MOLECULAR AND CELLULAR BIOLOGY, Nov. 1998, p. 6408-6415
0270-7306/98/$04.00+0

Vol. 18, No. 11

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

The RAG-HMG1 Complex Enforces the 12/23 Rule of V(D)J
Recombination Specifically at the Double-Hairpin Formation Step

ROBERT B. WEST anp MICHAEL R. LIEBER*

Norris Comprehensive Cancer Center, Departments of Pathology, Biochemistry and Molecular Biology,
and Molecular Microbiology and Immunology, University of Southern California
School of Medicine, Los Angeles, California 90033

Received 19 May 1998/Returned for modification 27 July 1998/Accepted 19 August 1998

A central unanswered question concerning the initial phases of V(D)J recombination has been at which step
the 12/23 rule applies. This rule, which governs which variable (V), diversity (D), and joining (J) segments are
able to pair during recombination, could operate at the level of signal sequence synapsis after RAG-HMG1
complex binding, signal nicking, or signal hairpin formation. It has also been unclear whether additional
proteins are required to achieve adherence to the 12/23 rule. We developed a novel system for the detailed
biochemical analysis of the 12/23 rule by using an oligonucleotide-based substrate that can include two signals.
Under physiologic conditions, we found that the complex of RAG1, RAG2, and HMG1 can successfully
recapitulate the 12/23 rule with the same specificity as that seen intracellularly and in crude extracts. The
cleavage complex can bind and nick 12x12 and 23xX23 substrates as well as 12Xx23 substrates. However,
hairpin formation occurs at both of the signals only on 12x23 substrates. Moreover, under physiologic
conditions, the presence of a partner 23-bp spacer suppresses single-site hairpin formation at a 12-bp spacer
and vice versa. Hence, this study illustrates that synapsis suppresses single-site reactions, thereby explaining

the high physiologic ratio of paired versus unpaired V(D)J recombination events in lymphoid cells.

The central feature of specific immunity is its capability to
generate an enormous repertoire of antigen receptors by a
process called V(D)J recombination. During this process, any
one of an array of V (variable) gene segments can be joined to
one of many D (diversity) or J (joining) gene segments to
generate a new exon encoding the antigen binding domains of
immunoglobulins or T-cell receptors. The cis elements medi-
ating the site specificity of the recombination reaction are
recombination signal sequences (RSS) flanking the V, D, and
J gene segments. They consist of a palindromic heptamer sep-
arated from an A+T-rich nonamer by a spacer of either 12 or
23 bp. A single recombination event is directed by two of these
joining signals with different spacer lengths, one with a 12-bp
spacer (12-signal) and the other with a 23-bp spacer (23-sig-
nal). This restriction is referred to as the 12/23 rule (22). The
12/23 rule ensures that the recombining gene segments are
joined together correctly.

The recombination reaction can be broadly divided into two
phases. The first phase is cleavage at the signal sequences. The
second phase is the ligation, or repair, of the gene segment
termini to create the new exon. The RAG1 and RAG?2 proteins
(15, 17, 18) have been found to be necessary and sufficient for
cleavage of the recombination signals in vitro (17, 24, 26).
After binding and synapsis of the two signals, the reaction
occurs by a two-step chemical mechanism during which one
DNA strand is nicked at the heptamer of each RSS. The 3' OH
group that is generated attacks the phosphodiester bond of the
antiparallel strand in a direct transesterification reaction, leav-
ing hairpinned coding ends and blunt signal ends (25). Re-
cently, a DNA-bending protein, HMG1, was found to mark-
edly enhance the cutting reaction (16, 23). The second phase
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involves factors that participate in general double-strand break
repair. These include the Ku70/86, DNA-PK, XRCC4, and
DNA ligase 1V (5, 17).

Several studies have indicated that the 12/23 rule is enforced
at one of the steps of the cleavage phase of V(D)J recombi-
nation rather than at a later step. Such studies include exoge-
nous substrate analysis (19, 21) and assays with crude extract
cleavage of linear DNA (3, 16). One of these studies used a cell
line that overexpressed RAG proteins to create active crude
extracts for the cleavage step of the V(D)J reaction (3). In a
series of experiments, the authors examined the ability of these
lysates to form nicked or hairpinned products on linearized
plasmid-based substrates. However, because these studies uti-
lized plasmid-based substrates of several hundred base pairs, it
is difficult to discern the relative rates of nicking and hairpin
formation. Furthermore, these studies were performed in
crude lysates, which prevent accurate measurements of the
contribution of the RAG proteins specifically.

Examination of the role of RAG proteins for establishing
the 12/23 rule has been problematic. Specifically, the levels of
adherence to the 12/23 rule between RAG proteins overex-
pressed in crude cell lysates and as purified proteins have been
found to differ (16). RAG proteins in crude lysates were shown
to have a rate of cutting on 12X23 plasmid substrates at least
25-fold greater than that on non-12X23 substrates (3). Under
similar conditions, purified RAG proteins showed only a two to
fourfold preference for the 12X23 substrate (16, 26). This
important discrepancy has not yet been reconciled.

We generated a novel system that allows the examination of
concerted cutting at two recombination signal sequences in a
much more detailed manner than was possible with previous
systems. Under these conditions, we demonstrated that puri-
fied RAG proteins and HMG1 have a strict adherence to the
12/23 rule similar to that of RAG proteins in crude lysates.
Having demonstrated that this system contains the essential
components to reproduce the 12/23 rule, we went on to study
the interaction of the RAG proteins with the 12X23 and al-
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ternative 12X12 and 23X23 substrates at each step of the
cleavage reaction. We found that binding and nicking by the
RAG proteins was no different for the 12X23 and the alter-
native substrates. However, at the nick to hairpin transition,
the RAG proteins were unable to efficiently cleave the 12X12
or 23X23 substrates or prenicked 12X12 or 23X23 intermedi-
ates. The only substrates successfully cleaved were those with
both the 12-signal and the 23-signal, establishing that the 12/23
rule is enforced at the formation of the double hairpin struc-
ture.

MATERIALS AND METHODS

Oligonucleotides. The following oligonucleotides were used: for the 12X23
substrate, AAAAGAGGAGAGGAAGGAAGGAGGAAAGGAATCCCATG
ACTGCACAGTGATCATCCTGGAGACAAAAACCTGCAAC (76 nucleo-
tides [nt]), GGAACTGGTTTTTGTCAAGCTTGATTCGGTGAGCAGGTCA
CTGTGCATGATCTCCCC (57 nt), and CCTTGACCAAAAACAGTTCGA
ACTAAGCCACTCGTCCAGTGACACGTACTAGAGGGGTTTTCTCCTCT
CCTTCCTTCCTCCTTTCCTTAGGGTACTGACGTGTCACTAGTAGGAC
CTCTGTTTTTGGACGTTG (133 nt); for the 12X 12 substrate, ATCCCATGA
CTGCACAGTGATCATCCTGGAGACAAAAACCTGCAAC (46 nt),
GGAACTGGTTTTTGTGATCGATCGATCCACTGTGCATGATCTCCCC
(45 nt), AAAAGAGGAGAGGAAGGAAGGAGGGATCGATCGATCGAA
AGGA (44 nt), and CCTTGACCAAAAACACTAGCTAGCTAGGTGAC
ACGTACTAGAGGGGTTTTCTCCTCTCCTTCCTTCCTCCCTAGCTAGC
TAGCTTTCCTTAGGGTACTGACGTGTCACTAGTAGGACCTCTGTTTT
TGGACGTTG (135 nt); for the 2323 substrate, GGAACTGGTTTTTGTGA
TCGAGCGATCGATCGATCGTCCACTGTGCATGATCTCCCC (57 nt),
AAAAGAGGAGAGGAAGGAAGGAGGAAAGGAATCCCATGACTGCA
CAGTGGATCGATCGATCGATCGTTCGATACAAAAACCTGCAAC (87
nt), and CCTTGACCAAAAACACTAGCTCGCTAGCTAGCTAGCAGGTG
ACACGTACTAGAGGGGTTTTCTCCTCTCCTTCCTTCCTCCTTTCCTTA
GGGTACTGACGTGTCACCTAGCTAGCTAGCTAGCAAGCTATGTTTT
TGGACGTTG (144 nt); for the mutant nonamer 1223 substrate, GGAACAC
TGCATAGTCAAGCTTGATTCGGTGAGCAGGTCACTGTGCATGATCT
CCCC (57 nt), AAAAGAGGAGAGGAAGGAAGGAGGAAAGGAATCCC
ATGACTGCACAGTGATCATCCTGGAGACAAAAACCTGCAAC (76 nt),
and GTTGCAGGTTTTTGTCTCCAGGATGATCACTGTGCAGTCATGGG
ATTCCTTTCCTCCTTCCTTCCTCTCCTCTTTTGGGGAGATCATGCA
CAGTGACCTGCTCACCGAATCAAGCTTGACTATGCAGTGTTCC (133
nt); for the single 12 site substrate, ATCAGGATGTGGTGATGCACAGTGT
GATCCCTCCTCACAAAAACCGCAGGTCTTCAGTT (59 nt) and TAGTCC
TACACCACTACGTGTCACACTAGGGAGGAGTGTTTTTGGCGTCCA
GAAGTCAA (59 nt); for the single 23 site substrate, ATCCCATGACTGCA
CAGTGGATCGATCGATCGATCGTTCGATACAAAAACCTGCAACGA
TC (61 nt) and TAGGGTACTGACGTGTCACCTAGCTAGCTAGCTAGC
AAGCTATGTTTTTGGACGTTGCTAG (61 nt); for the nicked 12X23 sub-
strate, GGAACTGGTTTTTGTCAAGCTTGATTCGGTGAGCAGGTCACT
GTGCATGATCTCCCCAAAAGAGGAGAGGAAGGAAGGAGGAAAGG
AATCCCATGACTG (99 nt), CACAGTGATCATCCTGGAGACAAAAACC
TGCAAC (34 nt), CCCTTGACCAAAAACAGTTCGAACTAAGCCACTCG
TCCAGTGACAC (45 nt), and GTACTAGAGGGGTTTTCTCCTCTCCTTCC
TTCCTCCTTTCCTTAGGGTACTGACGTGTCACTAGTAGGACTCTGTT
TTTGGACGTTG (88 nt); for the nicked 12X 12 substrate, CACAGTGATCAT
CCTGGAGACAAAAACCTGCAAC (34 nt), GGAACTGGTTTTTGTGATC
GATCGATCCACTGTGCATGATCTCCCCAAAAGAGGAGAGGAAGGA
AGGAGGGATCGATCGATCGAAAGGAATCCCATGACTG (101 nt), CC
TTGACCAAAAACACTAGCTAGCTAGGTGACAC (34 nt), and GTACTAG
AGGGGTTTTCTCCTCTCCTTCCTTCCTCCCTAGCTAGCTAGCTTTCCT
TAGGGTACTGACGTGTCACTAGTAGGACCTCTGTTTTTGGACGTTG
(101 nt); for the nicked 2323 substrate, GGAACTGGTTTTTGTGATCGAGC
GATCGATCGATCGTCCACTGTG (45 nt), CATGATCTCCCCAAAAGAG
GAGAGGAAGGAAGGAGGAAAGGAATCCCATGACTGCACAGTGGA
TCGATCGATCGATCGTTCGATACAAAAACCTGCAAC (99 nt), CCTTGA
CCAAAAACACTAGCTCGCTAGCTAGCTAGCAGGTGACAC (45 nt), and
GTACTAGAGGGGTTTTCTCCTCTCCTTCCTTCCTCCTTTCCTTAGGGT
ACTGACGTGTCACCTAGCTAGCTAGCTAGCAAGCTATGTTTTTGGA
CGTTG (99 nt); and for the nonspecific competitor, GGAACTGATCGATCA
CAAGCTTGATTCGGTGAGCAGGTGATCGATCATGATCTCCCC (57 nt),
AAAAGAGGAGAGGAAGGAAGGAGGAAAGGAATCCCATGACTGGA
TCGATATCATCCTGGAGGATCGATGCTGCAAC (76 nt), and GTTGCAC
GATCGATCCTCCAGGATGATATCGATCCAGTCATGGGATTCCTTTCC
TCCTTCCTTCCTCTCCTCTTTTGGGGAGATCATGATCGATCACCTGCT
CACCGAATCAAGCTTGTGATCGATCAGTTCC (133 nt).

Expression of RAG and HMG1 proteins. Mouse recombinant core RAG1 and
RAG?2 proteins with an N-terminal maltose binding domain and a C-terminal
His tag and myc epitopes (13) were expressed in Hi-5 insect cells. Cell extracts
were then purified over a Ni-nitrilotriacetic acid column with imidazole elution.
The eluant was further purified with an amylose column and removed with a
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maltose-containing solution. RAG1 and RAG2 proteins were found to be
greater than 95% percent pure by SYPRO orange staining and were present in
approximately equimolar amounts. Mouse recombinant C-terminal truncated
HMGT1 protein was expressed in a bacterial overexpression system as previously
described (1).

Cleavage reactions. The standard cleavage reaction contained 10 nM 32P-
oligonucleotide substrate, 50 nM HMG1, 1 puM RAGI1 and RAG2, 25 mM
MOPS (morpholinepropanesulfonic acid) (pH 7.0), 5 mM Tris (pH 7.5), 30 mM
KCl, 2% glycerol, 10 mM MgCl,, and 1 mM dithiothreitol. HMG1 was prein-
cubated with the DNA in the conditions described above on ice for 5 min before
the RAG proteins were added. All reactions were incubated at 37°C. Reactions
were stopped with a 1% sodium dodecyl sulfate-20 mM EDTA solution. The
DNA was then subjected to phenol-chloroform extraction followed by ethanol
precipitation. DNA pellets were resuspended in 10 mM Tris (pH 8.0) and 1 mM
EDTA (pH 8.0) and mixed with an equal volume of formamide, and half of the
total volume was loaded on to a 15% acrylamide urea denaturing gel. Products
were then quantified with ImageQuaNT software.

Competition assay. The cold competitor DNA (100 nM) and the radioactively
labeled DNA (10 nM) were mixed together and combined with HMGT at a ratio
of 5 HMG1 molecules to 1 DNA oligonucleotide complex in the standard
cleavage reaction conditions described above. The protein and DNA mixture was
incubated on ice for 5 min before the RAG proteins were added (at the standard
cleavage reaction concentrations). Samples were incubated for 30 to 60 min at
37°C. Samples were then treated the same as the standard cleavage reactions.

RESULTS

Oligonucleotide 12 %23 substrates for dissection of the bind-
ing, nicking, and hairpin formation steps. To examine the
relationship between nicked and double hairpin products in
the context of the 12/23 rule, we developed an oligonucleotide-
based substrate that contains both a 12-signal and a 23-signal.
An oligonucleotide substrate, which is labeled at a discrete site,
allows detailed examination of the phosphodiester breaks in-
duced by the RAG proteins as achieved with the single-site
substrates used previously (4, 26). A covalent linkage of the
two signals is essential for observing whether hairpin formation
at the two sites is coordinated. Therefore, an oligonucleotide
must span the entire length of the substrate. It is important to
note that previous studies of intersignal length in vivo and in
vitro (2, 19) have demonstrated that the distance between the
two signals can be less than 60 bp without a reduction in signal
joint formation efficiency. Since such a short intersignal dis-
tance is still fully active for V(D)J recombination, it appeared
possible to design a substrate constructed with oligonucleo-
tides such that the two signals are covalently linked.

The prototypical substrate used for our study had the re-
combination signal sequences in the signal joint orientation
with an intersignal distance of 54 bp between the cleavage sites.
The substrate was constructed with three oligonucleotides
(Fig. 1A). The single bottom oligonucleotide spanned the en-
tire 133-bp length of the substrate. The other two top oligo-
nucleotides annealed to create a nick located 12 bp 3’ of the
first signal cut site. This allowed the substrate to be labeled in
the middle of the two signals, providing high-resolution anal-
ysis of both signals. When the substrate underwent hairpin
formation at both signal sites, the labeled oligonucleotide in-
cluded both hairpins, giving it a unique length (108 nucleotides
for the 12X23 substrate) that was longer than the input sub-
strate length. The level of nicking at only one of the signal sites
could be observed simultaneously, as the nicked product alone
has a unique length (42 nucleotides for the 12X23 substrate).
Thus, with this configuration, coordinated hairpin formation of
the two substrates on the same molecule could be clearly and
unambiguously identified concurrently with the level of nick-
ing.

Concerted cutting is absolutely dependent on the presence
of HMGL. To test the system, the primary substrate with a 12-
and a 23-signal site in the signal joint orientation was incubated
with purified RAG proteins (Fig. 1B). The cleavage reaction
was performed in a Mg>* buffer similar to that previously
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FIG. 1. Concerted RAG cutting on an oligonucleotide 12X23 substrate. (A) Structure of the oligonucleotide substrate. The substrate is composed of three
oligonucleotides (lines) that form the 12- and 23-signals (shown with triangles). Numbers at the ends of the oligonucleotides indicate the length of the entire adjacent
oligonucleotide. Italicized numbers along the DNA strands represent the conserved signal sequences (heptamer, nonamer, and spacer) within the larger oligonucle-
otides. The structure of this substrate is such that there are 54 bp between the 12- and 23-signals. The brackets above and below the structure give the distances (in
italics) between various landmarks, such as the edge of the signal sequence. The location of the radiolabel is denoted with a star. The structures of the nicked and
double-hairpinned labeled products are shown, and the lengths of the products are given. (B) RAG1, RAG2, and HMG1 were incubated with the 12X23 substrate,
and the products were separated on a 15% denaturing polyacrylamide gel. Lane 1, 12X23 substrate with HMG1 but without RAG1 and RAG2 in Mg>" conditions;
lane 2, 1223 substrate with RAG1 and RAG2 in Mg?* conditions; lane 3, 1223 substrate with HMG1, RAG1, and RAG2 in Mg?" conditions. (C) RAG1 and RAG2
were incubated with substrates in Mn?* conditions, and the products were separated on a 15% denaturing polyacrylamide gel. Lane 1, 12X23 substrate with RAG1
and RAG2 with HMG; lane 2, 12X23 substrate with RAG1 and RAG2 alone; lane 3, single site 12 substrate with equimolar cold single site 23 substrate with RAG1
and RAG2 with HMGI.

described (26). Purified RAG proteins alone failed to lead to
hairpin formation (Fig. 1B, lane 2). The RAG protein complex
was able to carry out nicking at very low levels on the labeled
12-signal site of a 12X23 substrate. The 42-nucleotide product

that illustrates this is not visible in Fig. 1B, lane 2, but is
apparent upon longer exposures of this image (data not
shown). When the substrate was preincubated with HMGI,
coordinated hairpin formation at the two signals occurred (Fig.
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1B, lane 3). It is important to note that no products containing
one hairpin and one nick were observed. An increase in nicking
was also seen with the addition of HMG1 (compare lanes 2 and
3). This increase suggests that HMG1 participates in the initial
creation of the complex rather than just at the hairpin stage.
This is supported by the finding that the addition of HMG1
after the addition of the RAG proteins greatly decreases the
formation of the double hairpin product (data not shown).

FIG. 2. RAG nuclease activity on non-12X23 substrates: double hairpinning
is efficient only on 12X23 substrates but nicking can occur on non-12X23 sub-
strates. (A) The 12X12 and 23X23 substrate structures are shown in the same
format as in Fig. 1A. (B) RAG1, RAG2, and HMG1 were incubated with the
different substrates, and the products were separated on a 15% denaturing
polyacrylamide gel. Lane 1, 12X23 substrate with RAG1, RAG2, and HMG1
with a Mg?* divalent cation; lane 2, same as in lane 1 but with the 23%23
substrate; lane 3, same as in lane 1 but with the 12X 12 substrate. The arrowheads
mark the positions of the barely detectable single hairpin products, which are
more apparent upon darker exposure (data not shown).

HMGT1 has been reported to augment RAG cutting and stim-
ulate coupled cleavage (16, 23). In our system, HMG1 is es-
sential for double hairpin formation.

Further illustration of the requirement for HMG1 by the
12/23 complex is seen when similar reactions are performed
under Mn*" rather than Mg " divalent conditions (Fig. 1C). It
has been shown previously that on single-site substrates, RAG
proteins cannot create the hairpin product when Mg®" is the
divalent; however, when Mn?" is the divalent, the hairpin
product is formed efficiently (24). With our 12X23 substrate,
we found that under Mn*" conditions, the RAG proteins with-
out HMGI created only a single hairpin product but no double
hairpin products (Fig. 1C, lane 2). However, when HMG1 was
present, the RAG protein-HMG1 complex formed both dou-
ble and single hairpin products (Fig. 1C, lane 1). Interestingly,
when RAG proteins were incubated under identical Mn?*-
HMGT1 conditions with an equimolar concentration of a la-
beled single 12-bp site substrate plus a cold single 23-bp site
substrate with coding ends comparable to those of the 12X23
substrate, significantly more (eightfold) hairpin formation took
place than in the 12X23 substrate (Fig. 1C, lane 3). It would
appear that under these conditions, the activity of the RAG
proteins at either of the sites of the 12X23 substrate was
strongly inhibited by the presence of the other site, in contrast
to the stimulation of hairpin formation by the second signal in
Mg?**-HMGT conditions (Fig. 1B).

Non-12X23 substrates are not cleaved efficiently. Having
demonstrated that HMGT1 plus Mg>* provide for optimal dou-
ble hairpin formation in a manner comparable to that seen in
vivo and in crude extract, we used those conditions in all the
remaining studies. Oligonucleotide substrates similar to the
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FIG. 3. Competition assay with non-12X23 substrates: equivalent competi-
tion by 12Xx23, 12X12, and 23X23 substrates. HMG1 was preincubated at
equimolar concentrations with a mixture of radiolabeled 12X23 substrate and a
10-fold concentration of cold competitor substrate. RAG1 and RAG2 were then
added under Mg?* conditions. The products were separated on a 15% denatur-
ing polyacrylamide gel. The intensities of the double hairpin product and the
remaining substrate were then quantified with the PhosphorImager system. The
double hairpin product value was normalized to the nonspecific DNA sample,
which was assigned a relative value of 1. The molar concentration of unlabeled
(cold) competitor relative to labeled 12X23 substrate is shown as 10[DNA] or
20[DNA], indicating 10 or 20 times more unlabeled (cold) competitor DNA.
12X23mut designates the substrate that has an ablated nonamer at the 23-signal.

12X23 substrate were created with two 12-RSS sites or two
23-RSS sites (Fig. 2A). The 23X23 substrate contained two
nonidentical 23-signal sites with respect to the 23-nucleotide
spacers but identical coding end sequences. Likewise, the
12X12 substrate contained nonidentical 12-nucleotide spacers
and identical coding end sequences. Both substrates were la-
beled in a fashion similar to that of the 12X23 substrate with an
internal 5’ label (Fig. 2A). The nicking step mediated by the
RAG proteins gave a 12-nucleotide product for the 12X12
substrate and a 42-nucleotide product for the 2323 substrate.
Double hairpin formation mediated by the RAG proteins re-
sulted in products of 92 and 108 nucleotides for the 12X12 and
2323 substrates, respectively.

These substrates were compared with the 12X23 substrate in
a RAG cleavage assay. Under identical conditions, including
the presence of HMG1 and Mg?*, a qualitative difference was
seen between products of the 12X23 versus the products of the
12X12 and 23X23 substrates (Fig. 2B). No double hairpin
products were observed, and single hairpin products were pres-
ent (Fig. 2B) but were only marginally apparent at this expo-
sure. Significant nicking occurred in all three substrates. As
with the 12X12 substrate, barely detectable levels of hairpin
product were observed. Thus, there was a significant difference
in how the RAG proteins created hairpins in the 12X23 sub-
strate versus substrates that deviated from the 12/23 rule. We
interpret the trace levels of hairpin formation in the 12X12 and
23X23 substrates to indicate that a complex similar to that in
the 12X23 substrate can occur but that the resulting activity is
greatly reduced in accordance with the 12/23 rule.

The RAG complex has a similar affinity for both 12x23 and
non-12x23 substrates. The inability of the RAG proteins to
efficiently cleave the 12X 12 and 23 X23 substrates could be due
to a failure at any of the steps along the double hairpin path-
way. The RAG proteins may have lower affinity for DNA that
cannot form a synaptic complex; that is, a stable complex may
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not form with the 12X 12 and 23X23 substrates. Alternatively,
the RAG proteins may fail to efficiently nick the substrates after
having bound the DNA. A third possibility is that the RAG
proteins may fail to catalyze the formation of the double hairpin.

To assess the affinity of the RAG proteins for the different
substrates, a competition assay for inhibition of hairpin forma-
tion in the 12X23 substrate was performed. Tenfold molar
amounts of the cold competitor substrate were mixed with the
labeled 12X23 substrate. A fivefold molar excess amount of
HMGT1 was preincubated with each substrate. This ensured
that the levels of HMG1 were consistent per molecule of DNA,
as previous studies of HMGI1 have shown that excessive
amounts of HMGT1 can inhibit RAG protein nuclease activity
(23). The RAG proteins were then added to the HMG1-DNA
complex. Both of the alternative substrates (12X12 and
23X%23) had a significant effect on the cutting of the 12X23
substrate compared with the nonspecific negative control (Fig.
3). The presence of the nonspecific competitor DNA had no
significant effect on the hairpin formation activity of the RAG
proteins. While these substrates competed equally well against
the labeled 12X23 substrate, a 12X23 substrate with a mutated
nonamer sequence at the 23-signal did not. At twice the molar
concentration (which corresponds to an equal concentration of
signal sites), this substrate was almost fourfold less effective at
competition (Fig. 3). At an equal concentration of that same
mutated substrate, the competition was almost 10-fold less
effective (Fig. 3). The level of competition by the mutant sub-
strate demonstrates that substrates that have two sites with the
capability of synapsis have a higher affinity for the RAG com-
plex than substrates that are much less capable of undergoing
synapsis. We conclude that there is an increase in the stability
of the complex from synaptic interactions and that these inter-
actions can take place in substrates that do not fulfill the 12/23
rule as well as substrates that do. This indicates that enforce-

12x23 12x12 23x23
014 E

0.12

0.1
Fraction of
Substrate

0.08

10 20 30 60

10 20 30 60 10 20 30 60

Time (minutes)

FIG. 4. Time course of the RAG nuclease activity on non-12X23 substrates.
RAG1, RAG2, and HMG1 were incubated with the 12X23, 12X12, or 23X23
substrates for 10, 20, 30, and 60 min in Mg?* conditions. The products were
separated on a 15% denaturing polyacrylamide gel. The intensities of the double
hairpin and nicked products and the remaining substrate were then quantified
with the PhosphorImager system. The ratio of the double hairpin product to the
substrate is indicated by the black bars, and the ratio of the nicked product to the
substrate is indicated by the stippled bars.
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ment of the 12/23 rule does not occur at the level of signal
binding or synapsis.

The rate of double hairpin formation is markedly faster for
12X%23 substrates relative to 12X12 and 23X23 substrates.
The rate of nicking and double hairpin formation was assessed
in a time course assay. After preincubating the substrates with
HMG1, RAG incubation was performed for 10, 20, 30, or 60
min (Fig. 4). The 12X23 substrate formed nicks at a rate
slightly faster than that of hairpins. The rate of accumulation
of the nick product of the 12X12 and 23X23 substrates was 1.6-
to 4-fold slower than that of the 12X23 substrate at 10 min,
consistent with results of others (3). These differences in nick-
ing were even smaller at subsequent time points. The double
hairpin formation was markedly slower for the 12X12 and
23X 23 substrates relative to the 12X23 substrate. Double hair-
pin product reached 50% of total by 10 min with the 12X23
substrate. The hairpin products of the 12X12 and 2323 sub-
strates were detectable only after 30 min. Quantification of the
substrate and double hairpin product showed that the differ-
ences in rates between the 12X23 versus the 2323 and 12X12
substrates were at least 10- and 20-fold, respectively.

A prenicked substrate does not relieve the 12/23 rule con-
straint at the double hairpin step. While it is apparent that the
12/23 rule is applied at some point during the nick to hairpin
transition, it is possible that it is the coordinated nicking of a
substrate that is the critical step. Though the 12X 12 and 23X23
structures create a significant level of nicked products, one
could argue that these are the result of an unproductive path-
way that branches off from the productive pathway at the nick
step. That is, it is possible that the nicks observed in the 12X12
and 23X23 substrates cannot progress to the hairpin step.

The nature of the oligonucleotide system allows intermedi-
ate substrates to be examined. New substrates were created to
examine whether preexisting nicks were sufficient to induce
coordinated hairpin formation in the 12X12 and 23X23 sub-
strates. Substrates were designed so that, adjacent to each
heptamer, a nick was positioned as if nicked by the RAG
proteins (Fig. SA). The substrates were labeled at the 5’ end of
one of the top strand oligonucleotides. When cleavage oc-
curred in this configuration, we observed the blunt-ended
product of the hairpin formation event rather than the hairpin
itself. Three nicked substrates were created: 12X23, 12X12,
and 23X23. As described above, HMG1 was added prior to
incubation with the RAG proteins. As seen in Fig. 5B, only the
double-nicked 12X23 substrate was subject to hairpin forma-
tion by the RAG proteins. The 12X 12 and 2323 double-nick
variations were not cut. Therefore, we can rule out the possi-
bility that coordinated double nicking is the point at which the
12X12 and 23X23 substrates are blocked.

Having shown that the RAG-HMGI1 protein complex can
bind and nick at the 12X23 and alternative (12X12 and 23X23)
substrates equally well, that double nicked substrates are not
able to lead to hairpin formation in the 12X12 and 23X23
substrates, and that hairpins are formed at least 10- to 20-fold
faster on the 12X23 substrate, we concluded that the 12/23 rule
is enforced at the double hairpin formation stage. The impli-
cations of this are discussed below.

DISCUSSION

The 12/23 rule has been examined in the context of experi-
ments in vivo (19, 21) and in cellular extracts (3). However,
such studies have not addressed the biochemical steps at which
the 12/23 rule applies. Hence, it has been unclear whether this
rule applies at the level of the RAG synapsis of the 12- and
23-signals, at their nicking, or at their hairpin formation. It has
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also been unclear whether the hairpinning occurs sequentially.
Here we provide a detailed biochemical examination of the
RAG cleavage reaction on double-site (12X23) substrates in
the context of purified components. This system uses an oligo-
nucleotide substrate that contains both a 12-bp site and a 23-bp
site. An oligonucleotide substrate allows the study of nicking
and hairpin formation simultaneously. Using such a system, we
examined how the RAG-HMG1 complex interacts with 12x12
and 23X23 substrates as well. We find that the protein complex
binds equally well to 12X12 and 23X23 substrates as to 12X23
substrates, but not to substrates that have only one signal.
Furthermore, we find that the alternate substrates have a rate
of nicking comparable to that of 12X23 substrates. Finally, we
find that substrates with preexisting nicks undergo double hair-
pin formation only if they have the 12X23 configuration. These
data demonstrate that the 12/23 rule is enforced at the stage of
double hairpin formation and not at earlier stages.

We first examined the interaction of RAG1, RAG2, and
HMGT1 on just the 1223 substrate (Fig. 1). For efficient and
strictly concerted double hairpin formation, all three proteins
must be present in Mg®" conditions (Fig. 1B). Furthermore, in
Mn?>* conditions, concerted hairpin formation occurs only in
the presence of HMG1 (Fig. 1C), though all the hairpin events
are not strictly double hairpins. The comparison of these dif-
ferent conditions further defines the role of HMGI1 as an
essential component for the synapsis of the two recombination
sites regardless of the divalent cation present. It is also clear
that HMGT1 is involved in the nicking step as well because the
presence of HMG1 increases the level of nick formation (Fig.
1B).

Interestingly, we find no products containing a hairpin at one
signal and a nick at the other. This strongly suggests that
hairpin formation is concerted and tightly coupled with the
nicking step. It also indicates that hairpin formation on one
signal is very inefficient when the conditions for simultaneous
cleavage of the synaptic complex are satisfied.

In Mn** conditions, the RAG proteins form a synaptic com-
plex involving contact with both signal sites of the 12X23
substrate (Fig. 1C). However, the efficiency of hairpin forma-
tion is significantly different depending on whether the second
signal is linked to the first. In Mn®" conditions, the linkage of
both sites causes one site to negatively influence the hairpin
formation of the other (Fig. 1C, lanes 2 and 3). In Mg**
conditions, one site positively influences the hairpin formation
of the other (Fig. 1B). However, strictly coordinated hairpin
formation cannot proceed without the presence of HMG1 and
Mg>*. While either HMG1 or Mg>" favor synaptic and coor-
dinated cutting, the presence of both is optimal.

The cold competition experiments (Fig. 3) indicate that the
RAG complex has an affinity for the 12X12 and 23X23 sub-
strates similar to that for the 12X23 substrate. In these exper-
iments, we chose to present both the competitor DNA and the
target DNA to the RAG proteins at the same time rather than
to challenge a preformed RAG-HMGI1-DNA complex with
competitor DNA. The latter design is inferior, as it would
examine only the dissociation rate of the RAG proteins on a
given substrate rather than both the association and dissocia-
tion rates, as in the design we employed. One cannot be certain
from these results whether the RAG complex achieves func-
tional synapsis with the 12X12 and 23X23 substrates rather
than a nonfunctional binding. There may be several synaptic
intermediates that occur before hairpin formation can take
place. However, given the equivalent affinity in competition
studies, it appears that the RAG complex can achieve a syn-
apsis equivalent to that of the 12X23 substrate and the 12X12
and 23X23 substrates. The degree of inhibition seen with these
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at twice the molar concentration). This substrate had almost
fourfold less competition for the 12X23 substrate than the
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FIG. 5. RAG activity on prenicked substrates. (A) The prenicked 12X23,
12X12, and 2323 substrate structures are shown in the same format as in Fig.
1A. (B) RAG1, RAG2, and HMG1 were incubated in Mg?* conditions with
12Xx23, 12X12, and 23X23 substrates which had a nick at each signal site. The
products were separated on a 15% denaturing polyacrylamide gel. Lanes 1 and
2, 12X23 nicked substrate without and with RAG proteins and HMG1, respec-
tively; lanes 3 and 4, 12X 12 nicked substrate without and with RAG proteins and
HMG]1, respectively; lane 5 and 6, 23X23 nicked substrate without and with
RAG proteins and HMG, respectively.

other substrates (Fig. 3). Furthermore, the time course assay
(Fig. 4) showed that given a long incubation time, the RAG
complex can generate a double hairpin product from 12X12
and 23X23 substrates. This suggests that the RAG complex
does achieve synapsis with the 12X12 and 23X23 substrates
but that the transition from substrate to hairpin is energetically
disfavored relative to the 12X23 substrate. Alternatively, the
very low rate of single hairpin formation (Fig. 2B) could lead
to sequential cutting (rather than coupled cleavage), resulting
in the small amounts of double hairpin product.

The time course assays show that the RAG complex has a
high rate of nicking in 12X12 and 23X23 substrates (Fig. 4).
Similar results were shown in crude extracts (3). These nicks
may go undetected in chromosomal and extrachromosomal
studies that examine only the rearranged product. Such events
could explain an unusual alternative reaction in V(D)J recom-
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bination called open and shut events (8, 11). In such cases,
nucleotides are lost or added at the coding-signal border of one
V or J element. Such events have been commonly observed in
the genome at immunoglobulin and T-cell-receptor loci under-
going recombination (9). It is conceivable that this represents
a pathologic activity that may have some significance for the
recombining lymphocyte. The high level of nicks potentially
generated in a cell where the RAG complex fails to make
12X23 synapsis (and instead makes 12X12 or 23X23 synaptic
complexes) could lead to some of the observed chromosomal
translocations in lymphoid malignancies (12).

Previous studies have suggested that there may be an addi-
tional factor beyond RAG1 and RAG?2 that enforces the 12/23
rule (3, 16). These studies have compared cleavage using pu-
rified components (where only a two to threefold 12/23 pref-
erence was observed) versus that using whole cell extracts
(where a 25-fold 12/23 preference was observed). Using similar
buffer conditions in the crude and purified systems, these stud-
ies describe some level of cutting of 12X12 and 12X23 sub-
strates only in the purified system. However, the previous pu-
rified systems utilized substrates with an excess of nonspecific
DNA present between the signals. Such plasmid substrates
have many cryptic 12- and 23-bp nonconsensus signal sites
within them that could provide, for example, many 12-signals
to each of the signals in a 23X23 substrate (10). In our system,
there is less nonspecific DNA present and also considerably
less 12X 12 and 23X23 cleavage. Although the intersignal dis-
tance is much shorter than that in previous in vitro studies,
substrates with very similar intersignal distances are processed
by the RAG complex at equivalent efficiencies in vivo (19). The
contribution of other DNA binding proteins in the crude ex-
tracts may simply be to compete the RAGs away from low-
affinity, nonconsensus cryptic sites such that the RAGs ulti-
mately have a higher probability of locking in on synapsis at the
correct signals. Our results show that the RAG proteins plus
HMGT1 can provide what is necessary to achieve adherence to
the 12/23 rule to an extent that is equivalent to that seen in
crude extracts.

While our manuscript was in the final stages of review,
another study in which the data were interpreted to indicate
that the 12/23 rule is established prior to cleavage (7), specif-
ically at the synapsis step, was published. This necessarily com-
pels us to propose how both sets of data can be interpreted in
a unified way. One possibility is that there is a small amount
(threefold) of 12/23 rule enforcement at the synapsis step (7),
but a larger one (10- to 20-fold) at the double hairpin step (our
data). A second possibility is that the use of Ca** in the
synapsis buffer by Hoim and Gellert (7) resulted in the small
(threefold) differences in synapsis seen in their study. Such
stable synapsis complexes proceed to cleavage under physio-
logic Mg*" conditions. Ca** is sufficiently nonphysiologic that
it does not permit cleavage. The same distortion that results in
failure to cleave in Ca®>* could give synapsis biases that are not
seen when one does cold competition studies, as we did, using
Mg?* (Fig. 3).

Despite achieving a very high degree of 12/23 rule adherence
in a purified system, we did observe a very low level of 12X12
and 23X23 cleavage. This may correspond to the actual level of
physiologic discrimination (6). In the cell, there is a very low
level of cleavage at the 12X 12 or 23X23 pairing, some of which
leads to pathologic results in vivo (9, 20). Such abnormal pair-
ings can be quantitated by using extrachromosomal 23X23
substrates; these were found to recombine at 2% of the rate of
1223 substrates (6, 11). Examination of in vivo junctions also
found violations of the 12/23 rule at a low but readily detect-
able level (14).
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