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At the Tcrb locus, V�-to-J� rearrangement is permitted by the 12/23 rule but is not observed in vivo, a restriction termed the
“beyond 12/23” rule (B12/23 rule). Previous work showed that V� recombination signal sequences (RSSs) do not recombine
with J� RSSs because J� RSSs are crippled for either nicking or synapsis. This result raised the following question: how can crip-
pled J� RSSs recombine with D� RSSs? We report here that the nicking of some J� RSSs can be substantially stimulated by syn-
apsis with a 3=D�1 partner RSS. This result helps to reconcile disagreement in the field regarding the impact of synapsis on nick-
ing. Furthermore, our data allow for the classification of Tcrb RSSs into two major categories: those that nick quickly and those
that nick slowly in the absence of a partner. Slow-nicking RSSs can be stimulated to nick more efficiently upon synapsis with an
appropriate B12/23 partner, and our data unexpectedly suggest that fast-nicking RSSs can be inhibited for nicking upon synapsis
with an inappropriate partner. These observations indicate that the RAG proteins exert fine control over every step of V(D)J
cleavage and support the hypothesis that initial RAG binding can occur on RSSs with either 12- or 23-bp spacers (12- or 23-RSSs,
respectively).

The first step in the assembly and diversification of antigen re-
ceptor genes is V(D)J recombination, a site-specific recombi-

nation reaction that joins variable (V), diversity (D), and joining
(J) coding segments at immunoglobulin and T-cell receptor
(TCR) loci. During B- and T-cell development, the recombina-
tion-activating gene 1 and 2 proteins (RAG1/2) initiate V(D)J
recombination (1, 2) at sites specified by recombination signal
sequences (RSSs), which flank each V, D, and J gene segment.

The biochemistry of V(D)J recombination can be divided into
two phases: cleavage and joining (3, 4). The cleavage phase is cat-
alyzed by a recombinase complex comprised of RAG1/2 (collec-
tively, RAG) and the ubiquitous DNA binding/bending protein
HMGB1 or the closely related HMGB2 protein (5). The first step
in the cleavage phase is the binding of the recombinase complex to
one RSS, forming a signal complex (SC). After SC formation, syn-
apsis occurs, in which a partner RSS is captured to form the paired
complex (PC) (6, 7). RAG catalyzes the nicking of DNA at the
heptamer-RSS boundary, giving rise to a free hydroxyl group.
Double-strand breaks are catalyzed in the PC via a transesterifica-
tion reaction whereby the free hydroxyl created by nicking directly
attacks the opposite strand (8). These four ends created by cleav-
age are resolved in the joining phase by the proteins of the non-
homologous end-joining (NHEJ) repair pathway to form a precise
signal joint containing the RSSs and an imprecise coding joint
containing the antigen receptor gene segments (reviewed in refer-
ence 9).

Each RSS is comprised of three sequence elements: a relatively
well-conserved heptamer (consensus CACAGTG) and nonamer
(consensus ACAAAAACC) and a less well-conserved spacer of
either 12 or 23 bp (12-RSS and 23-RSS, respectively) (10). Recom-
bination occurs only between gene segments where one segment is
flanked by a 12-RSS and the other is flanked by a 23-RSS, a restric-
tion known as the 12/23 rule. While the mechanisms underlying
the 12/23 rule are poorly understood, the rule is enforced during
the synapsis and hairpin formation steps (5, 6, 11, 12). Gel shift
experiments performed by Jones and Gellert (6) showed that the

preference for 12/23 synapsis was stronger if the RAG proteins
were incubated first with the 12-RSS than if they first saw the
23-RSS. As a result, a capture model for RAG binding was pro-
posed, stating that RAG initially binds to a 12-RSS and then cap-
tures a 23-RSS to form the PC. This model was supported by an in
vivo analysis of patterns of RAG-mediated RSS nicking (13), but
subsequent in vivo nicking and binding experiments argued that
initial RAG binding can occur on either 12- or 23-RSSs (14, 15).

At the Tcrb locus (Fig. 1A), V� segments are flanked by 23-
RSSs, and J� segments are flanked by 12-RSSs. The 12/23 rule
would predict the occurrence of V�-J� recombination, but this is
not seen in vivo (16, 17). This represents a restriction beyond the
12/23 rule (here, simplified to the “beyond 12/23” rule, or B12/23
rule) and suggests the existence of mechanisms that prohibit di-
rect V�-to-J� rearrangement. Experiments using transgenic Tcrb
miniloci or altered Tcrb knock-ins showed that this restriction is
mediated by the Tcrb RSSs (18, 19). For example, mice homozy-
gous for a knocked-in Tcrb allele where the 5=D�1 12-RSS was
replaced by that of J�1.2 exhibited a drastic block in thymocyte
development, consistent with an inability to assemble complete
TCR� polypeptides. T-cell hybridomas made from heterozygous
littermates revealed that these alleles perform D�-to-J� recombi-
nation but failed to perform V�-to-DJ� rearrangement (18). Ad-
ditional experiments showed that V� 23-RSSs can efficiently re-
combine only with 5=D� 12-RSSs and were almost entirely unable
to recombine with J� 12-RSSs even when the D� RSSs were de-
leted from the locus (18, 20, 21).
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Extrachromosomal recombination substrates containing Tcrb
RSSs exhibit B12/23-restricted rearrangement in nonlymphoid
cell lines expressing the RAG proteins (21, 22), and the core RAG
proteins and HMGB1 together recapitulate B12/23-regulated
cleavage in vitro on short oligonucleotide substrates as well as on
longer substrates containing RSSs in cis (21, 23, 24). Therefore,
RAG1 and RAG2 are the only lymphoid-specific factors required
for B12/23 regulation.

The mechanisms underlying the B12/23 rule are not yet clear.
Preferential RAG binding to D� 12-RSSs over binding to J� 12-
RSSs would explain why V� recombines only with DJ�, but no
such preferential binding is observed by electrophoretic mobility
shift assay (EMSA) (23, 24) or by chromatin immunoprecipita-
tion (15). An alternative explanation is suggested by biochemical
experiments from our group that showed that some J� RSSs nick
poorly in the SC while others synapse inefficiently with the V�14
RSS (23). In contrast, the 5=D�1 12-RSS was found to support
efficient nicking and synapsis with V�14. This study concluded
that the J� 12-RSSs are functionally crippled for recombination
compared to the 5=D� 12-RSSs, thereby explaining preferential
recombination of V� RSSs to 5=D� RSSs. These results raise the
following question: if J� RSSs are defective, how can D�-to-J�
recombination occur efficiently?

One particular result from this previous study was suggestive:
nicking of J�2.5 was almost undetectable in biochemical assays
(23), and yet this J segment is one of the most frequently used in
the mature TCR� repertoire (25, 26). Because nicking is an abso-
lute prerequisite for hairpinning and inclusion in a final variable
region exon, this suggested that nicking can be stimulated by syn-
apsis. Therefore, we hypothesized that, compared to the SC, RAG-
mediated nicking can be stimulated in physiologically appropriate
PCs (e.g., a D�-J� PC or a V�-D� PC) and not in inappropriate

PCs (e.g., a V�-J� PC). Such stimulation would allow the other-
wise crippled J� segments to recombine efficiently with D� seg-
ments. This hypothesis regarding Tcrb RSSs contrasts with a pre-
vious study (27) showing that nicking of consensus RSSs was not
affected by synapsis.

We report here that the nicking of some RSSs can indeed be
stimulated by synapsis with an appropriate partner RSS. More-
over, our data allow for the stratification of Tcrb RSSs into two
categories: RSSs that nick slowly in the SC and RSSs that nick
quickly in the SC. RSSs in the two categories display distinct nick-
ing behaviors in the PC: slow-nicking RSSs are stimulated to nick
more efficiently in appropriate PCs and inhibited or weakly stim-
ulated in inappropriate PCs; fast-nicking RSSs appear to be
strongly inhibited for nicking in inappropriate PCs, and their
nicking can be stimulated, inhibited, or remain unaffected in ap-
propriate PCs. Additionally, our data reveal an unexpected exam-
ple of highly efficient nicking and synapsis followed by poor
hairpinning, suggesting an additional level of regulation for RAG-
mediated cleavage.

(This research was conducted by Joydeep K. Banerjee in partial
fulfillment of the requirements for a Ph.D. from Yale University,
New Haven, CT.)

MATERIALS AND METHODS
Expression and purification of coexpressed MBP-RAG1c and MBP-
RAG2c. Mammalian expression vectors cMR1 and cMR2 (kindly pro-
vided by Patrick Swanson) express amino acids (aa) 384 to 1040 of RAG1
and aa 1 to 387 of murine RAG2, respectively, each fused at its N terminus
to maltose binding protein (MBP). Transfection and purification were
performed similarly to Swanson’s published protocol (28) but at larger
scale and with a batch-binding/column-wash-and-elution format. For
each batch of protein, 42 10-cm plates of 293T cells were each transfected
with 25 �g of each plasmid by the calcium phosphate method. Cell pellets

FIG 1 Tcrb locus. (A) The general structure of the Tcrb locus is depicted schematically and not to scale; rectangles represent gene segments, an oval represents
the E� enhancer, shaded triangles represent 23-RSSs, and dotted triangles represent 12-RSSs. (B) Alignment of coding flank, heptamer, spacer, and nonamer
sequences of the RSSs discussed in the text. For each RSS, any differences from consensus are underlined. Table 1 gives the full sequence of each oligonucleotide
used. GenBank gene segment names (http://www.ncbi.nlm.nih.gov/gene/21577) are shown in parentheses for endogenous RSSs.
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were resuspended in buffer A (10 mM NaPO4, pH 7.6, 500 mM NaCl, 1
mM dithiothreitol [DTT], 0.25% Tween 20) containing leupeptin, apro-
tinin, and pepstatin protease inhibitors (Sigma). Cells were lysed by 20
strokes in a Dounce homogenizer, and lysates were clarified by ultracen-
trifugation in an Sw55 Ti rotor (Beckman) at 30,000 rpm for 40 min.
Clarified lysates were loaded onto a 1-ml bed volume of amylose resin
(New England BioLabs) in a 50-ml conical tube and rocked for 1.5 h. The
resin was then packed into a Polyprep chromatography column (Bio-
Rad), and the lysate was allowed to flow through by gravity. The column
was then washed with 5 ml of buffer A, followed by 5 ml of buffer A lacking
Tween. Elution buffer (300 �l; buffer A lacking Tween and supplemented
with 10 mM maltose) was then added to the column to push out some of
the void volume. Protein was eluted with 1 ml of elution buffer and dia-
lyzed against dialysis buffer (25 mM Tris, pH 8.0, 150 mM KCl, 2 mM
DTT, 10% glycerol) for 3 h. Small aliquots were snap-frozen and stored at
�80°C. Protein concentration was determined by SDS-polyacrylamide
gel electrophoresis (PAGE) followed by a SYPRO Orange (Invitrogen)
stain comparison to a bovine serum albumin (BSA) standard curve.

Purification of full-length HMGB1. Full-length human HMGB1
(hHMGB1; aa 1 to 215) with an N-terminal 6�His tag was purified ac-
cording to a previously published protocol (28) with some modifications.
Four liters of HU� bacteria containing the pET11d-hHMGB1 plasmid
was shaken at 37°C to an optical density at 600 nm (OD600) of 0.6 to 0.7
and induced to express protein by the addition of 245 mg of isopropyl-�-
D-thiogalactopyranoside (IPTG). Bacteria were then shaken overnight at
25°C and harvested in the morning.

Bacterial pellets were resuspended in binding buffer (40 mM Tris-Cl,
pH 8.0, 500 mM KCl, 20 mM imidazole) supplemented with DNase I
(Sigma) and protease inhibitors (Sigma). Cells were lysed by sonication
and clarified by centrifugation in a JA-17 (Beckman) rotor for 45 min at
17,000 rpm. Clarified lysates were loaded onto a 3-ml column of Ni-
nitrilotriacetic acid (Ni-NTA) Superflow resin (New England BioLabs),
washed with 12 ml of binding buffer and 9 ml of Ni-NTA wash buffer (40
mM Tris-Cl, pH 8.0, 65 mM KCl, 50 mM imidazole), and eluted with 24
ml of Ni-NTA elution buffer (Ni-NTA wash buffer containing 500 mM
imidazole).

Ni-NTA eluate was then purified by ion exchange chromatography on
an AKTA fast protein liquid chromatography (FPLC) system (GE Health-
care), first over a HiTrap SP HP 5-ml column. Fractions containing
mostly full-length HMGB1 (as determined by SDS-PAGE and Coomassie
staining) were purified over a HiTrap Q HP 1-ml column. Fractions con-
taining only full-length HMGB1 were pooled and centrifugally concen-
trated in an Amicon Ultra concentrator (Millipore) and dialyzed over-
night against dialysis buffer. Aliquots were snap-frozen the next morning
and stored at �80°C. Protein was quantitated by SDS-PAGE and a Coo-
massie stain comparison to a BSA standard curve.

DNA substrate design. DNA substrates were designed to match the
strategy used by Drejer-Teel et al. (23). These substrates are shown in

Fig. 1B and Table 1. We discovered that some of the sequences published
in the work by Drejer-Teel et al. (23) differed slightly from those con-
tained in GenBank. All experiments described here use the GenBank se-
quences. Oligonucleotides were designed with a coding flank of 16 nucle-
otides (nt); the 10 nt immediately adjacent to the heptamer were the same
sequence as the endogenous gene segment, and the remaining 6 nt were
the same in every RSS substrate. In addition, 15 nt of non-RSS sequence
were appended to each substrate after the nonamer. Nonspecific se-
quences (ns3-12 and ns3-23) were taken from pJHSASNXB (21) by
choosing regions of DNA that did not contain any sequence resembling an
RSS heptamer or nonamer.

Purification and labeling of oligonucleotide DNA substrates. Oligo-
nucleotides with the sequences shown in Table 1 were ordered PAGE
purified from Integrated DNA Technologies. Reverse-complement oligo-
nucleotides for each RSS were ordered with either 5= biotin or 5= C6-
amino modifications and high-performance liquid chromatography
(HPLC) purification or with no modification and PAGE purification.
Lyophilized pellets were resuspended to 50 �M in TE buffer (10 mM Tris,
pH 8, 1 mM EDTA). For substrates with no modification and for sub-
strates with 5= biotin modifications, top and bottom strands were mixed
in equimolar concentrations, boiled for 5 min, and slowly cooled for 3 h.
Bottom-strand stocks with 5= C6-amino modifications were phosphory-
lated using T4 polynucleotide kinase (New England BioLabs) to ensure
that any truncation impurities had a 5= phosphoryl group, and excess ATP
was removed by two passages through fresh G-50 gel filtration columns
(GE Healthcare). Bottom strands thus treated were mixed with top
strands in equimolar concentrations, boiled for 5 min, and slowly cooled
for 3 h. Substrates with no modifications were not subjected to any further
purification.

After slow annealing, all modified substrates were run on a 2.5-mm-
thick 10% polyacrylamide gel (19:1) cast in Tris-borate-EDTA (TBE) us-
ing a Protean II xi electrophoresis system (Bio-Rad), and a guide lane was
visualized by SYBR green I (Invitrogen). Excised bands were placed in
1.5-ml Eppendorf tubes and incubated in 550 �l of buffer EB (10 mM
Tris, pH 8) at 37°C with shaking overnight. The next morning, the super-
natant was removed, and 1.5 �l of 20 mg/ml glycogen, 150 �l of 3 M
sodium acetate (NaOAc), pH 5, and 850 �l of 100% ethanol (EtOH) were
added. The mixture was mixed well and placed at �80°C for several hours
until frozen. The DNA was then pelleted, washed with 70% EtOH, and
resuspended in 50 �l of TE buffer (10 mM Tris, pH 8, 1 mM EDTA). The
concentration of this working stock was quantitated by NanoDrop
(Thermo Scientific).

Substrates with bottom strands containing 5=C6-amino modifications
were radiolabeled by T4 polynucleotide kinase and [�32P]ATP (Perkin-
Elmer), heat inactivated at 65°C for 20 min, passed through a G-50 gel
filtration column, boiled for 5 min, and slowly cooled for 3 h to ensure
proper annealing. Radiolabeled substrates were quantitated by a SYBR

TABLE 1 Complete sequences of oligonucleotides used in this study

Oligonucleotide Top-strand sequence (5=¡3=)
12RSS GATCTGGCCTGGTCTGCACAGTGATACAGCCCTTAACAAAAACCTGCACTCGAGCGGAG
5=D�1 GATCTGCCCCTGTCCCCACAATGTTACAGCTTTATACAAAAAAGTGCACTCGAGCGGAG
J�2.5 GATCTGTGTCTTGGTTCACAGCCCCAGAACCCAACACAAAAACTTGCACTCGAGCGGAG
J�2.7 GATCTGTTCATAGGAGCACAGAGGCTCAACCCCACACACAAACCTGCACTCGAGCGGAG
J�2.7CF GATCTGTTCATAGGAGCACAGCCCCAGGACCCAACACAAAAACTTGCACTCGAGCGGAG
J�1.1 GATCTGTCTGTGTTTGCACAGTGCCATAGGATGAGGAGAAAAATTGCACTCGAGCGGAG
J�1.4 GATCTGTCGTTGGAAACACAACATTAAAGCCTGGTGGTAAAACTTGCACTCGAGCGGAG
ns3-12 TTGTCGCGCCAATCGAGCCATGTCGTCGTCGATCCTCTCATCGATGAGAGGATCGGCTC
23RSS GATCTGGCCTGTCTTACACAGTGATGGAAGCTCAATCTGAACTCTGACAAAAACCTGCACTCGAGCGGAG
3=D�1 GATCTGGACAGGGGGCCACGGTGATTCAATTCTATGGGAAGCCTTTACAAAAACCTGCACTCGAGCGGAG
V�14 GATCTGCCTGGAGTCTCACACTGAGTAGGGTGGGGCAGACATCTGTGCAAAAACCTGCACTCGAGCGGAG
V�2 GATCTGGCAGCCAAGACACAGCCCTGCAGAGCTCTTGCCTCCCTGTACACAAACCTGCACTCGAGCGGAG
ns3-23 CCAAATTGATATAATTAAGCCCCAACCGCCTCTTCCCGCCTCATTTCAGCCTCACCACCATCATGGATAG

Banerjee and Schatz

2568 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


green I stain comparison to a standard curve of a low-molecular-weight
DNA ladder (New England BioLabs).

In-solution cleavage assays. All RAG and HMGB1 preparations were
first tested for maximal activity via diagnostic cleavage reactions accord-
ing to a slight modification to the method of Bergeron et al. (28). Various
concentrations of RAG and HMGB1 protein were incubated together on
ice for 5 min before addition to 5 nM radiolabeled consensus 12-RSS in
Mg2� buffer (25 mM morpholinepropanesulfonic acid [MOPS], pH 7.0,
60 mM potassium glutamate, 100 �g/ml BSA, 1.5 mM MgCl2, 1 mM
DTT) on ice. Reaction mixtures were then incubated on ice for 5 min, and
a consensus 23-RSS was added to a final concentration of 25 nM. The final
volume of these reaction mixtures was 20 �l. Reaction mixtures were
incubated on ice for a further 5 min and placed at 37°C for 60 min.
Reactions were stopped by the addition of 40 �l of loading buffer (95%
formamide, 10 mM EDTA, 0.09% xylene cyanol, 0.09% bromophenol
blue).

Reaction mixtures were boiled for 4 min and placed immediately on
ice for a further 4 min before being loaded onto a 15% (19:1) acryl-
amide–7 M urea denaturing TBE gel in a Bio-Rad Protean II xi system.
Before being loaded, this gel was prewarmed to 45°C by the use of a
recirculating water bath and prerun at 12 W for 30 min. After the loading
step, the gel was run at a constant 12 W for approximately 1.5 h. The gel
apparatus was then disassembled, and the gel was dried and exposed to a
PhosphorImager screen (Molecular Dynamics) overnight. The exposed
screen was imaged by PhosphorImager and quantitated by ImageQuant,
version 5.2, software.

Diagnostic reactions were used to determine the concentration of pro-
tein to use in subsequent reactions. Protein concentrations were chosen
such that at least 50% of 12-RSS substrate was converted into hairpin
product after 60 min. If no such concentration could be found, that batch
of protein was discarded. The concentration of protein used in experi-
mental reaction mixtures thus varied from batch to batch.

The experiments shown in Fig. 2A proceeded very similarly, except
that a single predetermined concentration of protein was used, and the
final reaction volume was 30 �l. This reaction mixture was placed at 37°C,
and 5 �l was removed at the 0-, 5-, 10-, 15-, 30-, and 60-min time points
and stopped by the addition of 10 �l of loading buffer.

To ensure that maximum nicking would be observed at each RSS
tested in the absence of a partner, a single RAG preparation was used in all
RSS-alone time courses at a concentration previously determined to pro-
vide maximum nicking for all J� RSSs tested.

PC-only assays. For each replicate time course experiment, 12 binding
reactions were set up. All binding was done in Ca2� buffer (25 mM MOPS,
pH 7.0, 60 mM potassium acetate, 100 �g/ml BSA, 1.0 mM CaCl2, 1 mM
DTT). Coexpressed MBP-tagged core RAGs were incubated with 50 ng/
reaction HMGB1 for 5 min on ice before being added to tubes containing
5 nM radiolabeled RSS in Ca2� buffer. Reaction mixtures were incubated
for 5 min on ice before being placed at 37°C for 1 min. Reaction mixtures
were removed from heat, and partner RSSs were added to a final concen-
tration of 25 nM, bringing the reaction volume to 20 �l. Three binding
reactions received nonbiotinylated partner, while the other nine received
biotinylated partner. All 12 reaction mixtures were then incubated for 10
min at 37°C. Reaction mixtures were removed from the heat, and every
three reaction volumes were pooled. Ten microliters of the nonbiotiny-
lated reaction mixture was removed and mixed with 20 �l of loading
buffer; this was later loaded on the denaturing gel for input. Ten microli-
ters of Ca2� buffer-equilibrated Dynabead streptavidin magnetic beads
(Invitrogen) was then added to each of the four pooled reaction mixtures,
and reaction mixtures were incubated at 37°C for another 15 min. Bead
binding reaction were mixed by tapping when 11, 8, and 4 min remained
in the incubation.

After 15 min, beads were separated on a magnetic stand, and superna-
tants were discarded. Beads were washed three times with 30 �l of cold
Ca2� buffer, placed on ice, and resuspended in 10 �l of cold Mg2� buffer.
Reaction mixtures were then placed at 30°C to allow cleavage to occur.

Five microliters was removed from reaction mixtures at the desired time
points, the reactions were stopped by the addition of 10 �l loading buffer,
and reaction mixtures were run on denaturing PAGE gels as described
above.

All bands were quantitated using ImageQuant, version 5.2, software,
and any radioactivity observed in nonbiotinylated control lanes was sub-
tracted as background from the bands representing the uncleaved DNA
substrate in lanes containing biotinylated partners. The relative percent-
age of radioactivity in each band was calculated, as well as the percentage
of input radioactivity found in each lane.

RESULTS
In-solution cleavage assays do not reliably report nicking in
some PCs. DNA substrates (Fig. 1B and Table 1) consisted of a
16-bp coding flank, the RSS (or nonspecific control) sequence,
and a 15-bp nonamer flanking sequence (see Materials and Meth-
ods for details). Our initial experiments were in-solution cleavage
assays performed similarly to our previous study (23), with one
notable difference. The previous work used MBP-RAG1c (aa 384
to 1008) from bacteria, glutathione S-transferase (GST)–RAG2c
(aa 1 to 383) from 293T cells, and a truncated form of HMGB2,
whereas here we used a more active coexpressed MBP-RAG1 (aa
384 to 1040) and MBP-RAG2c (aa 1 to 387) preparation with
full-length HMGB1. Some reaction mixtures included an unla-
beled RSS substrate in addition to the radiolabeled RSS being in-
terrogated; the unlabeled substrate was included at a 5-fold molar
excess over the radiolabeled substrate to stimulate synapsis and
coupled cleavage. These reaction mixtures were assembled as de-
scribed in Materials and Methods and incubated at 37°C for a
60-min time course, and the products were separated by denatur-
ing PAGE.

Nicking at the consensus 12-RSS was robust, and the addition
of a partner consensus 23-RSS strongly stimulated hairpin forma-
tion (Fig. 2A, compare lanes 19 to 24 with lanes 25 to 30). Quan-
titation of the consensus 12-RSS time courses showed that the rate
and magnitude of nicking were not changed by the addition of a
partner consensus 23-RSS: in both scenarios, nearly all the radio-
labeled 12-RSS was nicked after 15 min (Fig. 2B). This result
agrees well with previously published data (27).

Experiments using J�2.5 as the radiolabeled substrate revealed
a different pattern of nicking behavior (Fig. 2A, lanes 1 to 18).
Nicking of J�2.5 was slow but was strongly stimulated, in both
initial rate and overall magnitude, by the addition of 3=D�1. This
stimulation was especially apparent at the 10-min time point (Fig.
2B). Because these reactions were performed in the presence of
Mg2�, which supports hairpinning primarily in the PC, the ap-
pearance of hairpins in only the 12/23 context implies that a sig-
nificant amount of synapsis occurred. In contrast, the addition of
V�14 did not appreciably change the initial rate of J�2.5 nicking
though it did somewhat increase the final magnitude of nicking at
60 min (Fig. 2A and B). Some hairpinning of J�2.5 was also ob-
served in the presence of V�14 (Fig. 2A), suggesting that a low
level of cleavage-competent PCs is formed with this pair.

J�2.7 exhibited a novel pattern of nicking in this assay. J�2.7
nicked very quickly in the SC context, with kinetics similar to that
of the consensus 12-RSS (see below; also data not shown). When
partner RSS was added (either 3=D�1 or V�14), the observed rate
and magnitude of nicking dropped considerably (data not
shown). Inhibition by 3=D�1 was surprising, given that this is the
normal partner for J� cleavage. Interpretation of such an inhibi-
tion of nicking is not straightforward due to technical limitations
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FIG 2 Development of a PC-only cleavage assay. (A) In-solution cleavage assays were performed with either 5= top-strand-radiolabeled J�2.5 (J�2.5*) or
radiolabeled consensus 12-RSS (12RSS*) in the presence or absence of the indicated partner oligonucleotide and for the indicated number of minutes. Reaction
products were separated by denaturing PAGE. Uncleaved, hairpinned, and nicked products are indicated schematically and in respective order, top to bottom,
by the symbols shown between lanes 18 and 19. (B) Quantitation of nicking from the experiment shown in panel A. (C) PC-only cleavage assay strategy. One
partner oligonucleotide is biotinylated (Bio) on the 5= end of the bottom strand, while the other is radiolabeled (32P) on the 5= end of the top strand. (D)
Representative experiment used to determine the 3% input threshold. Binding reactions were performed using 5 nM radiolabeled J�2.5 and the indicated
concentration of either biotinylated 3=D�1 (3=D�1bio) or unbiotinylated 3=D�1 (3=D�1). Purification of PCs proceeded as described in Materials and Methods,
and cleavage was allowed to occur for 60 min. Numbers above the bands indicate the percentage of the signal in the lane that is present in each band, and the
bottom numbers indicate the percentage of the input DNA that was captured on the magnetic beads. (E) Quantitation of all PC-only assays on J�2.5*-3=D�1 PCs
(logarithmic x axis). The 3% input threshold is indicated by a dotted line.
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associated with the in-solution cleavage assay. Because an excess of
unlabeled partner is required to stimulate synapsis and coupled
cleavage in this system, an observed decrease in activity at the
radiolabeled RSS could be merely the result of competition for
RAG binding. A similar phenomenon of an apparent decrease in
activity upon addition of excess partner was also observed in our
previous study (23) and by Zhang and Swanson (29). Further-
more, this system does not incisively interrogate the complex most
relevant for this investigation (the PC). In particular, the in-solu-
tion reaction presumably contains three distinct species of pro-
tein-DNA complexes, a 12-SC, a 23-SC, and a 12/23-PC, and nei-
ther the relative amounts of these complexes nor the amount of
nicking derived specifically from the PC can be directly deter-
mined. This suggested the need for a different assay that could
directly interrogate PCs.

Development of a PC-only cleavage assay. Based on previous
studies (23, 30), we developed a biotin pulldown method that
allows the purification of PCs containing any two RSSs and that
can directly assay PC-only cleavage. This technique (diagrammed
in Fig. 2C) involves radiolabeling one RSS and placing a biotin
group on the other. Coexpressed MBP-RAGs and HMGB1 are
incubated first with 5 nM radiolabeled RSS in a buffer containing
CaCl2, allowing binding to occur without any cleavage. A 5-fold
molar excess of biotinylated DNA is then added and allowed to
bind. PCs are purified by pulldown with streptavidin magnetic
beads and then incubated at 30°C in a buffer containing 1.5 mM
MgCl2, allowing cleavage to occur. The reaction products are then
separated by denaturing PAGE.

Because the radioactive label is on one RSS while the biotin
label is on the other, any radioactive DNA that remains on the
beads after washing should be part of a stable PC (after correcting
for background, as described below). The magnitude of synapsis
was measured in each experiment by running an input lane on the
denaturing gel, representing the total radioactivity in the reaction
mixture before the addition of streptavidin beads. The degree of
nonspecific binding to the beads was also measured in each exper-
iment by a control reaction in which the partner RSS was not
biotin tagged; the radioactivity measured in this lane was consid-
ered the nonspecific background and was subtracted from the
measurements derived from other lanes.

When applied to a J�2.5-3=D�1 PC, this method allowed for
the highly specific purification of PCs. When nonbiotinylated
3=D�1 was used in the binding reaction, a very small amount of
radioactive J�2.5 was pulled down, while biotinylated 3=D�1 was
able to pull down at least 24% of input J�2.5 (Fig. 2D, lanes 2 and
3). After 60 min, J�2.5 SCs exhibited �10% nicking, while in a PC
with 3=D�1, J�2.5 nicking increased to 	60% at 60 min (Fig. 2D,
lane 3) and had already exceeded 40% at 10 min (Fig. 3A).

Early optimization experiments revealed a modest correlation
between decreases in the efficiency with which the PC was isolated
and decreases in nicking activity across different RSS pairs (data
not shown). We were concerned that this correlation reflected an
artifact of the in vitro system in which inefficiently purified PCs
exhibit poor nicking activity. To test this possibility, we purified
J�2.5-3=D�1 PCs from binding reactions with various concentra-
tions of 3=D�1 (Fig. 2D and E). If the biotin pulldown assay al-

FIG 3 J�2.5 and 5=D�1 nicking is stimulated by partner substrates. (A) Quantitation of time course experiments on J�2.5. All reactions were repeated three
times. The top graph shows percent hairpinning (HP) over time, while the bottom shows percent nicking over time. The table at the top of the panel provides the
legend for the graphs and includes the mean and standard deviation (SD) of the percentage of input radioactivity recovered for the indicated RSS pair. In these
and all similar plots, each data point represents the mean of three independent values and is plotted with an error bar that represents the standard error of the
mean (SEM). In many cases, the error bar is so small that it is not easily visible. (B) Quantitation of time course experiments on 5=D�1.
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lowed for the unbiased assessment of cleavage potential of both
efficiently and inefficiently synapsing RSS pairs, then the magni-
tude of nicking should remain constant as pulldown efficiency
decreases. Instead, we observed an abrupt drop in the efficiency of
nicking from �70% to �40% as the pulldown efficiency dropped
below 3% (Fig. 2E). We were unable to find conditions that reli-
ably improved the cleavage activity of PCs when they were purified
with pulldown efficiencies below 3%. This is a caveat that must be
considered in interpreting the behavior of RSS pairs that were
recovered below this threshold (see Discussion).

Nicking is stimulated in some appropriate PCs. With radio-
labeled J�2.5 substrate, little nicking was detected after 60 min in
the absence of partner RSS (Fig. 3A, lower graph, black line; an
example of primary data is shown in Fig. 4). Note that reactions in
the absence of partner were by necessity performed in solution,
while other reactions reflect cleavage in purified PCs. Synapsis
occurred efficiently with the appropriate partner RSS, 3=D�1, with
more than 50% of total J�2.5 pulled down (Fig. 3A). J�2.5 was
nicked much more quickly in the J�2.5-3=D�1 PC than in the
J�2.5 SC, showing an �22-fold stimulation at the 10-min time
point (Fig. 3A; data for all substrate pairs is summarized in Fig. 5),
with nearly all nicked products converted to hairpins over the
60-min time course (Fig. 3A, compare lower and upper graphs).
The inappropriate partner RSS V�14 also stimulated J�2.5 nick-
ing, though to a smaller degree than 3=D�1, and V�2 did not affect
nicking at J�2.5 at all (Fig. 3A). However, the extent of nicking in
J�2.5-V� PCs must be interpreted as lower limits because both of
these PCs were purified at efficiencies below the 3% threshold
(Fig. 3A).

We hypothesized that the notably inefficient nicking of J�2.5
in the absence of partner was due to its coding flank sequence

5=-TT-RSS-3=: previous studies using consensus RSSs had demon-
strated that a run of Ts immediately 5= of the heptamer inhibited
V(D)J recombination in vivo (31), even a run as short as two (32),
and that this effect operates specifically at the nicking step (33).
We therefore assayed the nicking of a chimeric substrate, J�2.7CF,
comprised of the J�2.7 coding flank (5=-AG-RSS-3=) and the J�2.5
heptamer, spacer, and nonamer (Fig. 6). In the absence of partner,
J�2.7CF nicked much more efficiently than J�2.5, showing a 17.6-
fold increase in nicking at the 10-min time point. This result con-
firms our previous findings in cleavage reaction mixtures contain-
ing hybrid J�2.5 substrates (23) and shows that J�2.5’s coding
flank is refractory to efficient nicking. Interestingly, replacing
J�2.5’s coding flank with that of J�2.7 increases nicking to nearly
the same magnitude as that seen in a J�2.5-3=D�1 PC (Fig. 3A).
We therefore conclude that the coding flank of J�2.5 restrains its
ability to nick in the SC and that synapsis with 3=D�1 allows RAG
to overcome this restraint.

When 5=D�1 12-RSS substrate was radiolabeled and used in
these assays (Fig. 3B), nicking plateaued at 45% after 60 min.
5=D�1 PCs with a nonspecific partner control DNA were purified
very inefficiently and exhibited the same nicking profiles as 5=D�1
SCs. In contrast, both V�14 and V�2 partner RSSs formed PCs
with 5=D�1 that were purified above the 3% input threshold, with
V�14 synapsing with 5=D�1 more efficiently than V�2 (Fig. 3B).
5=D�1 nicking and hairpinning were significantly stimulated by
V�14 (Fig. 3B and Fig. 5), emphasizing the ability of synapsis with
an appropriate partner to stimulate nicking. Some stimulation
was also seen with the V�2 partner although this did not reach
statistical significance.

Several interesting observations were made when labeled
5=D�1 was paired with biotinylated 3=D�1 (a pairing that could

FIG 4 Representative J�2.5 cleavage gels. Lanes 1 to 6 show a cleavage time course (in-solution reaction) of a radiolabeled (32P) J�2.5 RSS substrate with no
partner RSS, while lanes 8 to 14 show cleavage in purified J�2.5-3=D�1 PCs. Lane 8 shows the nonbiotinylated partner control. Lane 7 shows an input lane,
representing 33% of the total radiolabeled J�2.5 used in binding reactions. Percentages of input radioactivity pulled down (% input), hairpin product (% H), and
nicked product (% N) are indicated.

Banerjee and Schatz

2572 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


not occur in vivo due to the short distance between these RSSs).
First, synapsis between this pair of D� RSSs was extremely effi-
cient, as reflected by pulldown of more than 90% of the 5=D�1
substrate (Fig. 3B). Second, nicking of 5=D�1 in this 5=D�1-
3=D�1 PC was much faster than in the SC, reaching a plateau of
90% after only 5 min. And third, despite this strong nicking and
synapsis phenotype, strikingly little hairpin formation was de-
tected in this PC (Fig. 3B). These results provide further evidence
that nicking at 5=D�1 can be stimulated by synapsis and, together
with data presented below, highlight an intriguing (and to our
knowledge, unprecedented) example in which naturally occurring
RSS substrates synapse and nick extremely efficiently but support
double-strand break formation inefficiently.

The nicking behavior exhibited by J�2.5 and 5=D�1 confirmed
our initial hypothesis that nicking at one RSS can be stimulated by
synapsis with a partner RSS. Furthermore, with the exception of
5=D�1-3=D�1, this stimulation is most apparent with appropriate
RSS pairs, such as J�2.5-3=D�1, and is much less pronounced with
the inappropriate pair J�2.5-V�14.

Nicking can be inhibited in inappropriate PCs. Radiolabeled
J�2.7 (Fig. 7A and 8) nicked quickly and efficiently in the SC, in
contrast to our previous study using less-active RAG proteins
(23). Hairpin formation was significantly stimulated by the ap-

propriate partner 3=D�1, and J�2.7-3=D�1 PCs were purified
above the 3% threshold. Interestingly, V�14 and V�2 partner
RSSs caused an inhibition of nicking of J�2.7 (Fig. 5 and 7A).
However, these inappropriate J�2.7-V� PCs were purified at lev-
els below threshold, making it unclear just how much of this in-
hibition is due to an intrinsic reduction of nicking in these PCs
versus the low efficiency with which these PCs were recovered.

3=D�1 nicking is not affected by synapsis. Radiolabeled
3=D�1 (Fig. 7B) nicked very efficiently in the SC context, at levels
comparable to consensus RSSs (compare Fig. 7B and 2B) and was
the most efficient of the naturally occurring RSS substrates tested.
The initial rate of nicking of 3=D�1 was stimulated to a small but
statistically significant extent by synapsis with RSS partners (Fig.
5), although this might reflect the delay in nicking that could be
expected for an in-solution reaction compared to the biotin pull-
down reaction in which all substrate is bound at the zero time
point (t 
 0). All 3=D�1 PCs were purified well above the 3%
threshold, with the exception of the PC formed with the nonspe-
cific partner ns3-12.

We also analyzed the 3=D�1-5=D�1 PC but now with 3=D�1
labeled. This PC was efficiently purified and displayed very fast
nicking, but hairpinning was remarkably slow and inefficient (Fig.
7B, blue lines). These results closely match those obtained when

FIG 5 Summary of nicking alterations in purified PCs. The percentage of nicking at the 10-min time point for the indicated RSS pairs (n 
 3) was divided by the
average percentage of nicking at the 10-min time point for the indicated radiolabeled RSS in the absence of partner, and the quotient was plotted on the y axis
(logarithmic). Points enclosed in a rectangle indicate an RSS pair that was, on average, purified above the 3% input threshold; one asterisk represents an RSS pair
whose 10-min nicking ratio significantly differed from 1 (P � 0.05), and two asterisks represent a highly significant difference (P � 0.01).
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5=D�1 was labeled (Fig. 3B), and together they demonstrate that
3=D�1 and 5=D�1 form a tight synaptic complex within which
nicking at both RSSs is very efficient but hairpin formation is
largely blocked.

J�1.1 and J�1.4. Radiolabeled J�1.1 (Fig. 9A) exhibited inef-
ficient coupled cleavage, even with the appropriate partner 3=D�1.
J�1.1-3=D�1 PCs were purified just above the 3% threshold, sug-
gesting that these PCs are indeed poor substrates for coupled
cleavage in vitro. These results are unexpected in light of the find-
ing that J�1.1 is one of the most frequently used gene segments in
the final TCR� repertoire (26). J�1.1 nicking appeared to be in-
hibited by synapsis with any of the partner RSSs tested (Fig. 9A)
though initial rates were unchanged by the appropriate partner
3=D�1, and inappropriate J�1.1-V� PCs were purified below
threshold.

Radiolabeled J�1.4 (Fig. 9B) was purified above threshold
when in a PC with 3=D�1, and these PCs supported hairpin for-
mation, though to a lesser extent than most other appropriate
pairs tested. Nicking of J�1.4 was somewhat stimulated by synap-
sis with 3=D�1; this stimulation was seen at early time points but
did not reach statistical significance (Fig. 5). In contrast, synapsis
with V�14 or V�2 did not appreciably change nicking at J�1.4 and
did not stimulate hairpinning though, again, these inappropriate
PCs were purified below threshold.

V�14 exhibits heterogeneous PC nicking behaviors. Radio-
labeled V�14 (Fig. 10A) synapsed well with the appropriate part-
ner 5=D�1, and these PCs supported hairpin formation to levels of
about 30% after 60 min. V�14 nicking was also significantly stim-
ulated by synapsis with 5=D�1 (4.6-fold at 10 min) (Fig. 5 and

FIG 6 In-solution cleavage assay of J�2.5 and J�2.7CF. J�2.7CF is identical in
sequence to J�2.5 except for its coding flank, which has been replaced by that of
J�2.7.

FIG 7 J�2.7 and 3=D�1 PC-only cleavage time courses. Data are presented as described in the legend to Fig. 3A. (A) J�2.7 nicking is inhibited by partner
substrates. (B) 3=D�1 nicking is largely unaffected by partner substrates.
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10A). Hairpinning was also apparently stimulated by J�2.7, but
synapsis was very inefficient with this pair, with an average puri-
fication of only 0.6% of input. This extremely low efficiency of
purification suggests, as we proposed previously (23), that recom-
bination between these two gene segments is restricted largely
through inefficient synapsis. V�14 synapsis with other J� RSSs
either did not change or inhibited V�14 nicking. Two of these
pairs were purified below threshold (V�14-J�1.1 and V�14-
J�1.4) while one pair was purified well above the threshold
(V�14-J�2.5) (Fig. 5 and Fig. 10A). V�14 thus provides an exam-
ple of an RSS for which nicking is stimulated by its appropriate
B12/23 partner and for which cleavage with inappropriate part-
ners is limited by poor synapsis or nicking.

V�2. Lastly, radiolabeled V�2 (Fig. 10B) exhibited very little
hairpinning or nicking activity, whether in an SC or PC. V�2
synapsed with 5=D�1, J�2.5, J�1.1, and J�1.4 with efficiencies
exceeding the 3% threshold, but even in these cases, nicking and
hairpin activity were very low. Hairpin formation activity mea-
sured in the V�2-5=D�1 PC when V�2 was labeled was only 5% at
60 min (Fig. 10B); this modest degree of hairpin formation is
consistent with a recent quantitative determination of prese-
lection V� gene segment usage that showed that V�2 exhibited
a lower recombination frequency than most other V� segments
(34).

Consistency of coupled cleavage. Since hairpin formation is
expected to occur in a coupled manner at the two RSSs in the PC
(33, 35), we expected that the amount of hairpin formation would
be approximately equal regardless of which RSS was labeled. For
the most part, this was the case in PCs involving 3=D�1 and J�
substrates (Fig. 11A). In 3=D�1-J�1.1 PCs, however, more hairpin
formation was detected at 10 min when 3=D�1 was labeled

(11.7%) than when J�1.1 was labeled (6.1%). This might reflect
some uncoupling of hairpin formation at the two RSSs, or it might
reflect the different efficiencies with which the PC was purified,
depending on which RSS was labeled and incubated with RAG
first. With labeled J�1.1, 3.7% was purified in a PC with 3=D�1,
whereas 6.3% of labeled 3=D�1 was purified with J�1.1 (Fig. 11C).
Because the former value is close to the 3% threshold and because
the threshold was not determined precisely for every pair, it is
possible that the activity of the PC containing labeled J�1.1 with
3=D�1 was somewhat inhibited. In 3=D�1-5=D�1 PCs, a statisti-
cally significant increase in hairpin formation was observed when
5=D�1 was labeled (Fig. 11A). However, because the absolute
value of this difference is so small (0.74%), we do not believe that
this represents a physiologically significant phenomenon.

Similarly, in PCs involving V�14, hairpin formation at 10 min
was approximately equal regardless of which RSS was labeled (Fig.
11B). The one exception was the V�14-J�2.7 PC, where more
hairpin formation was detected when V�14 was labeled (25%)
than when J�2.7 was labeled (12%). We note, however, that the
pulldown efficiencies of these PCs were quite low (0.6% and 1.1%)
(Fig. 11D), which suggests that the cleavage data for this pair
might not be reliable.

RSS binding order can affect synapsis efficiency. As described
in Materials and Methods, binding reactions for the PC-only assay
were performed by allowing RAG to bind the labeled RSS for 1
min prior to the addition of partner RSS. We observed that the
binding order affected the efficiency of pulldown of several PCs.
For example, when RAG was allowed to bind 3=D�1 before J�2.7,
PCs were purified at an efficiency of 14%, but when RAG bound
J�2.7 before 3=D�1, the efficiency of pulldown dropped to 6%
(Fig. 11C). Similar asymmetries were observed with 5=D�1-

FIG 8 Representative J�2.7 cleavage gels. Lanes 1 to 6 show a cleavage time course of a radiolabeled J�2.7 RSS substrate with no partner RSS, while lanes 8 to 14
show cleavage in purified J�2.7-V�14 PCs. Lane 8 shows the nonbiotinylated partner control. Lane 7 shows an input lane, representing 33% of the total
radiolabeled J�2.7 used in binding reactions. Percentages of input radioactivity pulled down (% input), hairpin product (% H), and nicked product (% N) are
indicated.
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3=D�1 PCs (Fig. 11C) and with V�14-J� PCs (Fig. 11D). In some
cases, more efficient pulldown was seen when the 23-RSS was
labeled, while in other cases, more efficient pulldown was seen
when the 12-RSS was labeled. These data support the hypothesis
that initial RAG binding in vivo can occur on either 12- or 23-RSSs
(14, 36) and not only on 12-RSSs as previously suggested (6, 13).

DISCUSSION

Our previous study (23) showed that V�-5=D� recombination is
preferred over V�-J� recombination in part because the J� RSSs
are crippled for nicking and synapsis. Because J�2.5 is found in the
TCR� repertoire (26) yet nicks so inefficiently, it seemed plausible
that nicking could be stimulated by synapsis with appropriate
partner RSSs. We tested this hypothesis with a PC-only cleavage
assay that allowed us to simultaneously measure the synapsis and
nicking of substrates containing naturally occurring RSSs; to our
knowledge, these experiments represent the first biochemical
analysis of RAG activity on naturally occurring RSSs specifically
within a PC. Our data support the hypothesis and also suggest that
the nicking of some Tcrb RSSs can be inhibited by synapsis. These
conclusions in turn suggest that the B12/23 rule is enforced in part
by dynamic RAG-RSS interactions that promote D�-J� and V�-
DJ� recombination through efficient nicking within appropriate
PCs and inefficient nicking within inappropriate PCs.

Technical considerations. The standard in-solution cleavage
assay has technical limitations that make it difficult to interpret
apparent inhibition of nicking by partner RSSs. To overcome this,
we used a biotin pulldown method to purify and interrogate ac-
tivity specifically within PCs. An alternative approach would have
been the gel shift/in-gel cleavage method developed by Bergeron

et al. (28), which has the advantage of ensuring that the protein-
DNA complex(es) being interrogated is electrophoretically ho-
mogeneous. This approach, however, would require that the PC
be sufficiently stable to be visualized by gel shift, and given the
difficulty in detecting the SC with naturally occurring Tcrb RSSs
(23, 24, 37), many of the PCs we investigated were unlikely to meet
this criterion. A caveat associated with the biotin pulldown
method is the possibility that the material interrogated contains,
in addition to the PC, labeled RSS trapped in aberrant or nonfunc-
tional complexes. Indeed, a low level of such nonfunctional com-
plexes could help explain our observation that activity drops when
complexes are purified with efficiencies below the 3% threshold.

In general, we found that the data gathered by our PC-only
assay were internally consistent: hairpinning at one RSS in a puri-
fied PC followed similar kinetics as hairpinning at the other RSS
(Fig. 11A and B). This consistency in coupled cleavage indicates
that this system largely recapitulates proper regulation of RAG-
mediated cleavage.

With the exception of the J�2.5 substrate, RSS nicking in the
SC was higher, in some cases much higher, in the experiments
reported here than in our previous study (23). This is likely ex-
plained by the different proteins used in our two experimental
systems; it has long been known that the RAG proteins are more
active when coexpressed and copurified (8), as was done here, and
we (38) along with others (39) have shown that coexpressed MBP-
RAGs bind to RSSs more efficiently than singly expressed RAGs.

Limitations associated with the 3% input threshold. When a
J�2.5-3=D�1 PC is purified inefficiently, J�2.5 nicking activity
drops compared to when it is purified efficiently (Fig. 2E). This
drop occurs at 3% of input. Our assay likely underestimates the

FIG 9 J�1.1 and J�1.4 PC-only cleavage time courses. Data are presented as described in the legend to Fig. 3A. (A) J�1.1 nicking is inhibited by partner substrates.
(B) J�1.4 nicking is moderately stimulated by synapsis with 3=D�1 and unaffected by synapsis with V�14 or V�2.
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cleavage activity of PCs purified with efficiencies below this
threshold. This caveat does not affect our conclusion that nicking
of some Tcrb RSSs can be stimulated upon synapsis with an ap-
propriate partner because every such pair was purified well above
the threshold (Fig. 5), and any tendency to underestimate cleavage
in the PC would only lead us to underestimate the stimulation. We
note, however, that technical differences between the in-solution
SC assay and the purified PC assay might exaggerate the observed
stimulation in nicking, particularly at early time points. In the
in-solution SC assay, the recombinase begins binding to DNA at
t 
 0, but in purified PCs, the recombinase is already stably bound
and can begin nicking at t 
 0. We have attempted to minimize
this problem by performing in-solution cleavage assays under op-
timal conditions (see Materials and Methods). In some cases, the
stimulation of nicking is so large and persistent that this issue is
unlikely to be significant (e.g., J�2.5).

The caveat associated with the 3% threshold, however, does
limit the strength of conclusions that can be drawn regarding the
observed inhibition of Tcrb RSS nicking in the PC. One of the
most striking examples of nicking inhibition can be seen at J�2.7
(Fig. 5, 7A, and 8), where nicking is significantly decreased in PCs
containing either V�14 or V�2. However, because both J�2.7-V�
PCs were purified at only 1% of input, the observed efficiency of
nicking in these PCs represents only a lower limit for their nicking
activity.

Synapsis can stimulate nicking. Several of the Tcrb RSSs we
tested were stimulated for nicking upon synapsis with a partner

RSS (Fig. 5). In particular, synapsis with 3=D�1 significantly stim-
ulated the initial rate of nicking at J�2.5 (22-fold) and 5=D�1
(2-fold), synapsis with V�14 stimulated nicking at 5=D�1 (2-
fold), and synapsis with 5=D�1 stimulated nicking at V�14 (4-
fold). These data fit well with the findings of Franchini et al. (14),
who incubated DNA substrates containing two Tcrb RSSs in cis
with crude cell extracts containing RAG and observed that nicking
occurred only in substrates containing a B12/23-appropriate pair
of RSSs.

Two prior studies also examined the effect of synapsis on nick-
ing. Yu and Lieber (27) performed cleavage experiments with
bead-immobilized consensus RSS oligonucleotide substrates and
found that that nicking was unaffected by synapsis, while Eastman
and Schatz (40) used long DNA substrates containing consensus
RSSs in cis and found that nicking could be stimulated approxi-
mately 2-fold by synapsis. The use of substrates with RSSs in cis in
the latter study might have allowed faster synapsis and the detec-
tion of synapsis-stimulated nicking events at early time points.
Together, these studies argue that nicking of consensus RSSs is at
most modestly stimulated by synapsis, a conclusion supported by
our finding, obtained with oligonucleotide substrates, that a con-
sensus 23-RSS did not stimulate nicking at a consensus 12-RSS
(Fig. 2B). In contrast, 5=D�1, J�2.5, and V�14 nicking were all
stimulated by synapsis with appropriate partners (Fig. 5). Impor-
tantly, these PCs were all purified well above the 3% threshold. We
conclude that RSS nicking can indeed be stimulated by synapsis, as
previously proposed (40), and that the magnitude of this effect is

FIG 10 V�14 and V�2 PC-only cleavage time courses. Data are presented as described in the legend to Fig. 3A. (A) V�14 nicking can be stimulated, unaffected,
or inhibited by synapsis with various partner substrates. (B) V�2 nicking proceeds inefficiently and is unaffected by synapsis with any of the partner substrates
tested.
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highly dependent on the sequence of the RSS, its coding flank, and
the partner RSS involved.

Potential mechanisms regulating nicking in the PC. Endog-
enous RSSs (which typically differ from the consensus at multiple
positions) and their coding flanks can present significant barriers
to RAG-mediated binding and cleavage. In the Tcrb locus, these
barriers are utilized to help enforce the B12/23 restriction, and our
work demonstrates that nicking is one of the important steps at
which this principle operates. We found that the inefficient nick-
ing phenotype of J�2.5 is a function of its coding flank sequence
(Fig. 6) and that this is overcome by synapsis with its appropriate
partner 3=D�1 but much less so with inappropriate V� partners
(Fig. 5). RAG binding to the RSS has been shown to perturb DNA
structure near the site of cleavage (41), and data from RSS sub-
strates containing mismatches in the heptamer supported the idea
that such DNA distortion facilitates nicking (42), as has been
shown for hairpin formation (43–47). Based on this, we propose
that the J�2.5 coding flank inhibits a DNA distortion necessary for

nicking at the coding flank-heptamer boundary and that this is
overcome upon synapsis with 3=D�1. A similar mechanism might
govern nicking stimulation in other PCs, such as that of 5=D�1 or
V�14 in the 5=D�1-V�14 PC.

Our data suggesting that nicking can be inhibited by synapsis
were unexpected. It will be interesting to determine whether re-
duced nicking correlates with structural changes in the PC indic-
ative of less distortion near the site of cleavage.

Dissociation of hairpin formation from nicking and synap-
sis. The 5=D�1-3=D�1 RSS pair supported the most efficient syn-
apsis of all the naturally occurring RSS pairs tested, with recoveries
of greater than 90% of radiolabeled 5=D�1 and �70% of radiola-
beled 3=D�1 (Fig. 3B and 7B). Furthermore, nicking of both sub-
strates in this PC was extremely rapid and efficient, reaching
nearly maximal values of �90% at the earliest (5 min) time point
measured (Fig. 3B and 7B, blue lines). Despite this, hairpinning
was slow and inefficient, reaching levels of only 10% after 60 min,
well below the levels observed in some other PCs containing these

FIG 11 Comparison of hairpin formation and efficiencies of pulldown of PCs containing 3=D�1 or V�14. Radiolabeled RSSs (32P) were incubated with protein
for 1 min before the addition of biotinylated (Bio) partner and subsequent incubation for 10 min, as described in Materials and Methods. P values were calculated
by a two-tailed t test with Welch’s correction. *, P � 0.05; **, P � 0.01; ***, P � 0.0001. (A) The magnitude of hairpin formation at 10 min is shown for the
indicated substrate pairs containing 3=D�1. (B) The magnitude of hairpin formation at 10 min is shown for the indicated substrate pairs containing V�14. (C)
The efficiency of radiolabeled RSS recovery (% input) is indicated for the indicated substrate pairs containing 3=D�1. (D) The efficiency of radiolabeled RSS
recovery (% input) is indicated for the indicated substrate pairs containing V�14.
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RSSs. It is clear from previous studies that, depending on the sub-
strates involved, either nicking (33) or hairpin formation (48) can
be the rate-limiting step in RAG-mediated cleavage. The 5=D�1-
3=D�1 pair appears to represent an extreme example of the latter.
Given the near identity between the 5=D�1 and 5=D�2 RSSs/cod-
ing flanks (Fig. 1B), it seems likely that 3=D�1 and 5=D�2 would
similarly be very slow and inefficient in coupled cleavage. This
would help suppress D-D fusion and unwanted deletion of the
J�1-C�1 region due to recombination between these elements. In
addition, our data with 5=D�1-3=D�1 are interesting in light of
previous findings showing that hyperstable recombinase com-
plexes (containing a very tight binding Saccharomyces cerevisiae
HMG box protein in place of HMGB1) are defective for cleavage
(49). The results of this study led to the hypothesis that cleavage
requires a certain degree of flexibility within RAG-RSS complexes,
and based on this, we speculate that restricted protein-DNA dy-
namics in the tightly synapsed 5=D�1-3=D�1 pair interferes with
hairpin formation.

Regulated nicking and the B12/23 rule. Nicking is an attrac-
tive step at which to regulate V(D)J recombination and enforce
the B12/23 rule. Inefficient nicking in the SC appears advanta-
geous given the potential of RAG-mediated nicks to trigger vari-
ous forms of genome instability (50). Furthermore, because hair-
pin formation at one RSS requires nicking at its partner RSS (33),
regulating nicking at one RSS provides control over catalytic
events at both RSSs in the PC. Hence, when nicking at J�2.5 is
activated by synapsis with 3=D�1, this enables hairpin formation
at both RSSs in a B12/23-compliant context where the efficient
DNA repair mechanisms associated with V(D)J recombination
can operate.

Synapsis-dependent nicking inhibition, while yet to be defi-
nitely shown to occur, is also an appealing mechanism by which to
reinforce the B12/23 rule, especially since evidence for it was ob-
served only in B12/23-inappropriate PCs (e.g., J�2.7-V�14 and
J�2.7-V�2) (Fig. 5). Such a mechanism would help address the
unexpected behavior of J�2.7, whose rapid nicking in the SC is a
challenge to genome stability and to the B12/23 rule. Suppression
of J�2.7 nicking in PCs with V� RSSs would help address these
challenges, and this could be facilitated further by mechanisms
that suppress full engagement of the J�2.7 RSS prior to synapsis,
such as nucleosome occupancy of some or all of the RSS (36).

Notably, the two RSSs within a given PC can display different
nicking behavior patterns. For instance, J�2.5 nicking is strongly
stimulated upon synapsis with 3=D�1, but 3=D�1 nicking is unaf-
fected by synapsis with J�2.5 (Fig. 5). This suggests that the re-
combinase complex is capable of fine conformational changes that
allow it to discriminate between different RSS pairs and tailor the
catalysis at each RSS to the context of that specific PC. The heter-
ogeneity of behaviors that we observe in Tcrb locus PCs suggests
that the B12/23 rule emerges out of a combination of distinct
mechanisms, with different Tcrb substrates tailored to take advan-
tage of different mechanisms. Together with chromatin accessibil-
ity, such exacting discrimination is likely to be the foundation of
the ordered assembly of the Tcrb variable region.
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