleotide

(the pCACAGTG-biotin oligonucleotide used in

Fig. 1). (b) Effect of oligonucleotide sequence

on capture assay results. Biotin-labeled
oligonucleotides (horizontal axis) were used to

capture nicked Vk RSS-12 sequences (2, 4, 6

and 8) or control Aprt sequences (1, 3, 5 and 7)

in genomic DNA purified from 103/BclX7 cells induced to recombine their k loci by growth at the restrictive temperature. Oligonucleotides pCACAGTG,

pCACAGAA and pCACAATG are variations on the RSS heptamer consensus sequence, whereas pTCGACGA is a randomized sequence with a base composition

identical to that of the consensus sequence. Data are representative; for each point the mean ± s.d. from three independent quantitative real-time PCR

analyses is presented.
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Figure 1 Oligo-capture assay for RSS nicks. (a) Assay strategy. Dotted

lines indicate 5¢ phosphorylated (P) and 3¢ biotinylated (Bio) capture

oligonucleotide; vertical arrows indicate restriction enzyme sites; horizontal

arrows indicate PCR primers; starred line indicate the dual-labeled real-time

PCR probe. Once ligated, the biotinylated capture oligonucleotide is bound

to a streptavidin (Strept.)–coated paramagnetic bead and that complex is

fractionated under a strong magnetic field. (b) Representative data from a

typical oligo-capture assay of 63-12 genomic DNA treated in vitro with core-
RAG1 and core-RAG2 proteins, showing the amount of recovered DNA for

each target sequence as a function of the time of incubation. Data represent

mean values ± s.d. from three independent quantitative real-time PCR

analyses for each DNA sample. Results are expressed in nanograms (ng)

on the basis of a standard curve generated with various amounts of

unfractionated genomic DNA.
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with RAG proteins, whereas the amounts of Aprt and B2m recovered
remained constant. We obtained the same results with other immu-
noglobulin and TCR gene segments (Supplementary Fig. 1 online). In
addition, we found that this oligo-capture assay did not detect dsDNA
breaks at RSSs or other DNA sequences (data not shown).

To determine the sensitivity and specificity of the oligo-capture
assay, we treated high-molecular-weight 63-12 genomic DNA with the
restriction enzyme N.Alw I, which introduces a single-stranded DNA
(ssDNA) nick adjacent to its target site. We then mixed the digested
DNA at various ratios with untreated genomic DNA and carried out
the oligo-capture assay using a 7-nucleotide capture oligonucleotide
complementary to sequences immediately adjacent to an N.AlwI nick
site near the DFL16.1 immunoglobulin heavy-chain (Igh) D segment.
As the fraction of nicked DNA increased from 0 to 100%, the amount
of recovered DFL16.1 fragments increased as well (Fig. 2a). When we
ligated an oligonucleotide used before for the capture of nicked RSS
heptamers, however, no DFL16.1 fragments were captured.

To further test the specificity of the capture assay, we used DNA
purified from a pro–B cell line (103/BclX7) transformed with a
temperature-sensitive Abelson murine leukemia virus (A-MuLV) that
induces high frequencies of Igk locus rearrangement when grown in
nonpermissive conditions20. We ligated genomic DNA purified from
103/BclX7 cells grown in inducing conditions to each of three capture
oligonucleotides that matched or varied by one or two nucleotides
from the consensus RSS-heptamer and to a fourth capture oligonu-
cleotide that was completely divergent. The most Vk DNA was
captured using the heptamer consensus oligonucleotide (Fig. 2b, lane
2). Use of the minimally divergent capture oligonucleotides resulted in
intermediate recovery of Vk DNA, whereas the fully divergent oligo-
nucleotide (Fig. 2, lane 8) captured only background amounts of Vk
DNA. None of the four oligonucleotides captured non-RSS-bearing
Aprt sequences (Fig. 2b, lanes 1, 3, 5 and 7). In addition, DNA breaks
introduced by apoptosis-associated nucleases had a minimal effect on
the oligo-capture assay (Supplementary Fig. 2 online).

Nicked RSS-12 accumulate at rearranging loci in vivo

The single-strand nicking and double-strand breakage steps of V(D)J
recombination can be unlinked from one another in vitro12. To
determine whether specific RSS nicks exist in vivo in cells undergoing
V(D)J recombination, we tested DNA purified from two A-MuLV-
transformed mouse pro–B cell lines induced to activate the V(D)J
recombinase. The first was the temperature-inducible 103/BclX7 line
mentioned earlier. The second, E2A, is a cell line transformed with
wild-type A-MuLV21 that can be induced to undergo Igk rearrange-
ment by treatment with the Abl kinase inhibitor STI-571 (ref. 22). We

purified genomic DNA from each cell line after culture for various
lengths of time in inducing conditions. We then assayed the DNA for
nicks at Vk RSS-12s and Jk RSS-23s as well as in the control B2m gene.
In both sets of samples, we detected increasing amounts of nicked
Vk RSS-12 but not Jk RSS-23 or B2m DNA, starting within 8 h of the
start of STI-571 treatment and increasing throughout the culture
period (Fig. 3a,b).

The quantitative real-time PCR assay for Vk sequences used in
these experiments relies on modestly degenerate oligonucleotides that
have the potential to detect approximately 40 Vk gene segments,
whereas the Jk assay detects only 4 Jk gene segments. Each assay,
however, is quantified on the basis of a standard curve created using
total genomic DNA. To eliminate the possibility of misleading results
arising from the disparate number of gene segments detected in
the two assays, we devised an alternative set of Vk primers (Vk220)
that detect only four Vk gene segments. Using these more selec-
tive quantitative real-time PCR primers, we noted the same time-
dependent increase in Vk nicks in the temperature-sensitive cell
line (Fig. 3a, bottom). In contrast to the presence of nicks on Vk
but not Jk RSSs, we were able to detect dsDNA breaks at both Vk and
Jk RSSs in these same samples using ligation-mediated PCR9 (Fig. 3c).
In addition, Vk-to-Jk coding joints were detectable after 24 h of
induction in both cell lines (Fig. 3c). These data suggest that the
formation of RAG-dependent RSS-12 nicks is the first step in V(D)J
recombination and is followed by RSS-23 capture, dsDNA breakage
and coding-joint formation.

E2A cells contain two DJ-rearranged Igh alleles (DFL16.1-JH3 and
DSP2.9-JH1; data not shown). As a result, we were able to assay for
ssDNA nicks and dsDNA breaks associated with VH RSS-23 and DH
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Figure 3 DNA nicks at Vk RSS-12 but not Jk RSS-23 sequences in pro–B

cell lines induced to rearrange the Igk locus. (a,b) 103/BclX7 (a) and E2A

(b) were induced to activate Igk rearrangement by either temperature shift or

STI-571 treatment, respectively. DNA was purified after various lengths of

time and analyzed by oligo capture for nicks in B2m, Jk RSS-23 or Vk RSS-

12 sequences. Vk220 quantitative real-time PCR (a, bottom) detects only 4

of the 40 Vk gene segments detected in the Vk assay (a, Vk). 103/BclX7 (b),

sample of 103/BclX7 cultured at the restrictive temperature for 20 h
(positive control). Data are representative data; for each point the mean ±

s.d. from three independent quantitative real-time PCR analyses is

presented. (c) Detection of dsDNA breaks and Vk-to-Jk coding joints in

genomic DNA. Genomic DNA samples from the 24-hour time points in a

and b were analyzed by ligation-mediated PCR for dsDNA RSS breaks at Jk1

(top) and Vk4 (middle). The same DNAs were also assayed for Vk-to-Jk
coding joints (bottom). 63-12, DNA from a Rag2�/� pro–B cell line;

M, molecular weight marker. Data represent digital images of ethidium

bromide–stained gels of PCR products.
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RSS-12 gene segments in DNA from cultures treated with STI-571.
The treated cells showed a substantial increase in dsDNA RSS signal
breaks at the RSS-23 3¢ of VH81X (the most D-proximal and
frequently rearranged VH gene segment) and at the RSS-12 5¢ of
DFL16.1 (the most 5¢ DH gene segment) (Fig. 4a). As with the Igk
locus, however, treated cells showed a time-dependent increase in RSS-
12 (DFL16.1) but not RSS-23 (VH81X) ssDNA RSS nicks (Fig. 4b).

We were unsuccessful in several attempts to detect Vk or Jk nicks in
highly purified primary bone marrow progenitor B cell DNA (data not
shown). That may have been a result of the low frequency of actively
rearranging alleles in primary pre–B cells23. We were, however, able to
detect Tcra locus nicks in thymocytes from young mice. Using the
oligo-capture assay, we detected RAG-dependent nicks at the TCR
Ja50 RSS-12 but not at the TCR Va13 RSS-23 in genomic DNA from
thymocytes at day 8 and 15 compared with negative control RAG1-
deficient TCRab transgenic mouse thymocyte DNA (Fig. 5). Of the
nine members of the Va13 gene-segment family, the quantitative real-
time PCR assay was able to detect six (data not shown).

An alternative assay shows nicking of RSS-12 sequences

We developed a second method to confirm the results of the oligo-
capture assay. We used a traditional nick-translation assay with E. coli
DNA polymerase I to introduce a single biotin-labeled dideoxy-UTP
(ddUTP) residue into DNA 3¢ to a nick (Fig. 6a). Although this
strategy ensures that a single biotin label is incorporated 3¢ to nicks in
genomic DNA, this biotin labeling is not specific for RSS nicks.
Nonspecific labeling in this system was extremely high, as random
nicks and some 5¢ overhanging dsDNA breaks could also be labeled.
To minimize background resulting from mechanical shearing, we
prepared genomic DNA by embedding cells in agarose plugs and
did the modified nick-translation assay in the plugs. To detect Vk RSS

nicks above background, we divided the target Vk signal by the
quantitative real-time PCR signal from the nontarget control locus,
Aprt. Using this alternative approach, we were able to detect nicks
at Vk gene segments in induced 103/BclX7 cells that increased
steadily with time (Fig. 6). Again, nicks at the Jk gene segments
could not be detected above the background. The 49-hour sample
showed a substantially decreased signal, which was likely to have
been caused by the deteriorated condition of the cells at this much
later time point. These results provide an independent confirmation
of observations made using the oligo-capture assay: nicks can be
detected at RSS-12 but not RSS-23 sequences at loci undergoing
V(D)J recombination.

RAG proteins are associated with Vj RSSs in vivo

Our ability to detect nicked Vk RSS-12 sequences led us to consider
whether these nicked RSSs might remain associated with RAG1 and
RAG2 protein complexes in vivo, awaiting RSS-23 capture before
proceeding to dsDNA cleavage. To address that issue, we carried out
chromatin immunoprecipitation of uninduced and induced 103/
BclX7 cells using antisera to RAG2 or to acetylated histone H3. In
each of two independent experiments, we found that the ratio of Vk to
Jk sequences in the RAG2 chromatin immunoprecipitations increased
after induction of recombination (Fig. 6d). In contrast, this ratio
remained unchanged in the acetylated histone H3 chromatin
immunoprecipitations (Fig. 6e). Thus, it seems that Vk RSS-12
sequences may remain complexed with RAG proteins after nicking.

H2O M
STI-571

DFL16.1
dsDB

a b

5′
-D

F
L1

6.
1 

/ B
2m

V
H
81

X
 / 
B
2mVH81X

dsDB

– +

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.0

0.5

1.0

1.5

2.0

0 8 16 24

0 8 16
Time (h)

24

7

J α
50

 / 
B
2m

V
α1

3 
/ B

2m

V
κ 

/ B
2m

6

5

4

3

2

1

0
Rag1–/– Rag1–/– 8 d 15 d Rag1–/– Rag1–/– 8 d 15 d Rag1–/–Rag1–/– 8 d 15 d – +

7

6

5

4

3

2

1

0

1

2

3

4

0

Figure 5 DNA nicks at Ja50 RSS-12 but not Va13 RSS-23 or Vk RSS-12 sequences in thymocyte genomic DNA. Oligo-capture assays were done on

DNA purified from thymocytes taken from two different Rag1�/� ab TCR–transgenic mice and from wild-type nontransgenic mice 8 and 15 d of age. The

captured DNA was analyzed for Ja50 (left), Va13 (middle) and Vk (right) sequences. 63-12 genomic DNA incubated in the presence (+) or absence (–)

of core-RAG1 and core-RAG2 proteins served as controls for the Vk assays. Each assay was normalized by the nonspecific capture of B2m DNA. Data are

representative data; for each point the mean ± s.d. from three independent quantitative real-time PCR analyses is presented.

Figure 4 DNA nicks and breaks in the Igh locus. (a) Ligation-mediated PCR

assay of dsDNA RSS breaks at DH and VH RSSs. Genomic DNA purified

from untreated (–) and STI-571–treated (+) E2A cultures was assayed for

dsDNA breaks 5¢ of the DFL16.1 DH gene segment (top) and 3¢ of the

VH81X gene segment (bottom). H2O, control lacking template; M, molecular

weight marker. Data represent digital images of ethidium bromide–stained

agarose gels. (b) DNA nicks at the DFL16.1 gene segment. E2A cells were

induced for various lengths of time by culture in the presence of STI-571.
Genomic DNA was purified and assayed by oligo capture for DFL16.1 RSS-

12 (upper) and VH81X RSS-23 (lower) nicks. RSS target values were divided

by Aprt control values to correct for the effects of background labeling of

adventitious DNA nicks. Data are representative data; for each point the

mean ± s.d. from three independent quantitative real-time PCR analyses

is presented.
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Recombinase nicking is developmentally regulated

The V(D)J recombinase generates dsDNA RSS breaks in a devel-
opmentally regulated way24. We used the oligo-capture assay to
determine whether RSS nicking was likewise regulated. We considered
it possible that at some loci V(D)J recombination might be regulated
at the level of synapsis (locus compaction) or dsDNA cleavage rather
than at the level of RSS binding or DNA nicking. To test that idea, we
assayed for Vk RSS-12 nicks in the same thymocyte genomic DNA in
which Ja50 RSS-12 nicks had been detected before. We were unable to
detect any Vk nicks in DNA from young mouse thymocytes above the
low background signal seen in Rag1�/� TCRab-transgenic thymocyte
DNA (Fig. 5). Thus we conclude that Igk loci RSSs seem inaccessible
to RAG1 and RAG2 protein binding in thymocytes.

DISCUSSION

Studies of the regulation of the V(D)J recombinase in lymphoid cells
have relied on assays for dsDNA RSS breaks or complete coding
joints9,10,14,25. Here we have extended the ability to analyze recombi-
nase activity back to the first catalytic step in the reaction pathway, the
generation of sequence-specific ssDNA nicks at RSSs. We found that
many rearranging gene segments with RSS-12 signals contained a
precisely positioned nick at the RSS-coding segment junction, whereas
potential rearranging partners with RSS-23 signals were mostly intact.
These data support a capture model of recombination in which the
RAG proteins first form a complex on an RSS-12 and then capture an
RSS-23 as free DNA, rather than a synapsis model in which RAG

proteins bind and nick both RSS types and then require association of
RAG-RSS complexes to complete the recombination reaction18.

The capture model for V(D)J recombination was initially proposed
based on biochemical experiments using RSS-containing oligonucleo-
tides and recombinant core-RAG proteins18. Short double-stranded
oligonucleotides bearing RSS-12 or RSS-23 sequences were mixed with
recombinant core-RAG proteins in conditions that permit RSS bind-
ing but not nicking or cleavage. When preformed RSS-12 core-RAG
complexes were mixed with free RSS-23 DNA in the presence of Mg2+

(which permits the cleavage reaction to proceed), efficient hairpin
DNA formation was noted. When preformed RSS-12 core-RAG and
RSS-23 core-RAG complexes were similarly mixed, the formation of
RSS-12 hairpins was reduced considerably, resulting in the suggestion
that the favored pathway for recombination involves formation of a
RAG complex on one RSS followed by the capture of the other RSS as
free DNA before subsequent cleavage. It is possible, however, that
RAG-RSS complexes formed in vitro in the setting of high stoichio-
metries of core-RAG–maltose-binding protein fusion proteins (with
the maltose-binding protein domain added to enhance solubility and
aid in purification) used in those experiments might act differently
from wild-type RAG proteins acting on a chromatinized genomic
DNA substrate in vivo.

The strength of the data that we have presented here is that we
assayed the location and activity of RAG proteins in a cellular con-
text. The RAG proteins were full-length native proteins expressed
in amounts that cells would normally maintain while attempting
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of nicked RSS DNA. Chain-terminating and

biotinylated ddUTP (filled triangles) is

incorporated downstream of the 3¢-hydroxyl

groups on nicked DNA with DNA polymerase I.

Restriction enzymes (vertical arrows indicate
sites) are used to fragment the labeled high-

molecular-weight DNA. Streptavidin-coated

paramagnetic beads (Strept.) capture the biotin-

labeled DNA fragments, which are then separated

from unlabeled DNA fragments by a strong

magnetic field. Horizontal arrows indicate the

positions of quantitative real-time PCR primers;

starred line indicates the hydrolysis probe used

for real-time PCR quantification. (b,c) Quanti-

tative real-time PCR assays of captured Vk RSS-

12 and Jk RSS-23 sequences. DNA was purified

from 103/BclX7 cells cultured at the nonperm-

issive temperature (time, horizontal axes) and

subjected to nick-translation assay for DNA nicks.

Target gene results were divided by the results of

the control gene Aprt. (d,e) Chromatin immuno-

precipitation assays. Sonicated, fixed chromatin

from 103/BclX7 cells cultured at the permissive

(0 h) or nonpermissive temperature (16 h) was
subjected to chromatin immunoprecipitation with

antibody to RAG2 (d) or to acetylated histone H3

(Ac-H3; e). Precipitated DNA was recovered and

was analyzed by quantitative real-time PCR for

Vk and Jk DNA sequences; ratios of these are

shown. –A and –B, two independent experiments;

numbers above s.d. bars in d indicate the relative

difference in the Vk/Jk ratio for uninduced versus

induced cell DNA. Data are representative of the

mean ± s.d. from three independent quantitative

real-time PCR analyses.
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recombination. In addition, the RSS targets were recognized in the
context of intact chromatin structure. In cell lines in which Vk-to-Jk
rearrangement is inducible either by temperature shift or drug treat-
ment, we noted a time-dependent accumulation of Vk RSS-12 but not
Jk RSS-23 signal nicks. In addition, the drug-treated cell line showed
nicks at DFL16.1 RSS-12 but not VH RSS-23 gene segments. Notably,
dsDNA RSS breaks were common to both types of RSS, as was the
formation of complete coding joints. In addition, using a chromatin
immunoprecipitation assay with antibody to RAG2, we noted enrich-
ment of Vk relative to Jk DNA sequences, consistent with the presence
of RAG-RSS complexes on RSS-12 but not RSS-23 signals in the Igk
locus. We made similar observations in primary thymocytes, detecting
nicks at Ja RSS-12 but not Va RSS-23.

As RSS binding by RAG proteins in appropriate conditions results
in rapid nicking, it is perhaps unexpected that we did not note any
RSS-23 nicking, as the RAG1 and RAG2-RSS12 complex captures the
RSS-23 and goes on to effect pairwise cleavage. We suggest that RSS-
23 nicking is immediately followed by nucleophilic attack (direct
transesterification) resulting in the formation of dsDNA breaks, and
thus the RSS-23 nicks exist only transiently in the capture complex.
The nick assays presented may not be sensitive enough to detect these
transient events above the ‘background noise’ of the assay.

The presence of dsDNA RSS breaks is a sensitive measure of the
developmentally regulated pattern of V(D)J recombinase activity24.
For example, Jk1 RSS breaks have been detected in pre–B cells but not
pro–B cells or thymocytes purified from mice. The presence of these
breaks also correlates with the pattern of expression of germline
transcripts from actively rearranging gene segments. In vitro studies,
however, have shown that RAG proteins can bind to RSSs, and nick
them, but cannot generate dsDNA breaks in the absence of RSS-
12–to–RSS-23 gene-segment pairing12. Thus, it is possible that in
some circumstances, dsDNA breakage and subsequent gene-segment
joining may be regulated by the ability of RAG1–RAG2–RSS-12 and
RAG2–RSS-12 complexes to capture an RSS-23, rather than by the
accessibility of individual RSSs in chromatin structure. Specific
impediments may exist that block the interaction of distantly
separated Vk and Jk segments in chromatin structure, for example.
Such events might also occur in the complex TCRad locus,
where an insulator sequence might contribute to the regulation of
V(D)J recombination26. The oligonucleotide capture assay described
in this report is capable of detecting specific RSS-12 nicks that
might occur without subsequent RSS-23 capture and pairwise
dsDNA breakage.

In developing thymocytes, in which recombinase activity is very
high and in which we readily detected RSS-12 nicks at the TCR Ja50
gene segment, we were unable to detect nicks at RSS-12 associated
with Vk gene segments. That observation is consistent with the
hypothesis that Igk locus rearrangement in thymocytes is regulated
at the level of RSS accessibility and RAG binding rather than at the
level of gene-segment pairing. Further work will be needed to
determine whether this holds true for other rearranging loci.

Given the tendency of RAG protein complexes to form first on RSS-
12-containing gene segments, specific mechanisms may exist to
promote the capture of appropriate RSS-23-containing partners. It
is possible, for example, that promoter-enhancer interactions may be
responsible for the condensation of the Igh locus noted in B cells
undergoing V-to-DJ rearrangement and that this condensation may
increase the likelihood of RSS-23 capture27–29. Published work has
shown that Igh locus contraction is RAG independent, consistent with
the idea of involvement of transcriptional regulatory or other chro-
matin elements in RSS-23 capture27. Notably, Pax5-null mice have a

defect in the rearrangement of distal VH gene segments that might be
due to ineffective locus contraction and RSS-23 capture28.

Our ability to detect a very robust Vk nicking signal in DNA from
pre–B cell lines that have been induced to undergo Igk rearrange-
ment raises the possibility that the RAG proteins bind to and nick
many Vk RSSs on each Igk chromosome. In the mouse genome there
are 137 identified Vk gene segments and only four functional Jk gene
segments. RAG-binding complexes at Vk-RSS-12 have only a limited
number of Jk RSS-23 segments to capture. Therefore, it is possible
that preformed RAG–RSS-12 complexes compete for Jk segments to
recombine with. Given the known bias of initial Igk rearrangement
for Jk1, such prebound Vk-RAG complexes may enhance the rate
of light-chain receptor editing on alleles with an initial autoreactive
VJk1 rearrangement.

Control experiments showed that the oligo-capture assay can detect
a sequence-specific N.Alw I nick when the nick is present in more than
20% of the genomes included in the assay. The target of this assay is a
unique genomic sequence near the DFL16.1 gene segment. The Vk
nick assay, in contrast, can detect nicks at approximately 40 different
Vk gene-segments. Both the Vk and DFL16.1 real-time PCR assays
used in this study were quantified relative to a total genomic DNA
standard containing the full compliment of Vk gene segments. Thus,
the recovered Vk sequences were compared with a genomic DNA
standard that contained 40 PCR targets per genome; 1 ng of recovered
Vk sequence represents 40 times the number of targets in 1 ng of
recovered N.AlwI-digested DFL16.1 sequence. Given the similar sig-
nals obtained in the Vk and N.AlwI control nick assays (expressed as
nanograms of recovered genomic DNA), if it is assumed that the two
assays have similar efficiencies, then each Igk-rearranging cell may
contain as many as 25–30 Vk RSS-12 RAG-nicked complexes (20% of
the 137 Vk genes). The implications of this large number of preformed
RAG complexes for the regulation of Igk locus rearrangement remain
to be explored.

Studies have suggested that RAG-mediated DNA nicks may con-
tribute to genomic instability15,16. Rag1 mutants that can nick but not
generate dsDNA breaks at RSSs were expressed in transfected cells
along with homologous recombination reporter constructs. Nicking
by RAG protein complexes substantially activated homologous recom-
bination between plasmids or between a plasmid and a chromosomal
locus. Thus, the RSS-capture mechanism of gene segment pairing may
not come without cost.

METHODS
Animals and cell lines. We obtained thymocytes from young wild-type and

Rag2�/� DO11.10 ab TCR-transgenic mice by conventional methods. Animal

experiments adhered to protocols approved by the University of California at

Berkeley Animal Care and Use Committee (R253-0405).

The tsAbl-transformed pro–B cell line 103/BclX7 (ref. 20) and the wild-type

Abl-transformed pro–B cell lines E2A21 and 63-12 (Rag2-null)30 were cultured

in RPMI 1640 medium supplemented with 5% (volume/volume) heat-

inactivated FCS, 50 mM b-mercaptoethanol and antibiotics. V(D)J recombina-

tion was induced in 103/BclX7 cells by shifting of the cells from a permissive

(33 1C) to a nonpermissive (39 1C) temperature and in E2A cells by the addi-

tion of the Abl kinase inhibitor STI-571 (1.0 mM). Apoptotic cells were remo-

ved from cultures with Ficoll-Hypaque sedimentation before DNA extraction.

Genomic DNA preparation. We prepared genomic DNA with a modified

phase-lock phenol-chloroform extraction method. Cells were lysed in detergent

and the lysates were incubated with RNase A and then proteinase K before

being subjected to several successive phenol-chloroform extractions and alcohol

precipitation. Precipitated DNA was recovered, was washed three times in 70%

ethanol, was air-dried and was resuspended in TE (10 mM Tris-HCl, pH 8.0,

and 0.2 mM EDTA) and the DNA concentration was determined by

NATURE IMMUNOLOGY VOLUME 6 NUMBER 12 DECEMBER 2005 1277

A R T I C L E S
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

ei
m

m
un

ol
og

y



spectrophotometry. In some experiments, genomic DNA was purified from

cells embedded in low-melting-point agarose with a modified version of a

published technique14. The modification was an additional proteinase K

treatment in a 1 mM CaCl2 buffer after the first proteinase K incubation in

100 mM EDTA buffer.

RAG1 and RAG2 treatment of genomic DNA. Soluble 63-12 genomic DNA

(250 mg) was incubated on ice with 2.7 mg copurified core-RAG1 and core-

RAG2 in a buffer containing 25 mM 3-(N-morpholino)-propanesulfonic acid

(MOPS), pH 7.0, 60 mM potassium glutamate, 10 mM KCl, 1 mM MnCl2,

1.5 mM dithiothreitol and 250 mg of purified BSA (New England Biolabs) in a

final volume of 1.2 ml. The mixture was then divided into six equal aliquots

and the first reaction immediately terminated by the addition of 500 ml of stop

solution (TE with 0.25% (weight/volume) SDS and 250 mg/ml proteinase K)

and incubation at 56 1C for 1 h. The remaining reaction aliquots were

incubated at 37 1C for various time intervals followed by an incubation with

500 ml of stop solution and processing as above. DNA was recovered by phenol-

chloroform extraction and ethanol precipitation. The precipitated DNA was

washed three times with 70% ethanol, were air-dried, were resuspended in TE

and then were quantified by spectrophotometry.

Oligo-capture assay. Oligo-capture assays were done on purified high-

molecular-weight DNA in a volume of 150 ml. Up to 15 mg of DNA was mixed

with ligation buffer (Invitrogen) and 30 fmol of the biotinylated capture

oligonucleotide (various heptamers; Supplementary Table 1 online). The

mixture was incubated at 14 1C for 30 min, after which 5 units of T4 DNA

ligase (Invitrogen) were added. Reactions were then incubated overnight at

14 1C and were terminated by incubation at 68 1C for 30 min. The ligated DNA

was digested with restriction enzymes for at least 4 h at 37 1C in a final

digestion volume of 300 ml fortified with 30 ml of a 10� buffer (50 mM Tris-

HCl, pH 8.0, 50 mM MgCl2, 5 mM DTT, 500 mM NaCl) and 20 units each of

BamHI, EcoRI, HindIII and XbaI (New England Biolabs).

Biotin-labeled DNA fragments were captured with mMACS separation

columns and streptavidin-coated microbeads (Miltenyi Biotec). Columns were

first equilibrated for the separation by loading of 50 ml of the equilibration

buffer supplied and then 200 ml of TE (pH 8.0) supplemented with 100 mM

NaCl. Paramagnetic beads (5 ml) were added to the restriction-digested DNA,

followed by mixing and incubation at 25 1C for 5 min. The entire volume was

loaded onto an equilibrated column (while in a strong magnetic field) and then

followed by a 90-ml volume of TE plus 100 mM NaCl to rinse the reaction tube.

A series of 600-ml washes (NaCl with 0.1% (wt/vol) SDS in TE) was sub-

sequently passed through the magnetized column; 1 M, 500 mM and 100 mM

NaCl (22–25 1C), then two hot (65 1C) washes of 100 and 50 mM NaCl,

respectively. The final washes included two 2.5-ml volumes of TE supplemented

with 0.01% (vol/vol) Tween-20. To release the captured DNA, the column was

removed from the magnetic field and placed over a microcentrifuge tube,

100 ml of the final wash solution was placed into the column and the column

was centrifuged to ensure all the TE and DNA were recovered.

Linker-ligation PCR. Purified genomic DNAs were assayed for double-

stranded DNA signal end breaks by ligation-mediated PCR as detailed9 with

‘hemi-nested’ primers listed in Supplementary Table 2 online.

Nick-translation labeling. Nick-translation reactions were done in gel plugs

containing genomic DNA. Five gel plugs (400 ml) were placed into 400 ml buffer

(50 mM Tris-HCl, pH 7.5, 6 mM MgCl2, 20 mM each of dATP, dCTP, dGTP,

10 mM b-mercaptoethanol, 10 mg/ml of BSA) with 15 units DNA polymerase I

(Invitrogen) and 2 nmol ddUTP-16-biotin (Roche). Reactions were incubated

for 2 h on ice and then for 1 h at 16 1C. Plugs were then washed four times with

2 ml of ice-cold TE (pH 8.0). The reactions were placed at 75 1C for 20 min to

heat inactivate any remaining DNA polymerase I, and then 40 ml of 10�
digestion buffer (200 mM Tris-acetate, 500 mM potassium acetate, 100 mM

magnesium acetate, 10 mM DTT, pH 7.9, at 25 1C) was added. Next, the

genomic DNA was restriction digested with 100 units of HpyCH4 V (New

England Biolabs) and the agarose was digested with 20 units of b-agarase (New

England Biolabs) at 42 1C overnight. The digested DNA was then run through

nucleotide-removal spin columns as directed (Qiagen). The concentration of

the purified genomic DNA was determined by spectrophotometry. Before

magnetic separation, 10 mg of DNA was adjusted to 100 mM NaCl in a final

volume of 300 ml of TE.

Chromatin immunoprecipitation. Chromatin immunoprecipitation was done

as reported with the following modifications31. The temperature-sensitive 103/

BclX7 cell line was shifted to the nonpermissive temperature for 16 h and

formaldehyde–cross-linked chromatin was prepared. Chromatin from approxi-

mately 6 � 106 cells for each time point was incubated overnight with rotation

at 4 1C with 10 mg of polyclonal rabbit antibody to acetylated H3 (Upstate

Biotechnologies), 10 mg of immunoaffinity-purified polyclonal antibody to

RAG2 (Pharmingen) or 60 mg normal rabbit serum (Jackson ImmunoRe-

search). Blocked IgG-Sepharose beads (Amersham Biosciences) were prepared

by rotating them for 3 h at 4 1C with 10 mg/ml of BSA and 10 mg/ml of

sheared salmon sperm DNA (Invitrogen). Beads were washed three times and

then resuspended with IP buffer (140 mM NaCl, 1% (vol/vol) Triton X-100,

0.1% (wt/vol) sodium deoxycholate, 100 mg/ml BSA, 100 mg/ml yeast tRNA,

1 mM PMSF). The chromatin and antibodies were added to 60 ml of the

resuspended beads and followed by rotation at 4 1C for 3 h. The beads were

washed, the chromatin was eluted and DNA was prepared as described31. DNA

concentration was determined by fluorimetry and 2 ng of DNA were used per

quantitative real-time PCR reaction.

Quantitative real-time PCR sequence detection. Aprt and B2m sequences were

assayed to provide a measure of adventitious nicks or staggered breaks (that

could be labeled by DNA polymerase I) occurring at random in genomic DNA

samples. The Vk sequences detected were in the coding region and the primers

contained moderate degeneracy to detect a variety of the variable elements.

Other sets of primer and probe sequences (Supplementary Table 3 online)

were designed either with Primer Express (Applied Biosystems) or manually by

following guidelines from Applied Biosystems on the construction of TaqMan

primers and probes.

Quantitative real-time PCR was done in a reaction volume of 25 ml with an

Opticon continuous fluorescence detection thermocycler (MJ Research) as

described32. Data were collected and analyzed with the software supplied by

the manufacturer.

Quantitative real-time PCR standard curves constructed with 63-12 (RAG

null pro–B cell) genomic DNA serially diluted from 100 ng to 10 pg per

reaction were analyzed in each quantitative real-time PCR assay. Quantitative

PCR values for each captured biotinylated DNA sample were expressed as ng of

genomic DNA based on the appropriate standard curve. Target signals were

corrected by signals obtained from the Aprt or B2m assay when required. A

statistical graphics package was used to generate all the graphed data providing

means with standard deviations (Statistica, Statsoft).

Note: Supplementary information is available on the Nature Immunology website.
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