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V(D)J recombination is initiated by the binding of the RAG1 and RAG2 proteins to recombination signal sequences (RSSs) that
consist of conserved heptamer and nonamer sequences separated by a spacer of either 12 or 23 bp. Here, we used RAG-inducible
pro-B v-Abl cell lines in conjunction with chromatin immunoprecipitation to better understand the protein and RSS require-
ments for RAG recruitment to chromatin. Using a catalytic mutant form of RAG1 to prevent recombination, we did not observe
cooperation between RAG1 and RAG2 in their recruitment to endogenous J� gene segments over a 48-h time course. Using ret-
roviral recombination substrates, we found that RAG1 was recruited inefficiently to substrates lacking an RSS or containing a
single RSS, better to substrates with two 12-bp RSSs (12RSSs) or two 23-bp RSSs (23RSSs), and more efficiently to a substrate
with a 12/23RSS pair. RSS mutagenesis demonstrated a major role for the nonamer element in RAG1 binding, and correspond-
ingly, a cryptic RSS consisting of a repeat of CA dinucleotides, which poorly re-creates the nonamer, was ineffective in recruiting
RAG1. Our findings suggest that 12RSS-23RSS cooperation (the “12/23 rule”) is important not only for regulating RAG-medi-
ated DNA cleavage but also for the efficiency of RAG recruitment to chromatin.

The adaptive immune system relies on V(D)J recombination to
assemble variable (V), diversity (D), and joining (J) antigen

receptor gene segments in generating a diverse repertoire of im-
munoglobulins and T cell receptors. The process is initiated by the
recombination-activating gene (RAG) recombinase, a protein
complex consisting of the enzymes encoded by RAG1 and RAG2
(1, 2). RAG1 is 1,040 amino acids long, with a core region span-
ning amino acids 384 to 1008 that contains recombination signal
sequence (RSS) and RAG2 binding activity as well as the catalytic
residues responsible for DNA cleavage (3–7). RAG2 is 527 amino
acids long, with a core region (amino acids 1 to 387) that interacts
with and facilitates DNA binding and cleavage by RAG1 but which
has no DNA binding activity on its own (3, 4, 8, 9). The RAG2
noncore region contains a plant homeodomain (PHD) finger that
plays an important role in chromatin binding through interac-
tions with the histone H3 N-terminal tail when lysine 4 is trim-
ethylated (H3K4me3) (10–12).

The site of recombination is specified by the RSS that immedi-
ately flanks each V, D, and J gene segment (Fig. 1A). The RSS
consists of a well-conserved 7-bp sequence called the heptamer
(consensus sequence of 5=-CACAGTG-3=) and an AT-rich 9-bp
sequence called the nonamer (consensus sequence of 5=-ACAAA
AACC-3=) separated by a poorly conserved spacer whose length is
either 12 or 23 bp (13–15) (Fig. 1B). An RSS with a spacer 12 bp
long is defined as a 12RSS, while one with a spacer 23 bp long is
defined as a 23RSS (13).

The consensus RSS is the most efficiently recombined se-
quence and therefore has been used for most in vitro experiments;
however, endogenous RSSs often deviate from the consensus at
multiple heptamer and nonamer positions (14). The first three
nucleotides of the heptamer (CAC) exhibit almost perfect conser-
vation and are required for cleavage (14, 16, 17); the cytosine at the
second position and some nucleotides in the adenine tract of the
nonamer are �85% conserved and are important for initial RAG
binding (14, 16). Although the spacer is less conserved than the
heptamer and nonamer, its sequence can influence recombina-

tion efficiency, and its length defines the functionality of the RSS,
as efficient recombination occurs only between a 12/23RSS pair, a
restriction known as the “12/23 rule” (18, 19).

RAG, along with the DNA binding and bending high-mobility-
group protein B1 (HMGB1) or HMGB2, binds to one RSS to form
a signal complex (20) (Fig. 1C). This complex then captures a
second unbound RSS to form the synaptic (also known as paired)
complex (21, 22). The RAG complex introduces a single-stranded
nick between the RSS and the coding segment, leaving a hydroxyl
group on the 3= end of the coding flank that can then attack the
opposite DNA strand, resulting in a hairpin coding end and a
blunt-cut RSS signal end (23).

The “accessibility” of RSSs in chromatin contributes to the
regulation of the initiation of V(D)J recombination. Accessibility
correlates with features of open chromatin, such as germ line tran-
scription, antisense transcription, activating histone modifica-
tions, nuclease accessibility, DNA hypomethylation, as well as the
presence of transcription factors and transcriptional control ele-
ments (such as enhancers and promoters) (24). The presence of
nucleosomes on RSSs has been shown to be inhibitory to RAG
binding and cleavage but can be remedied by chromatin remod-
eling complexes that remove or reposition nucleosomes or lift a
loop of chromatin off the nucleosome surface, thus making the
RSSs accessible for RAG recruitment (24).

A recent study from our laboratory provided insights into the
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location of such accessible RSSs within the antigen receptor loci by
revealing the in vivo pattern of RAG1 and RAG2 binding to anti-
gen receptor loci in primary mouse lymphocytes (25). Chromatin
immunoprecipitation (ChIP)-quantitative PCR (qPCR) was used
to demonstrate that RAG binding was tightly regulated during
lymphocyte development and associated with small, highly tran-
scribed regions encompassing J, J-proximal D, and flanking RSSs
in the Igh, Ig�, Tcr�, and Tcr� loci. These regions, termed recom-
bination centers, are rich in H3K4me3, acetylated histone H3
(H3Ac), and RNA polymerase II occupancy. In most loci, binding
of RAG1 and RAG2 was roughly comparable in the presence and
absence of the other RAG protein. At Igh, however, the level of
binding of RAG1 was substantially lower in the absence of RAG2
than in its presence (25). This raised the question as to the extent
to which and the circumstances under which RAG1 and RAG2
facilitate one another’s recruitment to chromatin.

Our previous study also demonstrated RAG2 binding throughout
the genome at promoter regions in a pattern very similar to that of
H3K4me3, probably due to H3K4me3 recognition by the RAG2
PHD finger, while RAG1 binding was more restricted and not asso-
ciated with all H3K4me3 sites. This finding, combined with data sug-
gesting that RAG1 required its nonamer binding domain (NBD) and
the presence of RSSs to bind to chromosomal recombination sub-
strates, indicated RAG1’s preference for direct interactions with RSSs.
Intriguingly, RAG has the ability to bind and cleave certain cryptic
RSSs (cRSSs) (26, 27), creating aberrant V(D)J recombination prod-

ucts and contributing to genome instability and tumorigenesis (28,
29). These results left unaddressed the issue of which components
and properties of RSSs contribute to efficient RAG recruitment.

Here, we used RAG-inducible pro-B v-Abl cell lines in con-
junction with ChIP-qPCR to better understand the protein and
the RSS components for rapid and efficient RAG recruitment. Our
results argue against strong synergy in recruitment between RAG1
and RAG2. We also report an enhanced efficiency of RAG1 re-
cruitment to chromosomal substrates containing a complemen-
tary 12/23RSS pair compared to those of substrates containing a
single RSS, a 12/12RSS or 23/23RSS pair, or a wild-type (WT) RSS
paired with an RSS with a scrambled heptamer or nonamer, with
the nonamer being particularly important. Our results suggest
that the 12/23 rule applies not only to efficient V(D)J recombina-
tion but also to initial RAG binding.

(This paper represents work completed as part of K. Shetty’s
dissertation for a Ph.D. from Yale University, New Haven, CT,
2015.)

MATERIALS AND METHODS
Cell lines. The R1�/� (11-3-4), R2�/� (17-3-1), and D345 v-Abl pro-B
mouse cell lines were previously prepared by infection of bone marrow
from Bcl2 transgenic mice with the retroviral vector pMSCV-v-Abl (30).
All cell lines were maintained at 37°C with 5% CO2 in RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS), penicillin-streptomycin, L-
glutamine, and �-mercaptoethanol (50 �M).
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FIG 1 RSSs and RAG proteins are essential components of V(D)J recombination. (A) An RSS (triangle) lies adjacent to the coding segment (rectangle) of an
antigen receptor gene. (B) RSS showing consensus heptamer and nonamer sequences. (C) V(D)J recombination is initiated by binding of the RAG1-RAG2-
HMGB1/2 complex (oval) to an RSS. The capture of a second RSS through synapsis leads to the formation of a paired complex, within which DNA cleavage is
completed. Repair factors bring together the coding segments and RSSs to form coding and signal joints, respectively.

TABLE 1 Synthesized oligonucleotides for mutant RSS substratesa

Substrate 12RSS region or 12RSS mutant oligonucleotide sequence

p12/23 5=-ATCTCGCGGCCGCACGCGTTCGAAGTCGAGGTTTTTGTTCCAGTCTGTAGCACTGTGCAGACGTTCCTATTATTTTTGACACCAG
ACAAGTTGGTAATGGTAGCGACCGGCGCTCAGTTGGAATTCTACG-3=

pScrH/23 5=-ATCTCGCGGCCGCACGCGTTCGAAGTCGAGGTTTTTGTTCCAGTCTGTAGCGCTGCGCAGACGTTCCTATTATTTTTGACACCAG
ACAAGTTGGTAATGGTAGCGACCGGCGCTCAGTTGGAATTCTACG-3=

pScrN/23 5=-ATCTCGCGGCCGCACGCGTTCGAAGTCGATCCGACTTATCCAGTCTGTAGCACTGTGCAGACGTTCCTATTATTTTTGACACCAG
ACAAGTTGGTAATGGTAGCGACCGGCGCTCAGTTGGAATTCTACG-3=

p(CA)38/23 5=-ATCTCGCGGCCGCACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACACA
CACACGTTGGTAATGGTAGCGACCGGCGCTCAGTTGGAATTCTACG-3=

a The synthesized oligonucleotides (Blue Heron Bio) for the 12RSS sites of pScrH/23, pScrN/23, p(CA)38/23 are listed and compared to the sequence of the 12RSS region of p12/23.
The nonamer and heptamer sequences are highlighted in boldface type, while the regions of mutagenesis are underlined.
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Recombination substrates. p12/23 was generated, as described previ-
ously (25), from pMX-RSS-GFP/IRES-hCD4 (31) by replacing the green
fluorescent protein (GFP) cassette with a fragment containing the mouse
CD90 (Thy1.1) gene. pNone was derived from p12/23 as described previ-
ously (25). p12 was generated by digestion of p12/23 with NcoI-SnaBI,
blunting with Klenow DNA polymerase, and recircularization to remove
the 23RSS. p23 was generated by digestion of p12/23 with NotI-EcoRI,
blunting with Klenow DNA polymerase, and recircularization to remove
the 12RSS. p12/12 was generated by digesting p12 with NcoI, amplifying
the 12RSS with primers containing NcoI overhangs, and inserting the
amplified fragment into the p12 vector via ligation. p23/23 was generated
by digesting p12/23 with NotI and EcoRI, amplifying the 23RSS with
primers containing NotI and EcoRI, and replacing the 12RSS with the
amplified fragment in the p12/23 vector via ligation. pScrH/23, pScrN/23,
and p(CA)38/23 were generated by digesting the p12/23 vector with NotI
and EcoRI and inserting annealed oligonucleotides (Blue Heron Bio) with
NotI and EcoRI overhangs into the digested vector via ligation. Nonamer,
heptamer, spacer, and coding flank sequences of these mutant RSSs are
listed in Table 1.

Cell infections and RAG induction. Retrovirus was prepared as de-
scribed previously (32) and used to infect v-Abl cells. Infected cells were
subjected to two rounds of sorting for hCD4� cells. Cells were induced
with 3 �M STI-571 (STI) for 0, 3, 6, 24, and 48 h, and RAG1 and RAG2
binding and H3K4me3 levels were assessed by ChIP.

ChIP. The antibodies and procedures used for the ChIP assay were
described in detail previously (25, 33). In brief, cells were harvested after 0,
3, 6, 24, and 48 h of STI-571 induction; cross-linked with 1% HCHO

(formaldehyde) for 15 min at room temperature (RT); quenched with
0.125 M glycine; washed; and frozen as cell pellets. The pellets were then
resuspended in radioimmunoprecipitation assay (RIPA) buffer contain-
ing 0.8 M NaCl and sonicated. The chromatin was incubated with anti-
RAG1 or anti-RAG2 monoclonal antibody (33), anti-H3K4me3 antibody
(Millipore), or rabbit IgG (Millipore), and immune complexes were iso-
lated with protein A-agarose beads (Millipore). After reversal of cross-
links and purification of the DNA (DNA Clean concentrator; Zymo),
input and immunoprecipitated DNAs were quantitated by duplicate trials
of TaqMan qPCR Qiagen HotStart Taq with a 3000 XP thermocycler
(Stratagene). The immunoprecipitation (IP)/Inputcorr values were calcu-
lated as described previously (25). Briefly, IP/Inputcorr corresponds to
[(IPsp � IPrIg)/Input] 	 1,000, where IPsp and IPrIg are the amounts of
DNA recovered in IPs with the specific antibody and background rabbit
IgG, respectively. PCR primers (Sigma-Aldrich) and hydrolysis probes
(Biosearch Technologies) for the gene segments of interest were designed
as described previously (25). Table 2 provides primer and probe se-
quences for the qPCRs.

cRSS, heptamer, and nonamer density analysis. The 1-kb regions
flanking (on both sides) the Pou2af1 and 
-actin ChIP-qPCR amplicons
were tested for cRSSs and RSS heptamer and nonamer motifs. The recom-
bination information content (RIC) algorithm (34, 35) was used to iden-
tify 12- and 23-cRSSs (with cutoff values of �38 and �54, respectively).
Scores for heptamers and nonamers were calculated by position weight
matrices, which were generated by aligning the functional 12- and 23RSSs
used to formulate the RIC algorithm. By using these matrices, the se-
quences were scanned for the corresponding motif using the FIMO tool

TABLE 2 Oligonucleotide primers and probes used for detection of the RAG binding sequencea

Region

Sequence

Forward primer Hydrolysis probe Reverse primer

J�1 5=-TTGTACAGCCAGACAGTGGAG-3= 5=-TGGTGCCTCCACCGAACGTC-3= 5=-GCCACAGACATAGACAACGG-3=
J�2 5=-CAGATTCTGGCACTCTCCAA-3= 5=-CAAAGAAGCAGGGTAGCCTGCCC-3= 5=-ACTGAGCATGGTCTGAGCAC-3=
J�5 5=-CATAGTCCTCACTGTGGCTCA-3= 5=-CTTGGTCCCAGCACCGAACG-3= 5=-AGTGTACTTACGTTTCAGCTCCA-3=
Pou2af1 5=-ATCTCCGATTCTGTGCATGA-3= 5=-AATCTGCCCTTCTGTCACCTCAGTGA-3= 5=-GTGAAGAACGGCTCCTAACC-3=

-Actin 5=-CCTCCTCCAATAAAGGGACA-3= 5=-AGAACTGGTGACCCTCTCCCACG-3= 5=-GCCATCACATCCCAGTCA-3=
�-Actin 5=-GGCACGTGACACTCTTGTCT-3= 5=-ATCGGTGGCTCCATCCTGGC-3= 5=-GTCGTACTCCTGCTTGGTGA-3=
12a 5=-CCTCTAGACTGCCGGATCTC-3= 5=-TCCCTCCTCCAAGCCCTGGA-3= 5=-CATAAGCCTGCTGGTTCAGA-3=
23d 5=-GCAAGACTGAGAGCAGGAGA-3= 5=-CCGTCCTCGAGGCACCATGA-3= 5=-ACACCGGCCTTATTCCAA-3=
a Hydrolysis probes were labeled at the 5= end with the reporter dye 6-carboxyfluorescein (FAM) and at the 3= end with black hole quencher (BHQ) dye (Biosearch Technologies).
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(36). The threshold values for “high-scoring” heptamers and nonamers
were selected to be 7.33 and 7.06, respectively.

RESULTS
Experimental system for determining RAG binding dynamics in
vivo. We recently collected extensive data for RAG binding at
antigen receptor loci in primary lymphocyte populations (25).
However, this system was limited in that it did not capture the
initial binding dynamics, providing only a snapshot of steady-
state RAG-DNA interactions. To better explore the conditions
needed for efficient and rapid RAG recruitment, we used an in-
ducible expression system based on v-Abl-transformed pre-B cell
lines, which, when treated with STI-571 (STI), induce RAG ex-
pression and are arrested in the G1 phase of the cell cycle (Fig. 2A)

(37). In our experiments, we used v-Abl cell lines expressing in-
ducible (i) RAG1 with a D-to-A mutation at position 708 (D708A
RAG1) and RAG2 (cell line called D345), (ii) RAG1 alone (R2�/�),
and (iii) RAG2 alone (R1�/�) (Fig. 2B). D708A RAG1 is a catalyt-
ically inactive mutant that retains normal DNA binding activity;
its use prevents DNA cleavage and accumulation of recombina-
tion products that could interfere with the interpretation of the
RAG binding data (25). Western blot analyses of the cell lines
induced with STI over the course of 48 h showed similar levels of
RAG1 expression in D345 and R2�/� cells and RAG2 expression
in D345 and R1�/� cells (Fig. 2C).

Independent recruitment of RAG1 and RAG2 to the J� re-
combination center. Our prior study suggested that although
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FIG 3 Independent recruitment of RAG1 and RAG2 to the J� recombination center. (A) Binding of RAG proteins at the endogenous J� antigen receptor locus,
which consists of 4 functional gene segments, J�1, J�2, J�4, and J�5, and one pseudogene, Jk3 (shaded), was assessed by ChIP-qPCR. The segments are separated
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J�1, J�2, and J�5 (arrows). (B) Binding of RAG1 at J�1, J�2, and J�5 in the D345, R2�/�, and R1�/� v-Abl cell lines after 0, 3, 6, 24, and 48 h of STI-571 induction.
(C) Binding of RAG2. Data are presented as described above for panel B. IP/Inputcorr values have been corrected for background signals and normalized to the
input signal, as described in Materials and Methods. (D) H3K4me3 levels at the endogenous J� genes in the three cell lines. Bars and dot plots indicate the means
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RAG1 and RAG2 interact with one another, they do not require
the presence of the other for chromatin binding at steady state
(25). However, it remained possible that the presence of one RAG
protein increases the efficiency and rapidity of recruitment of the
other protein to chromatin. To test this, D345, R2�/�, and R1�/�

cell lines were induced with STI for 0, 3, 6, 24, and 48 h; harvested;
and subjected to ChIP. STI treatment is known to stimulate rear-
rangement at the endogenous Ig� locus (37) and RAG binding to
J� gene segments (25) in v-Abl-transformed cells, indicating that
J� gene segments are accessible for RAG recruitment. The Ig�
locus contains �140 V� gene segments and 5 J� genes, with J�1,
J�2, J�4, and J�5 being functional (Fig. 3A). RAG binding was
measured by qPCR using primer pairs that amplify a product
spanning the RSSs of J�1, J�2, and J�5 (see Materials and Meth-
ods).

RAG1 binding at J�1, J�2, and J�5 in the D345 cell line coex-
pressing RAG1 and RAG2 steadily increased over the 48-h time
course, and notably, the kinetics and magnitude of RAG1 binding
were quite similar in the R2�/� cell line (Fig. 3B). Binding was
detected after 3 h of induction, which is when we detected protein
expression (Fig. 2C). RAG2 binding also increased over the time
course of the experiment, and ChIP signals were similar for D345

and R1�/� cells (Fig. 3C). RAG2 signals were higher than those for
RAG1, consistent with data reported previously for primary pre-B
cells (25). The signals for RAG1 binding in R1�/� cells and RAG2
binding in R2�/� cells were both very low, reflecting the low back-
ground signal for the RAG ChIP assays (Fig. 3B and C) (all ChIP
data presented have had the control IgG background signal sub-
tracted).

To interpret the RAG binding data, it was important to deter-
mine whether the J� region was equally accessible in the three cell
lines. This was assessed by using H3K4me3 because of the strong
links between this mark and transcription and RAG2 binding.
H3K4me3 levels were similar in the D345 and R2�/� cell lines
(Fig. 3D). Based on this finding and the similar RAG1 binding
signals in the D345 and R2�/� cell lines (Fig. 3B), we conclude that
RAG2 does not substantially alter the initial stages of RAG1 re-
cruitment at J� gene segments. However, H3K4me3 levels were
substantially higher in R1�/� than in D345 cells (Fig. 3D), perhaps
due to clonal variation. This makes it difficult to rule out a possible
contribution of RAG1 to initial RAG2 recruitment to the J� re-
gion.

RAG binding to non-antigen-receptor genes. ChIP-sequenc-
ing (ChIP-seq) data from our laboratory revealed the ability of
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FIG 4 Kinetics of RAG accumulation at non-antigen-receptor genes are similar to those seen in a bona fide recombination center. (A) Binding of RAG1 at the
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experiments, and error bars represent the standard errors of the means.
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both RAG1 and RAG2 to bind at certain non-antigen-receptor
genes, which do not harbor RSSs (25, 38). This result was surpris-
ing given that RAG1 has RSS binding domains and that the only
known function of the RAG proteins is to assemble antigen recep-
tor genes. To determine whether RAG binding to non-antigen-
receptor genes followed the same rules and kinetics as those for
RSS-containing antigen receptor genes, we measured RAG re-
cruitment at the promoters of three genes: Pou2af1, which binds
RAG1 and RAG2 (25, 38); 
-actin, which binds RAG2 but showed
poor RAG1 binding previously (25), and �-actin, which is not
expressed and not expected to bind either RAG protein. At
Pou2af1, the kinetics and levels of RAG1 binding were similar in
D345 and R2�/� cells (Fig. 4A), and the same was true for RAG2
binding in D345 and R1�/� cells (Fig. 4B). The time course of
accumulation of RAG was similar to that seen at J�, but signals
were lower at Pou2af1 than at J�1 or J�2 (Fig. 3). As expected,
RAG2 binding was detectable at 
-actin, while RAG1 binding was
weak, and no substantial RAG binding was seen at �-actin (Fig. 4A
and B). These data suggest that the kinetics of RAG accumulation
at non-antigen-receptor genes are similar to those seen in a bona
fide recombination center. Furthermore, as for J�, we did not
obtain evidence indicative of cooperation between the RAG pro-
teins in their initial recruitment at non-antigen-receptor genes.
We note that H3K4me3 levels were higher at Pou2af1 in D345 cells
than in the R1�/� or R2�/� cell line (Fig. 4C), which, if anything,
should have favored RAG recruitment in D345 cells compared to
the single-RAG-expressing lines.

Computational analysis (see Materials and Methods) showed
the absence of any strong cRSSs in a �1-kb region flanking
Pou2af1 and 
-actin ChIP-qPCR amplicons. Four high-scoring
heptamers and 11 high-scoring nonamers (see Materials and
Methods) were detected in the 2-kb region surrounding the
Pou2af1 amplicon, while 8 heptamers and 6 nonamers were found
in the 2-kb region surrounding the 
-actin amplicon. The number
of nonamers near Pou2af1 was higher than expected due to the
presence of A-rich regions. The extent to which these isolated RSS
components might contribute to RAG recruitment is not known
(see Discussion).

A pair of RSSs improves RAG recruitment efficiency. Seeing
that regions lacking RSSs were able to recruit RAG with similar
kinetics but at lower levels than those for regions containing RSSs,
we decided to explore the RSS requirements for efficient RAG
recruitment. With the 12/23 rule in mind, we used a retroviral
recombination substrate containing a 12/23RSS pair as a bench-
mark (Fig. 5A; a simplified diagram with only RSSs and the loca-
tion of PCR amplicons is depicted in Fig. 5B). Its variants included
a substrate lacking RSSs (pNone), one containing a single 12RSS
(p12), and one containing a single 23RSS (p23) (Fig. 5B). These
substrates were introduced into the D345 cell line, and ChIP-
qPCR was performed on polyclonal populations of infected cells
after STI induction with primer pairs spanning the 12RSS site or

the 23RSS site (Fig. 5B). Much stronger RAG1 binding was de-
tected for p12/23 at both RSS sites at all postinduction time points
than for pNone, p12, and p23 (Fig. 5C). This could not be attrib-
uted to differences in H3K4me3 levels, which showed a trend to-
ward being somewhat lower at the 12RSS and higher at the 23RSS
in p12/23-containing cells than in cells containing the other sub-
strates (Fig. 5E). Notably, RAG1 binding signals were roughly
5-fold higher at the RSSs in p12/23-containing cells than at J�1 or
J�2 (Fig. 3B [note the different y axis scales]), and the modest
signals seen at the 12RSS of p12 and at the 23RSS of p23 were
comparable to those seen at the J� segments (compare Fig. 3B and
5C, insets, which use the same y axis scales). RAG1 binding levels
were somewhat higher at the 12RSS of p12 than at this same loca-
tion when the 12RSS was absent in p23 (Fig. 5C, left), and a similar
trend was observed for the 23RSS of p23 (Fig. 5C, right). The data
also suggest that detectable RAG1 binding occurs at later time
points at pNone. We conclude that initial RAG1 binding is
strongly stimulated by a 12/23RSS pair and is sensitive to the pres-
ence of a single RSS.

The level of RAG2 binding was also higher at p12/23 than at the
other substrates (Fig. 5D) and 2- to 3-fold higher than that at J�
segments (Fig. 3C [note the different y axis scales]). For the other
three substrates, RAG2 binding exhibited a slight trend of being
higher at RSSs, with signals generally being lowest at pNone, and
higher in the presence of a single RSS than in its absence, although
binding was readily detected at the 12RSS site of p23 and the
23RSS site of p12 (Fig. 5D). Preferential RAG2 binding to p12/23
is notable given the abundance of H3K4me3 at the amplified sites
in all of the substrates (Fig. 5E) and comparable levels of expres-
sion, as assessed by levels of hCD4 surface expression, for the four
substrates (data not shown). Overall, diminished RAG binding at
non-p12/23 substrates indicates the requirement for an RSS pair
for efficient RAG recruitment in this experimental system.

Preferential RAG1 recruitment to a 12/23RSS pair. The data
shown in Fig. 5 indicate that a pair of RSSs is more efficient in
recruiting RAG than a single RSS. According to the 12/23 rule,
a complementary 12/23RSS pair is required for efficient cleav-
age, but does this restriction also apply to RAG binding effi-
ciency?

To address this question, we measured RAG binding in D345
cells using substrates containing either a 12/12RSS (p12/12) or a
23/23RSS (p23/23) pair (Fig. 6A) and compared the results with
those obtained with p12/23. RAG1 binding levels were reduced at
p12/12 and p23/23 for all postinduction time points at both the
12RSS and 23RSS sites compared to that at p12/23 (Fig. 6B). The
differences did not appear to be due to differences in H3K4me3, as
levels of this mark were similar for the three substrates (Fig. 6D).
We also noted that at almost all time points, RAG2 showed little or
no decrease in binding at p12/12 and p23/23 versus p12/23 (Fig.
6C). We conclude that the 12/23RSS pair is more efficient in re-
cruiting RAG1 than are the symmetrical pairs.

FIG 5 A pair of RSSs improves RAG recruitment efficiency. (A) The p12/23 retroviral recombination substrate. The 5= and 3= long terminal repeats (LTR), the
mouse CD90 gene encoding Thy1.1 that lies in the opposite transcriptional orientation, the human CD4 (hCD4) gene, the internal ribosome entry site (IRES),
and the 12RSS (12) and the 23RSS (23) are indicated (25). (B) Simplified schematic of p12/23 and its variants pNone (lacking the 12RSS and 23RSS), p12 (lacking
the 23RSS), and p23 (lacking the 12RSS). Primer pairs 12a (gray underlining) and 23d (black underlining) span the locations of the 12RSS and 23RSS, respectively
(25). (C and D) Binding of RAG1 (C) and RAG2 (D) in the D345 cell line over a 48-h time course of STI induction at the 12RSS and 23RSS sites was assessed by
ChIP-qPCR. Insets show the RAG1 data for the 12RSS site of p12 and the 23RSS site of p23, presented with the same y axis scale as that for J� gene segments in
Fig. 3B. (E) H3K4me3 levels at each RSS site for each substrate. Bars and dot plots indicate the means of data from �3 independent experiments, and error bars
represent the standard errors of the means.
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RAG1 recruitment is mediated primarily by the nonamer.
The crystal structure of the RAG1 nonamer binding domain
(NBD) illuminated three residues (R391, R393, and R402) that
make particularly critical contacts with the nonamer (39). Muta-
tion of these residues in the context of D708A RAG1 dramatically
reduced its recruitment to p12/23 (25), indicating the importance
of nonamer contact for RAG1 binding. In addition, surface plas-
mon resonance (40) and in vivo one-hybrid (41) experiments

showed that mutations in the nonamer reduced RAG1 binding,
while mutations in the heptamer had little effect. The importance
of the nonamer for RAG binding was also observed in subsequent
biochemical studies (20). Here, we wanted to confirm that the
RAG1 binding that we detected was strongly dependent on the
nonamer and also test the contribution of the heptamer.

To investigate this, we designed substrates containing a con-
sensus 23RSS paired with a 12RSS containing either a scrambled
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heptamer (p12ScrH/23) or a scrambled nonamer (p12ScrN/23)
(Fig. 7A). RAG1 binding at both 12- and 23RSS sites of p12ScrH/23
was consistently reduced at the 6- and 24-h induction time points
relative to that for p12/23 (Fig. 7B), suggesting a small but detect-

able role for the heptamer in RAG1 recruitment efficiency. In
contrast, RAG1 binding was strongly reduced at both RSS sites of
p12ScrN/23 (Fig. 7C), yielding results similar to those seen with
substrates containing only a single RSS (Fig. 5C). This finding
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FIG 7 RAG1 recruitment is mediated primarily by the nonamer. (A) Simplified schematics of p12/23 and its variants pScrH/23, pScrN/23, and p(CA)38/23. (B)
Alignment of the CA repeat with a consensus 12RSS. Residues in the CA repeat that match those in the consensus are underlined. (C and D) Binding of RAG1
(C) and RAG2 (D), presented as described in the legend to Fig. 6B and C. Bars for pScrH/23, pScrN/23, and p(CA)38/23 indicate the means of data from 3
independent experiments, and error bars represent the standard errors of the means. (E) H3K4me3 levels at each RSS site for each substrate. Plots for pScrH/23,
pScrN/23, and p(CA)38/23 indicate the means of data from 2 independent experiments, and error bars represent the standard errors of the means. The RAG1,
RAG2, and H3K4me3 data for p12/23 are shown for comparison and are the same as those shown in Fig. 5.
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supports a critical role for the nonamer both in the direct recruit-
ment of RAG1 and in facilitating RAG1 recruitment to a partner
RSS and argues that an isolated heptamer makes a minor contri-
bution. RAG2 binding was not as sensitive to heptamer or nona-
mer mutation as was RAG1 binding, although there was a clear
trend toward weaker RAG2 binding at both RSS sites with the
scrambled nonamer substrate (Fig. 7C).

Finally, we designed an additional substrate with a consensus
23RSS paired with a cryptic RSS (cRSS) comprised of a CA dinu-
cleotide repeated 38 times [p(CA)38/23] (Fig. 7A). Many thou-
sands of CA repeats are found in the mouse and human genomes,
and they can behave as cRSSs that produce aberrant recombina-
tion products at off-target sites (42, 43). Additionally, CA repeats
recapitulate the invariant first 3 bp of the heptamer that are abso-
lutely required for cleavage. The CACA sequence of the heptamer
is conserved between the synthetic CA repeat and the consensus
12RSS, while the A tract of the nonamer, which is important for
initial RAG binding, is interrupted in two positions (Fig. 7B).
Little RAG1 binding was detected with p(CA)38/23 at either RSS
site (Fig. 7C), consistent with the poor nonamer sequence of the
CA repeat. Indeed, the data for p(CA)38/23 for both RAG1 and
RAG2 binding were similar to those for p12ScrN/23 (Fig. 7C and
D), suggesting that a CA repeat behaves much like a heptamer in
regard to RAG recruitment. H3K4me3 levels were roughly similar
for the four substrates and did not correlate in any obvious way
with levels of RAG binding (Fig. 7E). Together, these data suggest
that a nonamer has substantial potential to facilitate RAG recruit-
ment and that the thousands of CA repeats in the vertebrate ge-
nome are unlikely to be strong sites of RAG recruitment.

DISCUSSION

Our previous study (25) showed that RAG binding is associated
with recombination centers: regions enriched with germ line tran-
scription, histone modifications, and highly accessible RSSs.
However, that analysis was limited, as the primary lymphocyte
populations could not capture the kinetics of the RAG-chromatin
interactions. To address this, here we used an inducible RAG ex-
pression system combined with ChIP to measure the initial bind-
ing dynamics of the accumulated proteins. Our data indicate that
(i) the presence of RAG2 does not increase the efficiency and ra-
pidity of RAG1 binding during the 48 h of the assay, (ii) the most
efficient RAG recruitment occurs at a substrate with more than
one RSS, specifically a 12/23RSS pair, and (iii) efficient RAG1
recruitment at a 12/23RSS pair is strongly dependent on the no-
namer and less so on the heptamer.

Kinetic analysis of RAG cross talk. Our previous study (25)
showed that each RAG protein can bind with roughly equal effi-
ciency to recombination centers (with the exception of the Igh
locus) in the presence or absence of the other protein. Here, we
examined whether the RAG proteins could increase one another’s
accumulation at the J� recombination center (Fig. 3B and C) and
at non-antigen-receptor genes (Fig. 4A and B), perhaps due to
their ability to interact with each other. The data did not provide
clear evidence of cooperation between the RAG proteins in their
initial recruitment over a 48-h time period. RAG1 ChIP signals in
the presence and in the absence of RAG2 were similar, as were
H3K4me3 signals, except at the Pou2af1 and 
-actin promoters,
where the higher H3K4me3 levels in D345 cells than in R2�/� cells
might have been expected to favor RAG recruitment in the for-
mer. For RAG2, recruitment was similar in the presence and in the

absence of RAG1, but the interpretation of this finding for the J�
gene segments was obscured by the higher levels of H3K4me3 seen
in R1�/� than in D345 cells (Fig. 3D).

Our failure to detect cooperation between the RAG proteins in
initial binding at J�, while largely consistent with data from our
previous ChIP-qPCR study (25), was notable in light of a recent in
vitro kinetic analysis of RAG-mediated DNA cleavage, which pre-
dicted cooperation between RAG1 and RAG2 by virtue of their
ability to recognize the RSS (RAG1) and H3K4me3 (RAG2) (44).
This discrepancy might relate to differences in interactions with
naked DNA in vitro and with chromatin in vivo as well as the need
for RAG1 and RAG2 to associate with one another at their rela-
tively low concentrations in vivo (45). This might be relevant for
analyses of initial binding using an inducible expression system (as
in this study), given that individually expressed RAG1 core and
RAG2 core proteins interact with only a modest affinity, with a KD

(equilibrium dissociation constant) value of �0.4 �M (45). We
also note that our recent ChIP-seq analysis using mouse thymo-
cytes revealed that RAG1 binding was reduced in intensity and less
well focused at regions of high H3K4me3 levels in the absence of
RAG2 than in its presence (38). These results (which represent a
steady-state analysis) are more in keeping with the models derived
from in vitro kinetic studies (44). This finding and our previous
finding that RAG1 binding at the Igh recombination center was
strongly dependent on RAG2 (25) suggest that there are circum-
stances under which RAG2 can enhance RAG1 binding.

Perhaps also relevant to the interpretation of RAG1 binding
patterns is the finding that RAG1 can interact with histone 3 (46,
47). This emphasizes the point that our ChIP assay does not dis-
tinguish between interactions of the RAG proteins directly with
DNA and interactions with the protein components of chromatin.

We note that an interpretation of the data reported here and in
our previous study relies on the assumption, as yet unproven, that
the RAG proteins do not influence one another’s ability to be
cross-linked to chromatin during the ChIP procedure. Also of
note are the temporal limitations of our inducible system; we mea-
sured binding on a time scale of hours and hence did not address
very early binding events, which would likely have been below the
detection limits of the ChIP assay. Furthermore, our assay mea-
sures protein occupancy but not the underlying on and off rates. A
technique that provides high temporal resolution, such as a mod-
ified ChIP assay that relies on short formaldehyde cross-linking
incubation times (48) or single-molecule imaging (49), would be
necessary to dissect such features of RAG binding.

RSS cooperation in RAG recruitment. Our previous study
(25) defined recombination centers as 2- to 10-kb regions con-
taining multiple J gene segments (and, in some cases, nearby D
gene segments) and their respective RSSs but did not identify the
minimum number of RSSs in these regions needed for RAG re-
cruitment. Here, we demonstrate a clear hierarchy for RAG1
binding: it is weakest at sites lacking an RSS, increases at an iso-
lated RSS, increases again if two similar RSSs (12/12- or 23/23RSS)
are present, and is strongest with a 12/23RSS pair. We consider
each of these situations in turn.

RAG1 binding was detected at the Pou2af1 promoter (Fig. 4A),
which lacks strong RSS sequences, and appeared to be detected at
later induction time points for substrate sites lacking RSSs
(pNone, the 23RSS site of p12, and the 12RSS site of p23) (Fig.
5C). This finding is consistent with our recent RAG1 ChIP-seq
data that revealed the binding of RAG1 at a wide range of intensi-
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ties to thousands of active promoters in developing B and T cells
(38). We conclude that RAG1 binding is not limited to regions
containing RSSs, in contrast to the conclusions of our previous
study (25), and that the association of RAG1 with chromatin
might be mediated by various types of interactions, including se-
quence-specific and nonspecific DNA binding and interactions
with nucleosomes. Isolated heptamer-like and nonamer-like se-
quences are abundant in the genome, and multiple such sequences
are present in the vicinity of the Pou2af1 and 
-actin ChIP-qPCR
amplicons. Our data reported here as well as our finding that
high-scoring nonamer sequences are more prevalent than ex-
pected by chance at RAG1 binding sites genome wide (38) suggest
that isolated nonamers might contribute to RAG1 binding at lo-
cations lacking discernible RSSs.

A single RSS provides a modest increase in binding over no
RSS, but ChIP signals now resemble those seen at J� segments.
V(D)J recombination is thought to be initiated when the RAG
complex binds one RSS, so detection of binding to an isolated RSS
would be expected, particularly in a region with high H3K4me3
levels (44). Interestingly, the addition of a second, similar RSS
�660 bp away increased RAG1 ChIP signals both at the site of the
added RSS and at the original RSS (compare data for p12/12 and
p23/23 in Fig. 6B to those for p12 and p23 in Fig. 5C). Since DNA
was sheared to an average size of 300 to 500 bp by the ChIP pro-
cedure, it seems unlikely that RAG1 bound at one RSS contributed
substantially to the signal detected at the other RSS. Hence, we
consider the possibility that having two binding sites in close
proximity increases the local concentration of RAG, thereby in-
creasing binding to both RSSs. Such a phenomenon could be im-
portant for RAG recruitment to recombination centers, particu-
larly such as those at Tcr� and Ig�, which contain only 12RSSs and
only 23RSSs, respectively.

Intriguingly, RAG1 binding was considerably stronger with a
12/23RSS pair than with a 12/12- or 23/23RSS pair (Fig. 6B). This
finding cannot readily be explained by the 12- and 23RSSs acting
completely independently of one another or by differences in lev-
els of the substrate H3K4me3 (Fig. 6D). Instead, it argues for a
form of cooperation in RAG1 recruitment that is specific for a
12/23RSS pair. An appealing mechanism for this is the formation
of the synaptic, or paired, complex, which has been shown in
biochemical experiments with truncated RAG proteins to be more
efficient with an asymmetric 12/23RSS pair than with a symmetric
12/12- or 23/23RSS pair (21, 22, 50). While we do not have direct
evidence for paired complex formation, the RSSs in our substrate
support efficient recombination (30) and are separated by a dis-
tance similar to that found between certain D and J gene segments
in the Igh and Tcr� loci that recombine efficiently with one an-
other. If 12/23RSS synapsis is the explanation for our findings,
then it can be detected in vivo with full-length RAG proteins and in
the absence of RSS nicking, since the D345 cell line expresses a
catalytic mutant RAG1 protein. Such a mechanism could operate
to enhance RAG recruitment to recombination centers that con-
tain both types of RSS (e.g., Igh and Tcr�) and conceivably also to
those that contain only one type of RSS (e.g., Tcr� and Ig�), since
the J RSSs in the recombination center might interact with V RSSs
outside the recombination center. Superimposed on such RSS-
driven mechanisms in some antigen receptor loci are transcrip-
tion factor-mediated mechanisms for targeting RAG1 to specific
gene segments: c-Fos at the D�1 23RSS (51) and RUNX1 at the
human D2 23RSS (52).

RAG2 binding to our recombination substrates paralleled that
of RAG1 to some extent, with binding being strongest for sub-
strates with 2 RSSs and weakest for pNone and with the single-RSS
substrates exhibiting intermediate ChIP signals (Fig. 5D and 6C).
However, a clear preference for p12/23 over p12/12 or p23/23 was
not observed. The data are in agreement with those from our
previous study that found poor RAG2 recruitment to pNone after
20 h of induction (25). These results are striking given that in
primary thymocytes and pre-B cells, the pattern of RAG2 binding
closely mirrors the pattern of H3K4me3 (25, 38), and H3K4me3
levels were high with all of the substrates. Our results are not
compatible with a model in which initial RAG2 recruitment is
driven solely by levels of H3K4me3. Instead, we consider the pos-
sibility that RAG2 recruitment during the first 24 to 48 h after
induction, while dependent on H3K4me3, is enhanced by inter-
actions with locally recruited RAG1. In contrast, in many primary
lymphocytes, RAG2 has an opportunity to redistribute in a man-
ner driven largely by H3K4me3.

Heptamer and nonamer contributions to RAG recruitment.
We showed previously that the nonamer binding domain of
RAG1 was required for its binding to p12/23 (25), and this finding
together with extensive biochemical data support the model that
RAG1 recognition of the nonamer plays a critical role in stable RSS
binding (53). Here, we showed that scrambling of the nonamer of
a 12RSS paired with a 23RSS strongly reduced RAG1 binding,
indicating that the nonamer is critical for the initial recruitment of
RAG1 (Fig. 7C). RAG1 binding was depleted not only at the mu-
tant 12RSS but also at the WT 23RSS, thus mimicking a single-RSS
scenario. These results are consistent with the “nonamer first”
model (24), in which RAG1 initially interacts with the nonamer
and then, together with RAG2 and potentially other factors (such
as RUNX1 at the human D2 23RSS), binds to the coding/hep-
tamer junction (51, 52). RAG2 stabilizes RAG1 binding by extend-
ing occupancy to the heptamer (54), so it was possible that scram-
bling of the heptamer would destabilize the complex. We observed
that the loss of the heptamer had little effect on RAG2 binding and
reduced RAG1 binding somewhat, yielding signals like those of
p12/12 and p23/23 (Fig. 7C and D). This drop in RAG1 binding is
plausibly due to a loss of the potential for 12/23RSS cooperation,
which should be critically dependent on the heptamer (and
RAG2) to read out the spacer length. This provides further (indi-
rect) evidence for a role of 12/23RSS synapsis in mediating RAG
recruitment.

RAG1 and RAG2 binding at p(CA)38/23 was detected (partic-
ularly after 24 h of induction) but was substantially reduced rela-
tive to that at p12/23. Binding at both the CA repeat and the
accompanying intact 23RSS closely resembled that of pScrN/23
(Fig. 7C and D). This can be understood in light of the fact that CA
repeats recapitulate the vital first 4 bp of the heptamer but inter-
rupt the A5 portion of the nonamer in two locations, which should
cripple nonamer function. An imperfect CA repeat in mouse
Bcl11b functions as a cRSS and mediates an �65-kb internal de-
letion of the second and third exons of the gene. These events are
readily detected in normal mouse thymocytes and contribute to
the development of T cell lymphomas (55). Our data showing
low-level RAG binding at p(CA)38/23 help explain the low level of
activity detected for a CA repeat in a plasmid-based V(D)J recom-
bination assay (42) and the ability of such repeats to contribute to
RAG-mediated genome instability.

Our study characterizes basic parameters of the initial recruit-
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ment of RAG1 and RAG2 to chromatin. We identified features of
the DNA substrate important for efficient RAG recruitment and
obtained evidence consistent with known RSS communication
and in accordance with the 12/23 rule. Most of the experiments
were performed with consensus RSSs, which can behave differ-
ently from the endogenous ones; hence, there is likely more to be
learned about the interactions that drive RAG binding in vivo.
These findings have implications for the regulation of the target-
ing and mistargeting of RAG proteins to the genome.
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