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V(D)J recombination in vivo requires a pair of signals with distinct spacer elements of 12 and 23 bp that
separate conserved heptamer and nonamer motifs. Cleavage in vitro by the RAG1 and RAG2 proteins can
occur at individual signals when the reaction buffer contains Mn?*, but cleavage is restricted to substrates con-
taining two signals when Mg>* is the divalent cation. By using a novel V(D)J cleavage substrate, we show that
while the RAG proteins alone establish a moderate preference for a 12/23 pair versus a 12/12 pair, a much
stricter dependence of cleavage on the 12/23 signal pair is produced by the inclusion of HMG1 and competitor
double-stranded DNA. The competitor DNA serves to inhibit the cleavage of substrates carrying a 12/12 or
23/23 pair, as well as the cutting at individual signals in 12/23 substrates. We show that a 23/33 pair is more
efficiently recombined than a 12/33 pair, suggesting that the 12/23 rule can be generalized to a requirement for
spacers that differ from each other by a single helical turn. Furthermore, we suggest that a fixed spatial orien-
tation of signals is required for cleavage. In general, the same signal variants that can be cleaved singly can
function under conditions in which a signal pair is required. However, a chemically modified substrate with one
noncleavable signal enables us to show that formation of a functional cleavage complex is mechanistically
separable from the cleavage reaction itself and that although cleavage requires a pair of signals, cutting does
not have to occur simultaneously at both. The implications of these results are discussed with respect to the

mechanism of V(D)J recombination and the generation of chromosomal translocations.

Immunoglobulin and T-cell-receptor genes are assembled
during lymphoid development from component gene segments
by a series of site-specific genomic rearrangement events col-
lectively termed V(D)J recombination (for review, see ref-
erence 13). All recombinationally active gene segments are
flanked by recombination signal sequences (RSSs) which serve
as recognition elements for the V(D)J recombinase. The con-
sensus RSS consists of heptamer (5'-CACAGTG-3") and non-
amer (5'-ACAAAAACC-3") elements separated by a noncon-
served spacer of 12 bp (12-signal) or 23 bp (23-signal).

V(D)J recombination occurs in two well-defined stages. In
the first stage, a double-strand break (DSB) is introduced
between the RSS and the flanking coding sequence (20, 21,
26). The resulting cleavage intermediates, a covalently closed
hairpinned coding end and a blunt signal end, have been ob-
served both in vivo (20, 21, 26) and in vitro (16, 30). In the
second stage, the broken signal ends are ligated head-to-head
to form signal joints, and the coding ends are sealed together
in coding joints. Formation of the initial DSB requires the
combined action of the two lymphoid-specific recombinase
proteins RAG1 and RAG2 (16, 17, 25). No breaks are ob-
served in cells lacking either one of these proteins (26). Sub-
sequent resolution of these broken molecules relies on a series
of steps that have yet to be defined, but which appear to in-
volve a number of general DNA repair factors (11).

The initial cleavage steps can be reproduced by using puri-
fied RAG1 and RAG?2 proteins and an oligonucleotide sub-
strate containing an RSS (16). Together the RAG proteins
specifically recognize the RSS and introduce a DSB between
the RSS and flanking coding sequence. Cleavage occurs in two
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steps (16). In the first step, a nick is introduced at the signal/
coding border on the top strand (see Fig. 1, single signal). In a
second, separable step, the free 3’ hydroxyl carries out a nu-
cleophilic attack on the phosphodiester bond on the bottom
strand, leaving a hairpinned coding flank and a blunt, 5’ phos-
phorylated signal end, the same intermediates observed in
vivo. Throughout this paper, “cleavage” refers to this hairpin
and DSB formation.

Efficient recombination requires a pair of RSSs, one 12-sig-
nal and one 23-signal (13). Because all immunoglobulin and
T-cell receptor gene segments of a given type are flanked by
signals of the same spacer length, this 12/23 rule serves to en-
sure that rearrangements occur only between elements that
could create a functional receptor gene. While there is a re-
quirement for a pair of signals for cleavage in vivo (28), in vitro
conditions can be manipulated to permit a comparison of the
requirements for cleavage at a single site versus cleavage at a
signal pair (coupled cleavage). Single-site or coupled cleavage
depends on the divalent metal ion (6, 32). With a single site,
Mn?* permits hairpin formation, whereas only nicking pro-
ceeds in Mg®". However, hairpin formation does occur in
Mg?* when two signals are present (Fig. 1). Thus, cleavage is
coupled in Mg?*, requiring two signals for efficient DSB for-
mation.

The requirement for two signals is separable in vitro from
the requirement for a proper 12/23 pair. When cleavage is car-
ried out in Mg*" with purified RAG1 and RAG2 proteins, the
preference for a 12/23 pair over a 12/12 pair is only three- to
fivefold (24, 32). In vivo, the preference is closer to 100-fold (9,
28). In vitro cleavage in the presence of nuclear extract more
readily approximates this preference, which has led to the
suggestion that additional factors may be required to enforce
the full extent of the 12/23 rule observed in vivo (6, 24).

The requirement for a 12/23 signal pair for cleavage would
serve to decrease the chance of the RAG proteins introducing
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FIG. 1. Cation dependence of V(D)J cleavage. The steps of V(D)J cleavage
that occur at a single site or at a signal pair are shown. In Mg?™*, hairpinning does
not readily occur at a single site, but is robust when the substrate contains a signal
pair. All reactions require both RAG1 and RAG2 proteins. The top and bottom
strands referred to in the text are with respect to the single-signal substrate as
shown. The triangle indicates the RSS with the nonamer at the point.

inappropriate and deleterious DSBs within the genome. It is
therefore of considerable interest to understand the nature of
the constraints on coupled cleavage: whether a synaptic com-
plex containing both signals must be formed prior to cleavage,
whether cleavage then occurs simultaneously at both RSSs or
asynchronously, and what the sequence and structural require-
ments are for coupled cleavage compared to cleavage at an
individual RSS.

The requirement for a pair of signals has been reproduced in
vitro on a large DNA fragment in the presence of the purified
RAGT1 and RAG?2 proteins (32) or with cell extracts containing
the RAG proteins (6). When purified RAG proteins are used,
cleavage is impaired when the recombination signals are closer
than 1 kb, and it becomes undetectable when the signals are
separated by only 200 bp (11a, 32). In the presence of cellular
extracts, a 200-bp fragment can still serve as a substrate (6).
This length constraint is likely to reflect the limitation of flex-
ibility of naked DNA and makes analysis of the individual steps
and requirements for coupled cleavage difficult.

Here we have developed a novel synthetic DNA substrate
that facilitates this analysis. We show that the two cleavage
events of coupled cleavage can be uncoupled in time and that
the 12/23 rule can be generalized to a requirement for a signal
pair with the spacer lengths differing by one helical turn. In
addition, we define conditions in which the dependence on a
12/23 signal pair is as strict as is observed in vivo. These con-
ditions require only the RAG1 and RAG?2 proteins augmented
by HMG1, demonstrating that no additional nuclear protein
factors are required for this restriction in vitro.

MATERIALS AND METHODS

Proteins. The core domains of RAG1 (amino acids 384 to 1008) and RAG2
(amino acids 1 to 383) were purified as described previously (16, 30). The
purified proteins were dialyzed against 500 volumes of 20 mM HEPES (pH 7.5),
100 mM potassium glutamate, 20% glycerol, and 2 mM dithiothreitol for 4 h and
immediately frozen in liquid nitrogen. T4 polynucleotide kinase and ligase were
purchased from New England Biolabs. HMG1 was kindly provided by Reid
Johnson (UCLA).

Preparation of oligonucleotide substrates. All oligonucleotides were synthe-
sized by the core facility of the department of Molecular Biology at Massachu-
setts General Hospital and gel purified as described previously (33). The large
oligonucleotides (over 100 nucleotides [nt]) were constructed by the ligation of
two oligonucleotides (one of them phosphorylated) by using a bridge oligonu-
cleotide. A standard 12/23 deletion substrate for coupled cleavage, shown in Fig.
2A, has three oligonucleotides: DRK124, 5'-GAACGCGTGGTTTTTGTACA
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GCCAGACAGTGGAGTACTACCACTGTGCAGGTGGATCCCCGGGGA
TCAGCAGGGATGGAGTTCTGAGGTCATTACTGCTGCAGGACGACCT
GCACAGTGCTACAGACTGGAACAAAAACCCAGGTCTC-3" (148-mer,
bottom strand); DRKI125, 5'-GAGACCTGGGTTTTTGTTCCAGTCTGTA
GCACTGTCCAGGTCGTCCTGCAG-3’" (51-mer, 12-signal top strand); and
DRK126, 5'-GATCCCCGGGGATCCACCTGCACAGTGGTAGTACTCC
ACTGTCTGGCTGTACAAAAACCACGCGTTC-3" (67-mer, 23-signal top
strand). Two substrates with identical signals (12/12 and 23/23) were made by
insertion of the same signal sequence twice. To construct substrates containing a
bad flank, we replaced 2 nt (5'TG3’) with the dinucleotide 5'AC3’. All other
substrates were made by inserting or deleting nucleotides to the desired size, and
their sequences are as described by Cuomo et al. (4). To make substrates con-
taining an R, phosphorothioate linkage, we synthesized two oligonucleotides,
DRK200 [5'-G(s) CAGGTCGTCCTGCAG-3'] and DRK209 [G(s)CAGGTGG
ATCCCCGGGGGATCAGCAGGG-3'], which both have a phosphorothioate
linkage (indicated by “s”) between the first two nucleotides. The R,, stereoisomer
was isolated by using C4 reverse-phase high-performance liquid chromatogra-
phy, as described in reference 31, and was used to make a complete oligonucle-
otide as shown above.

Oligonucleotides were phosphorylated under standard conditions (New En-
gland Biolabs) in a 20-pl volume at 37°C for 90 min, with 25 pmol of oligonu-
cleotide and 16.6 pmol of [y-*P]JATP (100 nCi; purchased from NEN) in the
presence of 20 U of T4 polynucleotide kinase. Phosphorylated oligonucleotides
were separated from free [y-*>P]ATP by using a G-50 spin column and then were
annealed with other oligonucleotides in 20 mM HEPES (pH 7.5)-100 mM po-
tassium glutamate, after being heated at 94°C for 5 min, at a cooling rate of —1.5°C
per min to 4°C (with a PCR program from MJ Research, Inc.). For labeling at the
3" end, we annealed all oligonucleotides (each 25 pmol) under the conditions
described above and incorporated [a-*?P]JdCMP in a reaction containing 5 U of
Sequenase and [a->?P]dCTP (9 pmol) and cold dCTP (15 pmol) at 37°C for
5 min. The labeled substrates were purified and annealed as described above.

Oligonucleotide cleavage assay. The oligonucleotide cleavage assay was initi-
ated by the addition of RAG1 (100 ng [1.3 pmol]) and RAG2 (30 ng [0.71 pmol])
to a 10-pl reaction mixture containing 25 mM HEPES (pH 7.5), 2 mM dithio-
threitol, 60 mM potassium glutamate, 1 mM MnCl, or MgCl,, and 0.25 pmol of
the indicated substrate DNA. Proteins were diluted into enzyme dilution buffer
(25 mM HEPES [pH 7.5], 20% glycerol, 2 mM dithiothreitol, 0.05% Nonidet
P-40). Each reaction mixture was incubated at 30°C for 2 h and stopped by the
addition of a mixture of 10 wl of 94% formamide, 20 mM EDTA, 0.05%
bromophenol blue, and 0.05% xylene cyanol. Fragments were separated by gel
electrophoresis in 7 M urea-8% polyacrylamide-30% formamide at 75 W for 3
to 4 h in 0.67X Tris-borate-EDTA containing 12.5 mM HEPES (pH 7.5) and
visualized by autoradiography.

For Fig. 3, reactions were carried out as described above, except that 100 ng
of HMG1 (4 pmol as a monomer) or 50 pmol of double-stranded nonspecific
competitor DNA (5'-TTAAGACTAGAGAGGAGGTAAGGTTC-3' and its
complementary strand), or both, was included in the reaction mixture. All other
experiments were carried out without HMG1 or competitor DNA.

In vivo recombination assay. To construct recombinational plasmid substrates
containing a 33-bp spacer, pPS8 containing only a 12-signal (12) was linearized
by Hincll digestion and dephosphorylated by treatment with alkaline phospha-
tase. The linearized plasmid was ligated to a double-stranded oligonucleotide
containing a 33-signal derived by annealing two complementary oligonucleotides
(5'-GATCCCCGGGGATCCACCTGCACAGTGGTAGTACTCCACTGTCT
GGCTGTGTCTGGCTGTACAAAAACCACGCGTTC-3") phosphorylated at
both 5’ ends. The resulting plasmid is pDRK512, which can form a signal joint
by deletional recombination. The 33/23 deletional substrate pDRK513 was con-
structed by replacing the 12-signal with a 23-signal (two complementary oligo-
nucleotides annealed with BamHI overhangs at both ends; 5'-GATCCCACAG
TGGTAGTACTCCACTGTCTGGCTGTACAAAAACCCTCGG-3") at the
BamHI site of pPDRK512. The DNA sequence and signal orientation of both
plasmids were verified by DNA sequencing. The 12/12 substrate (pPS10) is as
previously described (12).

All substrates form signal joints following V(D)J deletional recombination.
The frequency of recombination was determined by the ratio of (Amp* + Cam")/
Amp" colonies derived from transformation of Escherichia coli MC1061 trans-
formed with plasmids recovered from HeLa cells 8 h posttransfection. Signal
joint formation was verified by hybridization as described previously (12). The
averages of six independent transfections are presented. An 8- to 10-fold differ-
ence in recombination for pDRK512 and pDRKS513 was observed in all six
transfections.

RESULTS

A novel substrate permits analysis of coupled cleavage on
synthetic DNA. The study of the coupling mechanism that
operates in V(D)J cleavage would be simplified if an easily
manipulable synthetic DNA substrate exhibited coupled cleav-
age. We therefore constructed a novel oligonucleotide sub-
strate containing two duplex segments (each containing an
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FIG. 2. Coupled cleavage on an oligonucleotide substrate. (A) The standard tethered substrate with a 12/23 signal pair. The asterisk marks the position of the 2P
label. The sizes of labeled species expected on a denaturing gel and their corresponding structures are shown. 23N migrates below the substrate and is not visible on
the gels presented. (B) Time course of cleavage. Cleavage reactions were carried out in Mn?* or Mg?* as indicated for the times shown. The presence (+) or absence
(—) of each RAG protein is indicated. Lane M contains labeled synthetic oligonucleotide markers of the sizes shown. S, substrate. (C) Identification of coupled cleavage
products by two-dimensional gel electrophoresis. DNA was electrophoresed under native conditions in the first dimension and under denaturing conditions in the
second. Coupled-cleavage reactions were carried out in Mg?* with the substrate diagrammed in Fig. 2A without (left panel) or with (right panel) RAG1 and RAG2

proteins. The three species migrating off the diagonal are labeled.

RSS and coding flank sequence) separated from each other by
a flexible tether of 30 nt of single-stranded DNA (Fig. 2A).
This tether allows the two RSSs to contact each other without
the large length of intervening DNA that would otherwise be
necessary. With this substrate, all possible V(D)J cleavage
products can be observed, depending on the site of **P label-
ing. Thus, both nick and hairpin formation can be monitored
and the product of cleavage at each individual RSS can be
distinguished from the product of a cleavage at both RSSs.
Figure 2A shows the cleaved fragments expected in our stan-
dard reaction when the 5’ end of the 23-signal sequence is
labeled with *2P. Under these conditions, three species larger
than the starting substrate can be readily distinguished by de-
naturing gel electrophoresis.

Coupled cleavage of this substrate was evident and revealed
the same divalent cation preferences previously described for
large DNA fragments. As shown in Fig. 2B (lanes 11 to 17),
cleavage is coupled in the presence of Mg?*, and the major
product, cleaved at both signals, contains two hairpinned cod-
ing ends (see below). Seventy-five percent of the cleavage
products are from cleavage at both signals (12H23H), while
two other fragments, 23H (hairpinned only at the 23-signal)
and 23H12N (hairpinned at the 23-signal, nicked at the 12-
signal), represent 9% and 16% of the product, respectively.
Approximately 10% of the total substrate is cleaved. The cou-

pled cleavage product appeared within 10 min and reached a
maximum at about 90 min. Single-site cleavage, in contrast, is
increased when Mn*™ is the divalent cation (Fig. 2B, lanes 4 to
10). In that situation, 52% of the product is singly cut at the
23-RSS (23H), 36% is doubly cut (12H23H), and 12% is
23H12N. The identity of the fragments produced by cleavage
of the tethered substrate was confirmed by two-dimensional gel
electrophoresis (Fig. 2C). As expected, the two fragments (in-
dicated 23H and 23H12N) in the right panel have the same
mobility under native conditions, but are separated under de-
naturing conditions, because the denatured 23H species is 36
nt longer than 23H12N. Migration of the 12H23H species was
also consistent with its identification as a doubly hairpinned
molecule. The 12H23H fragment migrates faster than the
other species under native conditions, but it is intermediate in
size in the second dimension as shown.

Strict observation of the 12/23 rule in vitro with purified
components. V(D)J recombination shows a marked preference
for a 12/23 signal pair, although recombination of a 12/12
substrate can be detected at a low frequency (100-fold lower
than a 12/23 pair) (9, 12). Similarly, in vivo cleavage greatly
favors the 12/23 pair of RSSs (28). To test the selectivity of two
signals in our cleavage assay, we compared coupled cleavage of
similar substrates containing two identical signal sequences
(12/12 or 23/23) with that of the 12/23 combination shown in
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FIG. 3. Strict 12/23 dependence with purified factors. (A) Effect of signal pairs on coupled cleavage. Cleavage of substrates with 12/23, 12/12, or 23/23 signal pairs
in Mn?" or Mg>" is shown. All lanes are from the same gel with the same exposure. (B) Effect of HMG1 and added nonspecific double-stranded DNA (ds DNA) on
coupled cleavage in Mg?*. H, single hairpin at labeled right-side signal; H/H, hairpin at both signals; H/N, hairpin at right signal, nick at left signal; S, substrate.

Fig. 2A. The densitometric scan showed that the amount of
coupled cleavage with a 12/12 substrate was three- to fourfold
less than that observed with the 12/23 pair (Fig. 3A, compare
lanes 3 and 5). Cleavage was barely detectable when two 23-
signals were used in combination (Fig. 3A, lane 7). These re-
sults are similar to those of a previous report (32) analyzing
cleavage with purified RAG proteins. The similarity between
those experiments with an 8-kb DNA fragment as a substrate
and the experiments presented here underscores that the teth-
ered substrate behaves substantially the same as a much larger
duplex fragment.

Other workers have reported a more dramatic 12/23 prefer-
ence when cleavage was carried out in the presence of nuclear
extract (6, 24). We sought to find conditions that could repro-
duce this greater 12/23 preference with purified components.
One possible missing component is the ubiquitous nuclear
HMGT1 protein, which has been shown to preferentially stim-
ulate cleavage at 23-signals and to improve coupled cleavage
(29). An additional reason that 12/12 signals may be used ex-
cessively in our cleavage reactions (and in other reactions with
purified components [24, 32]) might be that the high effective
concentration of the two signals within the substrate permits
the formation of a less favorable cleavage complex. The addi-
tion of an excess of nonspecific competitor DNA might be
expected to diminish this effect.

We compared the effects of inclusion of HMG1 (4 pmol),
separately or together with a 200-fold excess of double-strand
nonspecific competitor (50 pmol), on cleavage of 12/23, 12/12,
or 23/23 substrates (0.25 pmol) (Fig. 3B). With the addition of
HMGT1 alone, little effect on the 12/12 substrate was seen (Fig.
3B, compare lanes 7 and 9), but both coupled cleavage and
single-site cleavage (at the 23 signal) were increased for the
12/23 and 23/23 substrates (Fig. 3B, compare lanes 2 and 4 and
lanes 12 and 14). The addition of competitor DNA without
HMGT! abolished cleavage for all three substrates (Fig. 3B,
lanes 3, 8, and 13). Strikingly, the combination of the HMG1
and competitor DNA selectively enhanced coupled cleavage of
the 12/23 substrate (Fig. 3B, compare lane 5 with lanes 10 and
15). Whereas no cleavage was detected for the 12/12 or 23/23
substrate, the coupled cleavage product for the 12/23 substrate
was as robust as with HMG1 alone. Under these more strin-

gent conditions, we observed at least a 60-fold preference for
coupled cleavage of a 12/23 pair over a 12/12 or 23/23 pair.
Furthermore, there was 20- to 30-fold-more coupled (12H23H)
product than with single-site (23H) cleavage. This residual
single-site cleavage is in keeping with the level of single-site
cleavage previously detected in vivo (28). Thus, faithful resto-
ration in vitro of the full extent of 12/23 coupling found in vivo
requires no other proteins besides RAG1, RAG2, and HMGI.

A generalization of the 12/23 rule: spacer lengths must be
offset by a single helical turn. It is not understood why a pair
of signals is required for cleavage and why a 12/23 pair is so
greatly preferred. The naturally occurring spacer lengths are
offset from each other by approximately one helical turn, sug-
gesting that this spacing permits the proper interaction be-
tween RAG proteins on the helical surface of the DNA. A
single RSS containing a spacer with one additional helical turn
(a 33- or 34-RSS) can also be cleaved, albeit weakly, by the
RAG proteins (in Mn?") (4, 18), whereas RSSs with spacers of
nonintegral lengths (e.g., 18 bp) are not cleaved (references 4
and 18 and see below). Coupled cleavage with tethered sub-
strates containing a 33/23 or 33/12 pair was too faint to be
reliably measured (data not shown).

We therefore asked if a 33-signal could function in vivo and
whether it would pair preferentially with a 12- or 23-signal. Re-
combination frequencies were measured in a standard trans-
fection assay in which RAG1 and RAG2 expression plasmids
were cotransfected into HeLa cells in combination with a re-
combination substrate (5, 8). Substrates containing 12/23, 12/
33, and 23/33 signal pairs were compared. While the 12/23 pair
was by far the most efficient substrate (a recombination fre-
quency of 3.3%), the recombination frequencies measured for
the 23/33 substrate (0.06%) were reproducibly about 8- to
10-fold higher than that for the 12/33 pair (0.008%) (Table 1)
and slightly higher than that for a 12/12 substrate (0.048%).
Thus, although the 33-signal is intrinsically a poor substrate (as
seen in vitro), it can serve to mediate recombination in vivo
and preferentially pairs with a 23-signal. In vivo, 12-signals are
cleaved equivalently to 23-signals (28). Thus, the preferred
pairing with the 23-signal rather than the 12-RSS is not simply
a reflection of the strength of an individual signal, but rather of
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TABLE 1. Effect of 33-bp spacer signal on V(D)J
recombination in vivo

Substrate Signal configuration % Recombination
pJH200 12/23 33
pDRKS512 33/12 0.008
pDRK513 33/23 0.060
pPS10 12/12 0.048

the ability of particular signals to cooperate to coordinate
cleavage.

Coupled cleavage can occur on prenicked substrates. In
Mg?>*, generation of a DSB requires a pair of signals, but nicks
are efficiently generated on substrates containing a single RSS.
Therefore, such nicking could in principle occur at an individ-
ual RSS in vivo, prior to synapsis. We asked if a coupled-
cleavage complex could still form on DNA that already con-
tained a nick, or if the prenicked species would be a dead-end
product (Fig. 4A). A substrate identical to that shown in Fig.
2A was constructed, except that two separate oligonucleotides
were annealed to generate the top strand at the 23-signal,
thereby forming a prenicked substrate. Coupled cleavage of
this substrate was very similar to that with a covalently sealed
top strand (Fig. 4A, compare lanes 3 and 6). Thus, nicking is a
separable step from the formation of the complex that leads to
coupled cleavage. Furthermore, RAG1 and RAG2 can bind a
prenicked substrate in Mg?" while remaining competent to
assemble the proper structure for coupled cleavage.

A single-stranded RSS sequence supports coupled cleavage.
Previous work yielded the surprising observation that an RSS
containing a single-stranded signal sequence can be recognized
and cleaved by the RAG proteins in Mn?" (4, 18). Interest-
ingly, we found that a substrate can undergo coupled cleavage
when it carries an intact 12-signal and a single-stranded 23-
signal (with duplex coding flank intact) (Fig. 4B, lanes 11 and
12). While cleavage is not robust, it is clearly higher than that
seen for the 18/23 pair (see below). Thus, a single-stranded
signal can be specifically recognized and cleaved in the pres-
ence of Mg®", indicating that the previous observations were
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not simply an artifact of single-site cleavage in Mn?**. More-
over, because the single-stranded signal is capable of directing
coordinated cleavage, it must participate in the assembly of a
coupled-cleavage complex. These observations further support
the idea that unpairing of the DNA around the signal/coding
border is a significant parameter in V(D)J cleavage (4, 18) and
suggest the opening of the RSS and binding of the RAG
proteins to single-stranded DNA may be an important aspect
of the reaction.

Effects of signal and coding sequence alterations on coupled
cleavage. RAG-mediated cleavage of a substrate containing a
single RSS in Mn?" is surprisingly tolerant of variations in the
signal sequence (4, 18). As discussed below, we found that
similar variations are tolerated under coupled cleavage condi-
tions. However, in keeping with the coordinated nature of the
cleavage reaction in Mg>", cleavage at a wild-type signal is
depressed by the presence of an impaired signal and the overall
coupled-cleavage rate is dictated by the cleavage potential of
the impaired signal.

We examined cleavage in substrates lacking a heptamer or
nonamer at one RSS or with altered spacer lengths between
these elements. Coupled cleavage occurs at 10% of the wild-
type level when the substrate contains an intact 23-RSS paired
with a signal containing only a heptamer sequence (hep/23)
(Fig. 4B, lane 3 versus lane 6), in keeping with observations on
cleavage at a single RSS (4, 18). Thus, the absence of the
nonamer at one RSS does not have a more significant effect on
coupled cleavage and synapsis than on single-site cleavage.
While very weak nonamer-directed cleavage has been detected
at a single site, no coupled cleavage was detected in the non/23
substrate, in which the heptamer of the 12-RSS was replaced,
leaving only an intact nonamer (Fig. 4B, lane 9). Either an
intact heptamer at both signals is required for coupled cleav-
age, or any residual cleavage that occurred was below the level
of detection. Substitution of a 14-bp spacer for the 12-bp
spacer resulted in a 20-fold decrease in cleavage (Fig. 4B, lane
15). As expected, an 18/23 substrate failed to support any
coupled cleavage, in keeping with the lack of function of a
single RSS with an 18-bp spacer (Fig. 4B, lane 18).

We also considered the effect of alterations in the length or

12/23 H/23 N/23 12/ss23 14/23 18/23

Mn Mn Mg Mn Mn Mg Mn Mn Mg Mn Mn Mg Mn Mn Mg Mn Mn Mg

+ 4+ -+ + -+ F -kt -+

234567 8910112131415161718

FIG. 4. Signal sequence alterations affect coupled cleavage. (A) Prenicked signal undergoes coupled cleavage. Lanes 1 to 3, standard deletional substrate; lanes 4
to 6, substrate with nick at 23-signal. All other labeling is as in Fig. 2. (B) Noncanonical signals in coupled cleavage. All alterations are in the 12-signal, and 2P label
is at the 23 side as in Fig. 1. Arrowheads indicate the coupled cleavage product from the single-stranded signal substrate. H, heptamer intact, nonamer replaced; N,
nonamer intact, heptamer replaced; ss23, single-stranded 23-signal, coding flank is duplex, bottom strand (with tether) is retained; 14, 14-spacer RSS; 18, 18-spacer RSS.

Other labeling is as in Fig. 3.
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FIG. 5. Effect of coding flank DNA on cleavage. (A) Six base pairs of duplex coding flank DNA is required for hairpinning. N, length of coding flank included at
the position indicated. The arrow indicates the position of the double-hairpin product. (B) Coupled cleavage rescues bad flanks. 12/23 deletion substrate with good
(lanes 1 to 3) or bad (lanes 4 to 6) dinucleotides flanking both RSSs is shown. See text for description of good and bad flanks. (C) The 23-signals do not exhibit bad
flank effects in Mn?*. Single-site cleavage reactions on 12- or 23-signals with positions of hairpin and nicked products are indicated. Positions labeled with 3°P are

indicated with asterisks. All other labeling is as in Fig. 2.

sequence of the coding flank on coupled cleavage compared to
that of cleavage at a single site. Tethered substrates containing
different lengths of duplex coding sequence at the 12-signal
while retaining the standard 20-nt coding flank at the 23-RSS
were compared (Fig. 5A). All substrates retained a single-
stranded coding flank on one strand, which is required to
maintain the tether. Coupled cleavage (hairpins at both sig-
nals) required at least 6 bp of duplex DNA in the coding flank
(Fig. 5A, lane 12), and the efficiency of coupled cleavage in-
creased as coding length increased up to 15 nt. Nearly identical
results were obtained when coding flank length was varied at a
single signal in Mn**. While some coding flank sequence is
required for cleavage (as is apparent from the requirement for

coding flank sequence for binding [1, 10]), no additional coding
flank sequence is required to form a stable coupled-cleavage
complex.

Particular coding sequences flanking the RSS have been
classified as “good flanks” (e.g., 5'TA3’ and 5'TG3’) or “bad
flanks” (e.g., 5'TC3’ and 5'AC3’) based on their ability to
undergo V(D)J recombination in vivo mediated by RAG1 mu-
tants in a specific small region (19, 22). The same good flank or
bad flank preferences are seen when wild-type RAG1 is used
to cleave a single signal sequence in vitro (4, 18). Bad flank
effects were shown to be overcome by unpairing the flanking
dinucleotide, suggesting that bad flanks were more refractory
to unpairing during the cleavage process (4, 18). Here we find



VoL. 18, 1998

s Noopss
12 23
e

12/23D N=30 N=60
Metal  MnMnMg MnMnMg MnMn Mg

RI4R2 -+ + -+ + - + +
123 456 789
23H[
12H23H -
23H12N -
st

FIG. 6. Inversion substrate cannot undergo coordinated cleavage. 12/23D,
standard deletion substrate (lanes 1 to 3). The inversion substrate contains 30 nt
(lanes 4 to 6) or 60 nt (lanes 7 to 9) of tether. Arrowheads indicate the expected
position for doubly cut products. Other labeling is as in Fig. 2.

that the bad flank effect is suppressed in coupled cleavage,
where a substrate with two bad flanks behaves indistinguish-
ably from one with two good flanks (Fig. 5B, compare lane 6
with lanes 3 and 5). Similar results have been observed with
linearized plasmid substrates (32) and suggest that interactions
between the two signals might aid unpairing sufficiently to
overcome the bad flank effect.

The effect of coding flank sequence is seen at 12- but not
23-signals. In the course of the experiments discussed above,
we made the surprising observation that bad flank effects only
occur in vitro at 12-signals and not at 23-signals. While cleav-
age at a 12-signal with a bad flank in the coupled substrate was
inefficient in Mn?", as expected, cleavage at the 23-signal with
a bad flank was close to normal (Fig. 5B, lane 5). The lack of
a bad flank effect at the 23-signal did not result from the
coupling occurring in the tethered substrate in Mn**. A com-
parison of four separate single RSS substrates containing ei-
ther a 12- or 23-signal with good or bad flanks showed that
hairpin formation in Mn>* at the bad flank 12-signal was less
than 10% of that seen with a 12-RSS with a good flank (Fig.
5C, lane 2 versus lane 5). However, hairpin formation at the
23-signal was not affected by coding flank sequence at all.
23-RSS substrates with either good or bad flank sequence were
efficient in hairpin formation (Fig. 5C, lanes 8 and 11), sug-
gesting there is some mechanistic difference between the rec-
ognition or cleavage properties of the two signals.

Inversion versus deletion substrates in coupled cleavage.
Joining of gene segments at the endogenous antigen receptor
loci occurs primarily via deletional rearrangement, but inver-
sional rearrangements also occur (13). The orientation of the
two signals with respect to each other determines which type of
rearrangement event takes place. Because the same RAG pro-
teins and same RSSs are involved in both inversional and
deletional rearrangement, it has seemed likely that cleavage
will require the same structural alignment of the two signal
sequences. An inversional tethered substrate was generated by
flipping the direction of the 12-signal in the standard tethered
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molecule. RAG-mediated cleavage of this substrate is ex-
pected to generate two large fragments: a 106-nt fragment
from cleavage at both signals and a 121-nt fragment arising
from either a DSB at the 23-signal or a DSB at the 23-signal
and a nick at the 12-RSS. In the presence of Mn*", a 121-nt
fragment was generated that was indicative of independent
cleavage at the 23-signal (Fig. 6, lane 5). >?P labeling at the 5’
end of the 12-signal revealed that the 12-RSS was also effi-
ciently cleaved in this construct (data not shown). However,
although both RSSs could be cleaved independently in Mn?™,
no coupled cleavage occurred in the presence of Mg?* (Fig. 6,
lane 6). Even a longer tether of 60 nt (Fig. 6, lanes 7 to 9) or
90 nt (data not shown) failed to allow coupled cleavage. The
expected positions for a coupled-cleavage product are indi-
cated by arrows. The failure of this substrate to undergo cou-
pled cleavage is likely to reflect its inability to assemble into the
proper configuration.

Cleavage can be uncoupled from signal pair recognition. It
has been unclear whether both signals are cleaved simulta-
neously during coupled cleavage and whether both signals
must be cleavable for cutting to occur at either signal in Mg?".
The R, stereoisomeric form of a phosphorothioate linkage is
uncleavable by RAG proteins (31). We took advantage of this
observation, placing an R, phosphorothioate linkage at the
signal/coding border of the 12-RSS to make a tethered sub-
strate that could be bound but not cleaved at the 12-signal.
Cleavage of this R, substrate in Mn>" and Mg>* was com-
pared to cleavage of a standard tethered substrate (Fig. 7). In
the uncoupled (Mn*") reaction, cleavage results in the forma-
tion of two fragments, 23H and 23H12N (Fig. 7, lane 5). As
expected, no 23H12H species is observed, because the 12-
signal can undergo nicking but not hairpinning. When cleavage
was carried out under conditions requiring a signal pair, cleav-
age still proceeded, with the 23H12N product predominating
(Fig. 7, lane 6). Production of the 23H12N species indicates
that coupled cleavage can still occur in this substrate, even
though DSB formation is impeded. Thus, an impediment to
cleavage does not block proper communication between the
two signals, and coupled-cleavage conditions do not demand
simultaneous cleavage at both signals. A particular order of
site cleavage is also not required, because coupled cleavage can

5' — 3'
12 23
12/23 12Rp/23
[ —

Metal MnMnMg Mn Mn Mg
R1+R2 - + + -

+ +
123 456

.‘.

FIG. 7. An uncleavable linkage does not prevent coupling between signals.
Analysis of cleavage of the standard 12/23 substrate (lanes 1 to 3) and a substrate
(12Rp/23) containing a noncleavable phosphorothioate linkage at the 12-signal
at the position indicated by S. Other labeling is as in Fig. 2.
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also occur when the R, linkage is placed at the 23-signal (data
not shown).

DISCUSSION

The tethered oligonucleotide substrate described here dis-
plays all the properties previously described for coupled cleav-
age on larger DNA fragments and allows a more detailed
description of the process. RAG1 and RAG?2 alone are suffi-
cient to carry out coordinated cleavage, so that analysis of
coupled cleavage can be greatly simplified. The assembly of the
substrate from short synthetic oligonucleotides made it possi-
ble to study the effects of different structural features, such as
nicks or single-stranded sequence, and different chemical vari-
ations (e.g., phosphorothioate substitutions). In addition, the
analysis of the cleavage reaction was greatly facilitated because
both nick and hairpin products were detected directly, and by
changing the position of the radioactive label, cleavage at any
position was monitored. In the future, the simplicity of the
reaction system could facilitate isolation of a synaptic complex
by gel shift or identification of contact sites between the RAG
proteins and DNA by UV cross-linking.

Evidence of a functional synaptic complex. While there is no
direct physical evidence as yet of a synaptic complex, it is highly
likely that such a complex exists. Other biochemically related
recombination reactions, such as bacteriophage Mu transposi-
tion, assemble the active proteins and DNA substrates into a
synaptic complex (3, 23). The requirement for a pair of signals,
the decrease in cleavage and recombination that occurs as
those signals are brought closer together (2, 14, 27), and the
implication that both sets of broken signal and coding ends
must exist together in a complex to permit hybrid joint forma-
tion (7, 15) all argue for the assembly of a synaptic complex
during V(D)J cleavage. However, these experiments do not
distinguish between whether cutting must occur before pairing
or vice versa.

The evidence presented here provides further strong sup-
port that RSSs are held in a synaptic complex with the RAG
proteins and that this complex must form prior to cleavage.
First, the lack of coupled cleavage on an inversion substrate
that is identical to a deletion substrate except for RSS orien-
tation suggests that a unique configuration of the signals and
RAG proteins must exist in order for cleavage to occur. Sec-
ond, the decrease in cleavage at a consensus signal that results
from its pairing with a mutated signal argues for the direct
communication between the signals that would occur in a syn-
aptic complex. Third, the phosphorothioate experiments show
that one signal can be cleaved separately from the other, but
the second signal is still required. Thus a structure that in-
cludes both RSSs must be assembled prior to cleavage. Once
this structure has been generated, either site can be cleaved
regardless of cleavage at its partner. Thus, the transition to an
active cleavage complex occurs as a result of pairing, but sep-
arately from hairpin formation. Similar communication be-
tween two sites has been found in other site-specific recombi-
nation systems.

As expected, cleavage can occur independently at each RSS
when Mn?" is used as the divalent metal ion, but the inclusion
of Mg?* constrains the system to require two signals. Never-
theless, we show that coordinated cleavage and synapsis can
also occur in Mn?*. The generation of doubly cut DNA in
Mn?* is impaired in the inversional substrate, in parallel with
the blocking of coupled cleavage in Mg®". Rather than pro-
ducing doubly cut DNA at a level equivalent to that seen for
single 23-RSS hairpinning (as is seen in the deletion substrate),
double cuts in Mn** are barely detectable. In fact, the amount

MoL. CELL. BIOL.

of double cuts is consistent with the expected frequency for
completely independent cleavage events at the two signals. The
apparent decrease in double cuts in Mn>" (as well as coupled
cleavage in Mg?") with this substrate compared to its dele-
tional counterpart probably results from its failure to assemble
the proper synaptic architecture.

Experiments with the standard deletion substrate also sup-
port the conclusion that synapsis can occur in Mn?™. The yield
of 12H23H doubly cut product in Mn** (2 to 3%) is 15-fold
higher than would be predicted for the random occurrence of
two independent cleavage events on the same molecule. The
amounts of the 23H and 12H species are typically 3% and 5%,
respectively (for example, see Fig. 2B and 4A [also data not
shown]), and therefore independent double cuts would be ex-
pected at a level of only 0.15% (the product of independent
events at each signal). The kinetics of hairpin formation are
also consistent with the double-hairpin products arising largely
independently of the single-site cleavage pathway. In Mn*",
23H and 23H12H species arise with essentially the same kinet-
ics (Fig. 2B). Were the 23H12H species to arise from a second
independent event, this product should accumulate later than
the 23H species. Thus, while two signals and a synaptic com-
plex are not required for cleavage in Mn**, such complexes
can form, and when they do, coupled cleavage results.

Requirements for 12/23 coupling: protein factors. The 12/23
rule has two elements. The first is that a pair of signals is
required. The second is that a 12/23 pair is strongly preferred
over a 12/12 or 23/23 pair. The requirement for two signals is
faithfully reproduced in vitro in the presence of Mg?". How-
ever, in cleavage reactions carried out only with purified RAG
proteins, the 12/23 preference is only three- to fivefold over a
12/12 pair (references 24 and 32 and this work). Cleavage
reactions in the presence of nuclear extract exhibited a far
more dramatic preference for a 12/23 pair, suggesting that
there were additional factors in vivo that restricted cleavage to
a 12/23 pair (6, 24).

We have now obtained at least a 60-fold preference for the
12/23 pair by using purified components: RAG1, RAG2,
HMG]1, and double-stranded DNA. This level of preference is
in keeping with that observed in vivo (28), where a 50-fold
preference for cleavage of a 12/23 substrate over that of a 12/12
substrate was observed. While we cannot rule out that addi-
tional factors are involved in vivo, our results suggest that 12/23
restriction can be accomplished by the RAG proteins them-
selves, aided in binding and complex assembly by HMG1 or
another HMGe-like family member. No additional protein fac-
tors would appear to be necessary in vitro, and it is likely that
the stronger 12/23 preference that was observed with nuclear
extracts simply reflected the presence of DNA and other fac-
tors that could nonspecifically interfere with assembly of aber-
rant complexes. Under our stringent 12/23 reaction conditions,
the amount of single hairpin (e.g., 23H) is also significantly
decreased (Fig. 7) to a level 20- to 30-fold lower than the
amount of coupled product. In vivo, rare cleavage at a single
site is observed at a level estimated to be 30- to 50-fold lower
than when a 12/23 pair is present, suggesting that our reaction
conditions are faithfully replicating the in vivo situation. Be-
cause the aberrant single-site cleavages are inhibited under
conditions which channel the system into the biologically rel-
evant reaction, it would appear that single-site cleavage in
Mg?* may occur via a separate pathway from that involved in
coupled cleavage.

Requirements for 12/23 coupling: DNA signals. What are
the RSS requirements for 12/23 coupling? It is clear that cou-
pled cleavage requires two functional RSSs, and much of the
restriction on substrates occurs at the level of the individual
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RSS. If a signal can function for cleavage at a single site, it will
serve for coupled cleavage. Also, in addition to the nucleotide
sequence of the heptamer and nonamer, a strict spatial rela-
tionship between the heptamer and nonamer sequence is
clearly important. Not only do RSSs with altered spacer
lengths fail to support coupled cleavage (e.g., 18-bp spacer
RSS), but an RSS with a single-stranded spacer region is also
ineffective (less efficient than a heptamer alone [11a]). Previ-
ous work showed that the spacer length for a functional RSS
must be offset by one or more full helical turns (12,23,33/34) (4,
18). Here we show that signal pairing occurs preferentially
between two signals offset by a single helical turn (12/23 or
23/33). Two functional RSSs of different spacer length (such as
a 12/33 pair) are not sufficient.

Thus, there must be a mechanism for detecting the presence
of a pair of signals with proper spacer length. However, few
differences between the properties of each signal have been
noted. Direct binding assays have shown that both a 12-RSS
and a 23-RSS can be bound by the RAG proteins, although
binding to the 23-RSS is somewhat less efficient (1, 10). The gel
mobility of each bound complex is the same, suggesting that
the same number of RAG proteins bind each site (1, 10).
Moreover, the effects of mutations in 12-signals closely parallel
those in 23-signals, suggesting that site recognition by the two
signals is also the same (4, 18).

The two signals do differ in their response to the addition of
HMGTI protein (references 24 and 29 and this paper), and the
increased cleavage at 23-signals has been taken to suggest that
the HMGT1 effect results from structural distortion in the 23-
signal that permits the heptamer and nonamer to come into
better register with each other, improving the binding of the
RAG proteins. While HMG1 strongly stimulates cleavage at a
23-signal, very little effect is seen at 12-signals (29) or at 33-
signals (11a). The failure to affect 33-signals, where HMG1
might have been expected to help in bringing the heptamer and
nonamer into closer alignment, may mean that HMG1 cannot
sufficiently distort the DNA of the 33-signal to facilitate cleav-
age. Alternatively, there may be some specific feature about
HMGT1 stimulation of the 23-RSS cleavage. This distinction
may also relate to the observed preference for a 23/33 pair over
a 12/33 pair for both recombination and cleavage. It appears
that the 33-RSS behaves like the 12-RSS, both in pairing with
a 23-RSS and in the absence of an HMG1 effect.

We have also observed one additional difference in the be-
haviors of the 12- and 23-signals. While cleavage at a 12-RSS
displays great sensitivity to coding flank sequence, 23-signals
appear largely unaffected by bad flank sequences. Since the
effect of bad flanks at a 12-RSS can be overcome either by
unpairing two bases of coding flank DNA or by the addition of
a second signal to allow coupled cleavage, it appears that the
bad flanks are a reflection of the need to unpair the DNA to
facilitate hairpin formation (4, 18, 32). Perhaps binding of the
RAG proteins to a 23-RSS already introduces a degree of
distortion in the DNA that facilitates the unpairing of the
coding flank, making the 23-signal immune to bad flank effects.

Implications for the mechanism of V(D)J recombination
and the generation of genomic rearrangements. The depen-
dence on a pair of signals for cleavage in Mg?* and the results
of time course experiments suggested that cleavage was syn-
chronized, occurring simultaneously (or nearly so) at each sig-
nal (6, 32). By introducing a noncleavable linkage, we were
able to explore the requirements for coordinated cleavage
more precisely. We found that while two signals are required to
organize the cleavable structure, the two signals do not both
have to be cleaved. The presence of two signals that can be
bound by the RAG proteins is sufficient for DSB formation in
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Mg?*. Furthermore, there is no specific order to signal cleav-
age (e.g., the 12-RSS before the 23-RSS), because introduction
of the noncleavable linkage at the signal/coding border of
either the 12-signal or the 23-signal still permits cleavage at the
other signal.

The results of the phosphorothioate experiments suggest a
potential mechanism for how V(D)J-mediated translocations
might occur despite strict 12/23 control. Because cleavage need
not occur simultaneously, it should be possible for an active
complex to assemble and cleave at only one site before falling
apart. Any alterations that destabilize the synaptic complex
(e.g., signals with lower affinity for the RAG proteins, muta-
tions in the RAG proteins which decrease protein-protein in-
teractions in the synaptic complex, or the absence of additional
(unidentified) factors that might stabilize a complex formed
over large chromosomal distances) could cause an increase in
the occurrence of chromosomal breaks. Such breaks could be
resolved by non-V(D)J pathways leading to large deletions and
chromosomal translocations. If destabilizing mutations in the
RAG proteins or accessory factors can be identified, it will be
of interest to see if they do predispose pre-B or pre-T cells to
the generation of deleterious chromosome breaks.
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