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V(D)J recombination is initiated by double-strand cleavage at recombination signal sequences (RSSs). DNA
cleavage is mediated by the RAG1 and RAG2 proteins. Recent experiments describing RAG protein-RSS
complexes, while defining the interaction of RAG1 with the nonamer, have not assigned contacts immediately
adjacent to the site of DNA cleavage to either RAG polypeptide. Here we use UV cross-linking to define
sequence- and site-specific interactions between RAG1 protein and both the heptamer element of the RSS and
the coding flank DNA. Hence, RAG1-DNA contacts span the site of cleavage. We also detect cross-linking of
RAG2 protein to some of the same nucleotides that cross-link to RAG1, indicating that, in the binding complex,
both RAG proteins are in close proximity to the site of cleavage. These results suggest how the heptamer
element, the recognition surface essential for DNA cleavage, is recognized by the RAG proteins and have
implications for the stoichiometry and active site organization of the RAG1-RAG2-RSS complex.

The variable portions of antigen receptor genes are assem-
bled from component gene segments during lymphocyte de-
velopment by a process known as V(D)J recombination. The
gene segments that undergo rearrangement are flanked by
recombination signal sequences (RSSs), consisting of con-
served heptamer (CACAGTG) and nonamer (ACAAAAA
CC) elements separated by a spacer of either 12 or 23 bp.
Recombination brings two protein-coding regions together in
an imprecise junction and joins the two RSSs with the hep-
tamer elements fused head-to-head. Recombination occurs
predominantly between gene segments flanked by RSSs with
spacers of unequal lengths. This “12/23 rule” helps to restrict
the reaction to developmentally useful combinations (19).

The products of the recombination activating genes, RAGI
and RAG2, are necessary for the initiation of V(D)J recombi-
nation (28, 41) and together catalyze the creation of a double-
strand break at the border of an RSS (23, 50). They first
introduce a nick 5 to the first C nucleotide of the heptamer
element. This exposes a 3’ hydroxyl which then attacks the
opposite strand of the DNA, creating a 5'-phosphorylated
blunt end on the signal side and a closed hairpin on the side
that will form protein-coding sequence (see Fig. 1A).

The sequence requirements for hairpin formation are more
stringent than those for initial nicking. In cells and in crude
extracts, hairpin formation requires the formation of a synaptic
complex involving the two RSSs, while nicking can occur at an
isolated signal (10, 11, 13, 44, 45). The RAG proteins intrin-
sically prefer to cleave a 12/23 pair of signals (52); however, the
ubiquitous DNA-bending proteins HMG-1 and HMG-2
strengthen this preference by boosting cleavage at the RSS
with a 23-bp spacer and by aiding in the formation of a synaptic
complex (39, 49). In addition, in a single-signal context, some
mutations of the heptamer element substantially inhibit hair-
pin formation without preventing initial nicking (7, 31).
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Mutants of RAG1 have been identified as sensitive to the
sequence of the coding flank DNA immediately adjacent to the
heptamer (33, 36). The same coding flank sequences that pre-
vent recombination with the mutant RAG1 (referred to as
“bad flanks”) inhibit hairpin formation and not nicking when
catalyzed by unmutated RAG1 and RAG?2 in vitro. This pref-
erence, observed under conditions where the 12/23 rule is not
being obeyed (in the presence of Mn>"), disappears when
unpaired DNA is introduced into the coding flank or under
conditions of coupled cleavage (7, 31, 52). This suggests that to
catalyze hairpin formation, RAG1 and RAG2 must unwind the
DNA at the heptamer-coding flank border and that synaptic
complex formation promotes DNA unwinding.

The two-step reaction mechanism and stereochemistry of
V(D)J signal cleavage have prompted comparisons with retro-
viral integration and transposition by elements such as Tn/0
and Mu (51), and it was recently discovered that the Tnl0
transposition mechanism includes the creation of hairpins at
DNA termini (16). Transposases and retroviral integrases
share not only a mechanism of phosphoryl transfer but also a
common active-site architecture. In these systems, the active
site is defined by three acidic amino acid residues that coordi-
nate the divalent metal ions necessary for catalysis (3, 5, 38).
For the RAG proteins, these amino acid residues have not
been identified, leaving the issue of active-site architecture
unresolved.

Individual roles for each of the RAG proteins in the catalysis
of DNA cleavage have not been established. Neither protein
has any obvious enzymatic activity on its own, but some
progress has been made in identifying contacts between RAG1
protein and RSS DNA. Experiments using surface plasmon
resonance and also an in vivo one-hybrid system provided
evidence that RAG1 by itself has the ability to recognize and
bind the RSS (8, 43). These studies suggested that the nonamer
element is the more important DNA sequence feature re-
quired for binding and is recognized by the region of the
RAGTI protein that has sequence similarity to the DNA-bind-
ing domain of Hin recombinase (hereafter called the nonamer-
binding domain [NBD]). Later work that examined the forma-
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tion of a stable complex containing RAG1, RAG2, and RSS
DNA showed that RAG2 protein and both of the heptamer
and nonamer elements were necessary for efficient and stable
binding (2, 15).

The location of RAG2 in the RAG-RSS complex has been
difficult to identify. Specific contacts between RAG1 and RSS
DNA, as identified by dimethyl sulfate interference analysis,
are found in the nonamer element and extend into the
nonamer-proximal portion of the heptamer. One study has
shown that the DNase I footprinting pattern obtained by using
RAGT alone is essentially the same as the pattern obtained
with RAG1 and RAG2 (29). Another recent study found that
when RAG1 and RAG2 were both bound to RSS DNA, the
patterns of protection and binding interference extended fur-
ther into the spacer and the nonamer-proximal portion of the
heptamer than when only RAG1 was bound (46). Thus, it is
possible that RAG2 makes weak contacts with the spacer and
heptamer elements or that it does not contact the DNA at all,
altering the DNA-binding tendencies of RAGI indirectly.

In a single-RSS context, contacts between coding flank DNA
and RAG proteins are required to stabilize a RAG-DNA com-
plex (15). However, strong contacts between RAG1 or RAG2
and the nonamer-distal portion of the heptamer or coding
flank DNA have not been identified. The presence of RAG2 in
the RAG protein-RSS complex has been shown to encourage
distortion of the DNA backbone at the heptamer-coding flank
border (46). With the location of RAG2 unknown and RAG1’s
location most firmly established at the nonamer element, it was
unclear which of the RAG proteins contact the DNA near the
site of DNA cleavage. To address this question, we have in-
troduced the photolabile nucleotides 5-iododeoxyuridine
(IdU) and 5-iododeoxycytosine (IdC) into RSS oligonucleotide
substrates at specific positions near the heptamer-coding flank
border (54). We reasoned that if the interactions between the
RAG proteins and the DNA surrounding the site of cleavage
are weak or transient, it still might be possible to capture the
protein molecules interacting closely with the RSS DNA by
UV cross-linking. We have detected sequence-specific interac-
tions between RAGI1 protein and both the nonamer-distal
portion of the heptamer element and coding flank DNA. In
addition, two of the iodinated nucleotide positions that cross-
link to RAG1 protein also cross-link to RAG2 protein. Detec-
tion of both RAG1 and RAG?2 proteins near the heptamer-
coding flank border suggests that both proteins participate in
direct recognition of the heptamer DNA and in construction of
the enzymatic active site.

MATERIALS AND METHODS

Proteins. The F2A1 cell line was generated by transfecting the B-cell lym-
phoma line M12 with heat shock-regulated RAG1 and RAG?2 expression vectors
as described previously (10, 18). The proteins expressed were murine RAG1
(amino acids 264 to 1008) and murine RAG2 (amino acids 1 to 387) with
C-terminal extensions consisting of nine histidines and three copies of the c-myc
epitope tag (24, 34, 35). A 30-liter portion of cultured cells was heat shocked for
6 min at 45°C, allowed to recover for 6 h, harvested, and frozen at —70°C. All
subsequent steps were carried out on ice or at 4°C. Cell pellets were extracted
with 100 ml of extraction buffer (325 mM NaCl; 3 mM MgCl,; 25 mM Tris-Cl, pH
7.5; 0.2 mM EDTA; 0.2 mM EGTA; 20% glycerol; 0.1% Nonidet P-40 [NP-40],
5 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF]).
After centrifugation at 30,000 X g for 30 min the supernatant was removed and
diluted with 150 ml of buffer Q (20 mM Tris-Cl, pH 7.5; 20% glycerol, 5 mM
DTT) plus 0.5 mM PMSF. This diluted extract was recentrifuged at 20,000 X g
for 30 min and then loaded onto a 50-ml Q Sepharose Fast Flow column
(Pharmacia) at 5 ml/min. The column was washed with 250 ml of buffer Q plus
140 mM NaCl and then eluted with 180 ml of buffer Q plus 350 mM NaCl.
Proteins were precipitated by the addition of 72 g of (NH,),SO,, recovered by
centrifugation, resuspended in 25 ml of dialysis buffer, and dialyzed against 1 liter
of buffer N7.5 (300 mM NaCl; 20 mM Na-HEPES, pH 7.5; 20 mM imidazole-Cl,
pH 7.5; 20% glycerol; 0.1% NP-40; 7 mM B-mercaptoethanol) overnight. Pro-
teins were loaded onto a 6-ml Ni**-nitrilotriacetic acid (NTA) Superflow column
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(Qiagen) at 0.6 ml/min. The column was washed with 50 ml of buffer N7.5 and
then with 25 ml of N6.2 (200 mM NaCl; 40 mM imidazole-Cl, pH 6.2; 20%
glycerol; 7 mM B-mercaptoethanol). RAG proteins were eluted with a 100-ml
gradient of imidazole (40 to 600 mM) in buffer N6.2. Fractions containing RAG
proteins (determined by silver staining after sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis [SDS-PAGE]) were pooled and dialyzed against buffer
H (100 mM NaCl; 20 mM HEPES, pH 7.5; 3 mM MgCl,; 20% glycerol; 1 mM
EDTA; 5 mM DTT) overnight. RAG proteins were further purified by loading
them onto a 1-ml HiTrap heparin-Sepharose column (Pharmacia) at 0.6 ml/min,
washing them with buffer H, and then eluting them in buffer H with a 10-ml
gradient of NaCl (100 mM to 1.5 M), omitting MgCl,. The most active fractions
(as determined by their ability to cleave the fr12x23 substrate [10]) were pooled,
adjusted to 50% glycerol, and stored at —20°C. The preparation (30 pg each of
RAGT1 and RAG?2 proteins per ml) is approximately 60% pure as determined by
silver staining of SDS-PAGE gels.

Murine HMG?2 protein (amino acids 1 to 185) lacking the C-terminal acidic
domain and with an amino-terminal extension (MASHHHHHHSRTRRASV
GPS) containing a polyhistidine region and protein kinase A phosphorylation
site (55) was obtained by overexpression in Escherichia coli. Bacteria were lysed
and sonicated briefly in buffer N7.5. After a thermal denaturation step at 72°C
for 10 min, the bulk of the bacterial proteins was removed by centrifugation for
30 min at 30,000 X g and 0.45-pm (pore size) filtration. Further purification over
a Ni*"-NTA column and elution with an imidazole gradient produced essentially
pure protein, which was stored at —20°C in 50% glycerol.

Substrates. The oligonucleotides used were synthesized by the Keck Founda-
tion Biotechnology Resource Laboratory at Yale University on an Applied
Biosystems 3948 synthesizer, with 5-iododeoxy-uridyl or -cytidyl phosphoramid-
ites obtained from Glen Research. Unmodified oligonucleotides were purified by
urea-PAGE. Sequences of the oligonucleotides used to make the unmutated
C-1b and H2b substrates were as follows (z represents 5-iododeoxyuridine):
QME27, 5'-TAAGACGTCGACGCGT-3’ (16 bases); QME2S8, 5'-zAAGACGT
CGACGCGT-3' (16 bases); QME29, 5'-GGATCCGGTTTTTGTTCAGGGCT
GTATCACTGTG-3' (34 bases); QME211, 5'-GGATCCGGTTTTTGTTCAG
GGCTGTATCACTGzG-3" (34 bases); and WITOP, 5'-ACGCGTCGACGTC
TTACACAGTGATACAGCCCTGAACAAAAACCGGATCC-3" (50 bases).

All cross-linking substrates were prepared by 5'-end labeling 50 pmol of one
oligonucleotide (in the C-1b and H2b substrates, QME28 and QME27, respec-
tively) with an excess of [y-**P]JATP and polynucleotide kinase. The labeled
oligonucleotide was then annealed to a twofold excess of partner oligonucleo-
tides (for C-1b and H2b, WTTOP and either QOME29 or QME211 was used) and
then ligated overnight at room temperature. Substrates were purified on native
10% polyacrylamide gels. Monitoring the efficiency of ligation on denaturing
polyacrylamide gels revealed that >80% of the *P-labeled DNA migrated at 50
nucleotides for C-1b and H2b substrates.

For C-1b and H2b substrates, mutation of the heptamer element replaced
5'-CACAGTG (top strand) with 5'-GAGCAGT. Mutation of the nonamer ele-
ment replaced 5'-ACAAAAACC (top strand) with 5'-AGTCTCTGA. Mutation
of both the heptamer and the nonamer replaced 5'-CACAGTG (top strand) with
5'-GAGCAGT and 5'-ACAAAAACC (top strand) with 5'-ACAAGGACC. 23-
RSS substrates had identical coding flanks and had the following sequence for a
spacer: 5'-ATACAGCCCTGATGTCTGGCTGT-3'.

For point mutants of the H2b and C-1b substrates, the sequence 5'-TTACA
CAGTG was changed to either 5'-TTAtACAGTG or 5'-ggACACAGTG (bad
flank) (lowercase letters indicate altered residues). For C-1t substrates, the
equivalent top-strand sequence was always 5'-TTCCACAGTG (underlined po-
sition was iodinated). The bottom-strand sequence was either complementary
(5'-CACTGTGGAA) or not (5'-CACTGTGccA).

Substrates with iodomodifications at other positions were constructed analo-
gously. For C-3t and C-2t substrates, the 3°P label was placed 5’ to the iodinated
nucleotide: top strand, 5'-pTTACACAGTG-3' or 5'-TpTACACAGTG-3', re-
spectively. For H1t and H3t substrates, the 32P label was placed between the
second and third positions of the heptamer: top strand, 5'-CApCAGTG. A
mutant control for H3t was obtained by replacing CACAGTG with GCCCAGT
(iodinated unmutated base-pair underlined). For H5b substrates, the **P label
was placed between the fifth and sixth positions of the heptamer: bottom strand,
3'-GTGTpCAC-5". The mutant control for H5b replaced 5'-CACAGTG with
5'-GCGAGAC. For H6t substrates, the 3?P label was placed between the fifth
and sixth positions of the heptamer: top strand, 5'-CACAGpTG-3'. The mutant
control for H6t replaced (top strand) 5'-CACAGTG with 5'-ACGCATT.

Cross-linking and cleavage reactions. A standard cross-linking reaction mix-
ture (75 mM Na-acetate; 2 mM Mg-diacetate; 20 mM Na-HEPES, pH 7.5; 10
wM ZnSO,; 2 mM DTT; 8% glycerol, 0.1 mg of bovine serum albumin per ml)
contained 180 ng of each RAG protein and 2 X 10° cpm (1 pmol) of 3*P-labeled
DNA in 100 pl. Cross-linking reactions were set up at room temperature in
polystyrene 96-well dishes. After the RAG proteins were added, reaction mix-
tures were incubated at 37°C for 10 min. Competitor DNA (5 pg of sheared
salmon sperm DNA in most reactions), if used, was added after 5 min, and
mixtures were incubated for 5 min more at 37°C. Cross-linking, shielded by the
bottom of the polystyrene dish, took place for 12 min on a FotoPrep I 3-3500 UV
illuminator with 312-nm bulbs. After the cross-linking, mixtures were transferred
to Eppendorf tubes, heated to 68°C for 10 min, cooled, and adjusted to 10 mM
MgCl, and 1 mM CaCl,. The mixtures were digested by a mixture of 2 pg of
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DNase I and 0.2 pg of micrococcal nuclease for 1 h at 37°C. Mixtures were
trichloroacetic acid (TCA) precipitated and subjected to SDS-PAGE with sam-
ple buffer containing B-mercaptoethanol. Separating gels were 7.5% (29:1) acryl-
amide-bisacrylamide, and the stacking gel contained 1% SDS. Gels were stained
with Coomassie blue to identify protein markers before being dried for autora-
diography. Cleavage reactions were performed in the same buffer as the standard
cross-linking reaction.

Immunoprecipitations. Cross-linking reaction mixtures to be immunoprecipi-
tated were cross-linked as described above but were not heated to 68°C after UV
irradiation. After digestion with nucleases, two cross-linking reaction mixtures
containing twice the normal amount of RAG protein were pooled, adjusted to
0.1% SDS, and heated at 68°C for 10 min. Then, 500 pl of ice-cold immunopre-
cipitation (IP) wash buffer (1 M NaCl; 50 mM Tris, pH 7.5; 1% NP-40) was
added, and the mixtures were precleared for 30 min at 4°C with 20 ul of protein
G-agarose beads (Gibco-BRL). Next, 20 wg of anti-R1P7, anti-RAG2, or anti-
R1P1 (a control, because the RAG1 protein used here does not have the R1P1
epitope) antibodies and an additional 20 pl of protein G-agarose beads were
added. Mixtures were rotated overnight at 4°C and then centrifuged and washed
five times with IP wash buffer. Precipitated proteins were eluted with 1% SDS at
55°C, TCA precipitated, and analyzed by SDS-PAGE as described above. The
antibodies used here have been described elsewhere (1, 18, 25). The epitopes
recognized included R1P7, RAG1 (amino acids 590 to 758); RAG2 (amino acids
70 to 516); and R1P1 (control), RAG1 (amino acids 56 to 123). The samples (see
Fig. 8A) were transferred to a polyvinylidene difluoride membrane, probed with
9E10 (anti-myc tag) antibody, and developed by using alkaline phosphatase-
conjugated secondary antibody and 5-bromo-4-chloro-3-indolylphosphate—ni-
troblue tetrazolium (Jackson Immunoresearch).

RESULTS

An assay for detecting cross-linking of RAG proteins to
iodinated nucleotides in heptamer and coding-flank DNA. We
constructed 50-bp RSS substrates from three oligonucleotides,
with a 2P label placed so that it is separated from the location
of the iodinated nucleotide by only one or two phosphodiester
bonds (Fig. 1B). The substrates are based upon a recombina-
tion signal with an optimized 12-bp spacer and 16 bp of coding
flank DNA (30, 43). Incubation of RAG1 and RAG2 proteins
with the iodomodified DNA followed by UV irradiation cre-
ates a novel covalent bond between the iodinated nucleotide
and a polypeptide in close proximity to it (Fig. 1C). IdU and
IdC are thought to cross-link preferentially to amino acids with
aromatic and sulfur-containing side chains (26). It is important
to recognize that failure to observe cross-linking to a particular
nucleotide does not necessarily indicate the lack of protein
contact altogether; instead, it may mean only that an appro-
priate amino acid is not close enough to the iodinated nucle-
otide. Subsequent nuclease treatment degrades un-cross-
linked DNA and removes all but a few nucleotides from the
modified protein (Fig. 1C). SDS-PAGE analysis and autora-
diography allow visualization of the transfer of the **P label to
a polypeptide which, after cross-linking, will not differ substan-
tially from its pre-cross-linking molecular weight (Fig. 1C). In
this study we used a partially purified preparation of truncated
RAGI1 and RAG2 proteins, expressed in a mammalian cell line
and modified with polyhistidine tags at the C terminus to
facilitate their purification.

We initially used substrates with IdU introduced into the
bottom strand, at the second position of the heptamer (H2b)
and the first position of the coding flank (C-1b) immediately
adjacent to the heptamer (Fig. 1B). Note that these two posi-
tions are on either side of the site of nucleophilic attack during
hairpin formation; the *?P-labeled phosphate is the object of
that attack. The major cross-linked protein migrates in an
SDS-acrylamide gel (shown in Fig. 2) exactly as expected for
the truncated RAGI protein. No signal is observed with a
noniodinated substrate (Fig. 2, lane 1), without UV irradiation
(lanes 3 and 10), or with reactions lacking RAG protein (lanes
2 and 9). In agreement with previous results that showed that
stable binding of RAG proteins to RSS DNA requires a diva-
lent cation, the amount of cross-linked protein drops consid-
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erably when the 2 mM Mg?" present in a standard binding
reaction mixture is replaced with 0.5 mM EDTA (lanes 7 and
14). The cross-linking signal is also less when 2 mM Mg** is
replaced by 2 mM Ca®" (lanes 6 and 13). Although the overall
efficiency of the cross-linking reaction is low (<5% of the cpm
in the binding reaction mixture is transferred to nuclease-
resistant material), binding seems to be stable, as little drop in
the signal is seen when the preformed RAG-DNA complex is
challenged before UV irradiation with a 100-fold excess of
unlabeled nonspecific DNA (lanes 5 and 12). The immunopre-
cipitation experiments described below confirm that the **P-
labeled bands detected are RAG1 and RAG2.

Sequence specificity of cross-linking. To determine whether
the protein-DNA interactions detected depended upon spe-
cific DNA sequences, we used cross-linking substrates that had
severe mutations of either the heptamer element, the nonamer
element, or both. In the absence of competitor DNA, muta-
tions of the heptamer or nonamer elements do not eliminate
cross-linking to the RAG1-sized protein. (Fig. 3, lanes 3 to 5).
However, challenge with sheared salmon sperm DNA after
incubating of the protein and labeled cross-linking substrate at
37°C for 5 min reveals that the interactions of RAG protein
with the mutated substrates are labile (lanes 8 to 10), while
challenge does not disrupt cross-linking to the wild-type sub-
strate (lane 7). Stable interactions were sequence specific in
the presence of Mg®", requiring both the heptamer and the
nonamer elements, when IdU was placed at either the H2b
position (Fig. 3A) or the C-1b position (Fig. 3C). In addition to
the cross-linking efficiency being generally poorer when Mg**
is replaced by Ca** (Fig. 3B and D), mutating the heptamer
element does not reduce the (already low) cross-linking signal
detected in Ca?* when the 1dU is at the H2b position (Fig. 3B,
lane 8). In this respect, our results resemble the observations
made previously (29) of nonspecific DNA binding in the pres-
ence of Ca®", although the interactions captured are still
nonamer dependent.

The specificity of DNA binding was examined further by
using two other kinds of unlabeled competitor DNA: nonspe-
cific single-stranded DNA and a consensus 12-RSS substrate.
Competitor DNA was added to the **P-labeled substrate DNA
either before the RAG proteins (0 min) or 5 min after the
RAG proteins were added (Fig. 4). RAG proteins could bind
a 12-RSS substrate in the presence of an excess of genomic
DNA (lanes 3 and 9). However, the cross-linking signal is
reduced compared to when the competitor DNA is added after
5 min. We had previously determined that genomic DNA
added after 5 min did not reduce the cross-linking signal (Fig.
2). With this comparison in mind, single-stranded oligonucle-
otides also did not diminish the cross-linking signal when
added at ¢t = 0 or 5 min (lanes 1, 4, 7, and 10). As expected
from the results described by others, an intact 12-RSS sub-
strate could effectively compete for DNA binding when
present at # = 0 minutes (lanes 2 and 8), but it competes less
effectively when added after complex formation (lanes 5 and
11) (15, 20). We conclude that nonspecific single-stranded
DNA used as competitor by others (15, 29) does not interfere
with cross-linking and that the RAG-DNA binding specificity,
as measured indirectly here by the differing ability of 12-RSS
and genomic DNA to compete for RAG proteins, is compa-
rable to that observed by others (2, 15). Sheared genomic DNA
added after 5 min was used in subsequent binding reactions
because under these conditions the strongest cross-linking that
still required both heptamer and nonamer sequences was ob-
served.

Both 12-RSS and 23-RSS DNA cross-link like RAG pro-
teins. To determine whether RAG proteins would cross-link to
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FIG. 1. Experimental setup for detecting RAG protein-DNA interactions
near the site of cleavage. (A) RSS cleavage by RAG proteins. The gray triangle
represents CACAGTGN,,3;ACAAAAACC. RAG1 and RAG?2 catalyze first a
nucleophilic attack by H,O on the top strand 5’ to the heptamer element,
followed by use of the 3" OH to attack the DNA phosphate (P) on the other
strand. Coding flank refers to the DNA next to the RSS before cleavage. Signal
end and coding end refer to the DNA species created by a double-strand break.
(B) The coding flank (C) and heptamer (H) base pairs are numbered according
to their distance from the site of DNA cleavage. IdU positions are named
according to the element (C or H), the base pair, and the strand (top [t] or
bottom [b]). In C-1b and H2b substrates the labeled phosphate is at the position
indicated. (C) Schematic of cross-linking assay. The gray oval represents generic
RAG protein binding to the DNA, represented as the interlocking “helix.” The
lightning bolt arrow (UV irradiation) site-specifically cross-links RAG protein to
the DNA through the iodo group. Surrounding DNA is removed by nucleases
and TCA precipitation.
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FIG. 2. RAGI can be cross-linked to RSS DNA by using IdU and UV light.
All three substrates used have consensus heptamer and nonamer sequences. See
Fig. 1 for a graphic representation of the IdU and *?P positions. Components
were added as indicated above the lanes. The divalent cations used were 2 mM
MgCl, (Mg), 2 mM CaCl, (Ca), or 0.5 mM EDTA (—). Competitor (comp.)
DNA was 5 ug of sheared salmon sperm DNA added after 5 min at 37°C.
Binding reaction mixtures were incubated, cross-linked, treated with nuclease,
and analyzed by SDS-PAGE as described in Materials and Methods. Positions of
the protein markers are indicated on the left edge of the gel (sizes in kilodaltons).
The black and white triangles indicate the expected positions of the truncated
RAGI1 and RAG?2 proteins, respectively. The broad band at or above 200 kDa
may be a highly cross-linked protein that does not completely enter the gel and
has not been investigated further.

DNA near the heptamer-coding flank border at 23-RSSs as
well, we devised substrates that were **P labeled and iodo-
modified at the C-1b and H2b positions as for the 12-RSS
substrates described above (Fig. 5A). We observed weaker
cross-linking to the RAG1-sized protein with the 23-RSS sub-
strates compared to the 12-RSS substrates (data not shown),
but the signal is still highly dependent upon heptamer and
nonamer sequences (compare lanes 1 and 2 and lanes 3 and 4).
HMG1 and HMG?2 proteins, DNA-bending proteins that have
an affinity for distorted and unpaired DNA sequences (4), have
been reported to increase binding of the RAG proteins to a
23-RSS substrate. We observed that HMG2 did not uniformly
enhance the interactions leading to cross-linking but instead
resulted in decreased cross-linking to the heptamer H2b posi-
tion and increased cross-linking to the coding-flank position
C-1b (lanes 5 and 7). Interestingly, in reactions with substrates
iodinated at the C-1b position, we observed a band, less prom-
inent than the RAG1-sized band, that migrated at the expected
size of RAG2 (white triangle, lanes 3 and 7). The identity of
this band is addressed below.

Evaluating other heptamer and coding-flank positions for
RAG cross-linking. We scanned through the heptamer and
coding flank to find other pyrimidines that cross-link to RAG
proteins. We used 12-RSS substrates with IdU or IdC incor-
porated at the C-3t, C-2t, H1t, H3t, H5b, and H6t positions
(Fig. 5B and C; “t” and “b” indicate the top and bottom
strands, respectively, as defined in Fig. 1B). With these sub-
strates, the 2P label is placed so that a maximum of two
phosphodiester bonds separates the labeled phosphate from
the iodomodified base (see Materials and Methods). Cross-
linking was detected when IdC was incorporated into the H3t
position (Fig. 5B, lane 6), with the signal being somewhat



3792 EASTMAN ET AL.

+ comp. DNA

H2b, Mg2+

WD o -
B

H2b, Ca2+

L eme -
- 2

“ Y & C-1b, Mg2+

C-1b, Ca2+

“ B et e e

1 2 3 4 5 6 7 8 910

FIG. 3. Cross-linking of RAG1 to heptamer-coding flank DNA requires both
heptamer and nonamer sequences. The 12-RSS substrates used are indicated
above the lanes: HN (consensus heptamer and nonamer elements), xN (mutant
heptamer), Hx (mutant nonamer), and xx (mutant heptamer and nonamer). The
position of the IdU residue and the divalent cation used are indicated to the right
of each panel. Competitor DNA (5 pg of sheared salmon sperm DNA) was
added to the reaction mixtures for lanes 6 to 10. Reaction mixtures in lanes 1 and
6 contained a control substrate lacking IdU. The black and white triangles
indicate the expected positions of the RAG1 and RAG2 proteins, respectively.

weaker than the reference C-1b signal but still greatly reduced
when the heptamer element is mutated (lane 7). Besides the
specific signal at the H3t position, only very low-level cross-
linking, which did not change when the RSS was mutated, was
observed with the other substrates tested (Fig. 5B and C).
As noted above, failure to observe cross-linking at a partic-
ular DNA position is difficult to interpret. It might reflect the
absence of a close protein-DNA interaction at that position, a
close interaction involving amino acid residues inappropriate
for cross-linking, or a perturbation of the binding interaction as
a result of iodination of the RSS. To investigate the last pos-
sibility, RAG cleavage reactions were performed by using io-
dinated RSS substrates, and reaction products were visualized
on denaturing polyacrylamide gels (Fig. 6). An iodine intro-
duced at the C-1b and H5b positions (lanes 4 and 6) and H2b
positions (data not shown) allowed hairpin formation (nicking
could not be evaluated with these substrates because of the
position of the **P label; see bottom of Fig. 6). Todination at
positions H6t, C-2t, and C-3t permitted nicking but not hairpin
formation (lanes 2, 3, and 7), while modification of the H1t
position blocked all nicking and hairpin formation (lane 5).
Because the iodo group lies in the major groove, these results
suggest that to recognize the heptamer-coding flank region and
to perform cleavage, the RAG proteins make close contacts
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FIG. 4. Cross-linking to RAG1 can be blocked with specific competitor
DNA. Binding reactions contained 2 mM Mg?* and the indicated cross-linking
substrate. Competitor DNA was added either before RAG protein (0') or 5 min
after RAG protein (5") was added. The competitor DNAs used were 1 pM
top-strand oligonucleotide used to make the substrate “xx” in Fig. 3 (ss-M), 1 pM
unlabeled 50-bp double-stranded HN substrate (ds-WT), or 5 ug of sheared
salmon sperm DNA, equivalent to ~1.5 uM 50-bp DNA (ds-N). The black and
white triangles indicate the expected positions of the RAG1 and RAG?2 proteins,
respectively.

with major groove recognition elements. These findings also
suggest that our failure to observe specific cross-linking at a
number of positions is due, at least in part, to interference with
the RAG-RSS interaction by the iodine substitution.

Effects of heptamer mutations and suboptimal coding-flank
sequence on cross-linking efficiency. Cross-linking of RAG
proteins to RSS DNA was more efficient in the presence of
Mg**, which supports catalysis, than in the presence of Ca®",
which does not. To examine further the link between catalysis
and cross-linking, we made 12-RSS cross-linking substrates
with a C-to-T mutation of the first position of the heptamer, a
mutation which prevents hairpin formation but not nicking (10,
11, 31). With the iodo group at either the H2b or the C-1b
position, this mutation reduced the amount of cross-linking
(Fig. 7A, lanes 2, 3, 5, and 6). Therefore, the presence of the
canonical C-G base pair at the first position of the heptamer is
important for close interactions on both sides of the site of
cleavage, as well as for hairpin formation.

Hairpin formation in a single-RSS context is also sensitive to
coding-flank sequence. “Bad” flanks support only nicking,
while “good” flanks allow both nicking and hairpin formation
(31, 36). The cross-linking substrates used in the experiments
described above contained a good flank (5'-TTA-3" immedi-
ately adjacent to the heptamer on the top strand [Fig. 1B]).
Changing two residues to create the bad flank sequence 5'-
GGA-3' had different effects on cross-linking, depending on
the site of the iodo group: at the C-1b position cross-linking
was increased (Fig. 7A, lanes 2 and 4), while at the H2b
position cross-linking was reduced (lanes 5 and 7). Therefore,
a bad flank does not eliminate the interactions necessary for
cross-linking. Instead, the results suggest that a bad flank se-
lectively perturbs the DNA structure near the coding flank-
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FIG. 5. Cross-linking reactions with 23-RSS substrates and 12-RSS sub-
strates substituted at other heptamer-coding flank positions. All cross-linking
reaction mixtures contain 2 mM Mg?* and have sheared salmon sperm DNA
added after 5 min. The black and white triangles indicate the expected positions
of the RAG1 and RAG?2 proteins, respectively. (A) 23-RSS substrates with IdU
at the C-1b or H2b positions. “mut” indicates that both the heptamer and
nonamer are mutated. In lanes 5 to 8, 50 ng of HMG?2 protein was added before
the RAG protein. (B and C) Cross-linking reactions with 12-RSS substrates with
IdU or IdC at the indicated positions. Each mutant (“mut”) changes each base
pair of the entire heptamer, except the modified nucleotide (see Materials and
Methods), and leaves the nonamer intact. There are no mutants for C-3t, C-2t,
and H1t because prior experimentation established that there was minimal cross-
linking to those positions. Lanes 1 and 2 in each case are positive (C-1b) and
negative (C-1b mut, “xx” from Fig. 3) control cross-linking reactions, respec-
tively.
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FIG. 6. Single RSS cleavage reactions with iodinated substrates. Cleavage
was carried out in 2 mM Mg®*, and products were visualized by denaturing
PAGE. Lane 1 is an uncleaved control, while lane 8 is a positive control (non-
iodinated wild-type RSS). Substrates have IdU or IdC introduced at the positions
indicated above each lane and are labeled with 32P as indicated in the diagrams
at the bottom of the figure. The C-1b and H5b substrates are labeled on the
bottom strand, permitting only hairpin cleavage products (and not the nicked top
strand) to be visualized on the gel. Hairpin formation with the H5b substrate
generates a labeled 34-nucleotide signal end product, whereas for the other
substrates, a labeled 32-nucleotide hairpin coding end product is generated.

heptamer border, impairing interactions between RAG1 and
the second base pair of the heptamer.

We also examined cross-linking to the first position of the
coding flank on the top strand (C-1t). Because an iodo group
could be introduced only on a pyrimidine, which at this posi-
tion invariably generates a bad flank, these experiments were
performed only in the context of a bad flank. Interestingly, no
cross-linking at this position was observed unless a noncomple-
mentary sequence was introduced into the bottom strand, lead-
ing to unpairing of 2 bp of the coding flank (Fig. 7A, lanes 8
and 9; note that the bottom strand also has a bad-flank se-
quence). Unpairing has been found by others (7, 31) to restore
hairpin formation on a bad-flank sequence, and analysis of
cleavage reactions with the two bad-flank substrates confirms
this (Fig. 7B, compare lanes 5 and 6). Therefore, cross-linking
to the C-1t position correlates well with hairpin formation
ability, perhaps because an unpaired structure at the hep-
tamer-coding flank border allows the C-1t nucleotide to rotate
into a new position that makes closer contacts with RAG1.

Finally, experiments were performed to confirm that the
mutated single-RSS substrates used here yielded the expected
cleavage products. For this purpose, **P was introduced at the
5" end of the top strand, and reaction products were visualized
by denaturing PAGE (Fig. 7B; note that the substrates used in
Fig. 7B are not iodinated). As predicted, mutation of the first
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FIG. 7. Cross-linking to and cleavage of point mutant 12-RSS substrates. (A)
Cross-linking reactions. IdU (C-1b and H2b)- or IdC (C-1t)-substituted sub-
strates containing a consensus nonamer were used, as indicated above the lanes.
Substrates contained either a consensus (w) or a mutant (m) heptamer (top
strand, 5'-tACAGTG). The three nucleotides of the coding flank closest to the
heptamer are shown above each lane (top-strand sequence as defined in Fig. 1A).
5'-TTA is a good flank, whereas 5'-ggA and 5'-TTc are bad flanks. The under-
lined nucleotides in lane 9 have no Watson-Crick base pairs on the bottom strand
(the corresponding bottom-strand nucleotides are CC). The reaction in lane 1
contained a control substrate lacking IdU. The black and white triangles indicate
the expected positions of the RAG1 and RAG2 proteins, respectively. (B) Single
RSS cleavage reactions in 2 mM Mg?* with noniodinated substrates. The struc-
ture of the substrate and the position of the 3°P label are indicated at the top of
the panel. Products were analyzed on a denaturing polyacrylamide gel. Nicking
and hairpin formation result in 16- and 32-nucleotide products, respectively.
Lane 1 is uncleaved substrate, and the sequences of the other substrates are
indicated as in panel A. Lane 7 is an end-labeled 10-bp ladder (Gibco-BRL).

position of the heptamer (lane 3), or bad-flank sequences
(lanes 4 and 5), reduced hairpin formation but not nicking, and
introduction of unpairing in the coding flank substantially in-
creased hairpin formation with a bad-flank sequence (lane 6).
These results were obtained in a Mg?"-containing buffer iden-
tical to that used in the cross-linking experiments, and similar
results were obtained in Mn®" (data not shown).
Immunoprecipitation analysis of **P-labeled RAG proteins.
The major cross-linked protein in most reactions appeared to
be RAGI, although in reactions with substrates with IdU at the
C-1b position, a labeled species was visible at the expected
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position of RAG?2 (Fig. 5A, lanes 3 and 7; Fig. 5B, lane 1; Fig.
5C, lane 1). To ascertain the identities of the cross-linked
proteins, we used anti-RAG1 and anti-RAG2 antibodies to
immunoprecipitate the proteins after cross-linking and nucle-
ase digestion. These antibodies are specific for either RAG1 or
RAG?2 proteins and detect a single band in immunoblots of the
RAG protein preparations used here (data not shown). To
reduce coimmunoprecipitation of RAG1 with RAG2, which
occurs in mock binding reactions (Fig. 8A, lane 3), we dis-
rupted noncovalent interactions by adding 0.1% SDS and heat-
ing the binding reaction mixtures to 68°C before partially re-
naturing the proteins (enough to be recognized by the
antibodies) in the presence of 1% NP-40. Under these condi-
tions we observed efficient direct immunoprecipitation of
RAG1 and RAG2 but not coimmunoprecipitation (lanes 6 and
7).

By using this direct immunoprecipitation assay and 12-RSS
substrates, the **P-labeled band which migrates at ~100 kDa,
the expected size of the truncated RAG1 protein, was brought
down with anti-RAG1 antibodies (Fig. 8B, lanes 1 and 4) and
at a background level with anti-RAG2 antibodies (compare
lanes 2 and 5 to lane 3). This confirms that the upper cross-
linked band is RAGI1 protein. The 55-kDa RAG2-sized band
precipitated with anti-RAG?2 antibodies (lane 2, white triangle)
and not RAG1 antibodies or control antibodies (lanes 1 and 3)
in cross-linking reactions with C-1b modified substrate. This
precipitated product was not visible with the H2b modified
substrate (lane 5).

We then performed anti-RAG2 immunoprecipitations with
23-RSS substrates, their corresponding mutants, and with 12-
RSS substrates with IdC at the H3t position (Fig. 8C). This
confirmed RAG?2 cross-linking to the C-1b but not to the H2b
positions (lanes 1 and 3). The labeled RAG2 product was also
visible when IdC was incorporated at the H3t position (lane 5),
but only when the heptamer was intact (lane 6). There was a
significant amount of **P-labeled RAG1 protein that precipi-
tated with anti-RAG?2 antibodies in these experiments despite
our denaturation-renaturation protocol (Fig. 8B, lane 2, and
Fig. 8C, lanes 1 and 3; see legend to Fig. 8).

In summary, the *?P-labeled protein bands observed in
cross-linking reactions with iodosubstituted RSSs have been
identified by specific immunoprecipitation as the RAG1 and
RAG?2 proteins. RAGI cross-links to the C-1b, H2b, and H3t
positions, while RAG?2 cross-links weakly to the C-1b and H3t
positions.

DISCUSSION

Cross-linking of RAG proteins to RSS DNA near the site of
cleavage. Here we show, by UV-induced cross-linking, inter-
actions between the RAG1 protein and both coding-flank and
nearby heptamer element DNA. We also show that the RAG2
protein cross-links to a subset of the same positions. Several
facts suggest that these interactions are significant for RAG-
mediated RSS cleavage. First, they are sequence specific, re-
quiring both heptamer and nonamer elements (Fig. 3). Second,
they are stable to challenge by nonspecific competitor DNA
(Fig. 4). Third, cross-linking appears to be site specific, occur-
ring efficiently only when the iodonucleotide is placed at the
C-1b, H2b, and H3t positions or at the C-1t position with an
unpaired coding flank (although the absence of cross-linking at
the other positions examined must be interpreted cautiously).
Fourth, efficient binding and cross-linking depend upon the
presence of a divalent cation (Fig. 2). Recent studies have
suggested a direct role for divalent cations in guiding the DNA
binding activities of RAG1 and RAG?2 at the heptamer-coding
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FIG. 8. Verification of the identities of 3°P-labeled proteins with anti-RAG
antibodies. (A) Mock binding reaction mixtures (no 3’P-labeled DNA) were
diluted with IP wash buffer, precleared, and immunoprecipitated overnight at
4°C. Immunoprecipitations were performed with antibodies to RAG1 (anti-R1)
or RAG2 (anti-R2) or with a control antibody (see Materials and Methods).
Lane 1 contains 10 ng of each RAG protein. Reaction mixtures in lanes 6 to 8
were adjusted to 0.1% SDS and incubated at 68°C for 10 minutes before dilution
with cold IP wash buffer. Sizes of the protein markers are indicated in kilodal-
tons. It is unclear why RAG2 is not coprecipitated more efficiently in lane 2
(compare lanes 2 and 3). We note that the RAG1 antibody used recognizes
epitopes within the region of RAGI1 that interact with RAG2 (25) and is a
different antibody than that used previously for coimmunoprecipitation studies
of RAG1 and RAG2 (18). (B) Immunoprecipitations of cross-linking reactions,
with wild-type 12-RSS substrates with IdU at the indicated positions, after

RAG PROTEIN-V(D)J] RECOMBINATION SIGNAL CROSS-LINKING 3795
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FIG. 9. Map of cross-linking positions on heptamer-coding flank DNA. (A)
Three-dimensional model developed by using MOLMOL (16a). Colors: green,
pyrimidine base that when iodomodified cross-links to RAG1; purple, pyrimidine
base that when iodomodified cross-links to RAG1 and RAG2; light blue, posi-
tion that cross-links only when the base is an unpaired iodomodified pyrimidine;
red, iodine; orange, target phosphate for nicking; yellow, target phosphate for
hairpin formation; medium blue, other DNA, represented for simplicity as stan-
dard B-form DNA. (B) Linear model of heptamer-coding flank sequence, with a
color scheme as in panel A. Purine bases necessary for hairpin formation (31) are
underlined.

flank border (37). Cross-linking can be detected in the presence
of Ca®", which does not support nicking or hairpin formation,
suggesting that the observed interactions are not exclusively
associated with catalysis. Ca** supports DNA binding, and
Ca?*-containing RAG-DNA complexes can undergo cleavage
when Mg?* or Mn?" is added (14, 15). Immunoprecipitation
analysis revealed that both full-length and nicked top-strand
DNAs are found associated with cross-linked bottom-strand
DNA (data not shown). Thus, nicking is not required for cross-
linking; neither is catalysis in general. However, conditions that
favor catalysis, such as an unmutated heptamer, an unpaired
coding flank, and the presence of Mg?*, promote interactions
that result in cross-linking. Importantly, these results establish
for the first time that both RAG1 and RAG?2 proteins specif-
ically interact with the DNA near the site of cleavage and
reveal four nucleotides that the RAG proteins contact closely.

How is the heptamer element recognized? The three-dimen-
sional placement of the IdU and IdC groups that cross-link to

nuclease treatment. The antibodies used for immunoprecipitation are indicated
above each lane. (C) Immunoprecipitations of cross-linking reaction mixtures
with anti-RAG?2 antibodies. Lanes 1 to 4 use the same 23-RSS substrates and
mutants as described in Fig. 5A, and lanes 5 to 6 use the 12-RSS C3t substrate
and mutant used in Fig. 5B. Note that the immunoprecipitated samples shown
here are enriched for RAG2 protein over the nonenriched samples in Fig. 5B.
Because the efficiency of cross-linking to RAG1 is much higher than that to
RAG2, small amounts of background RAG1 are visible in some lanes.
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the RAG proteins suggests that RAG1 and RAG2 make con-
tacts with the nonamer-distal portion of the heptamer DNA in
the major groove, with individual sites of interaction marking a
broad arc around the double helix (modeled in Fig. 9A). Our
observation that some iodination positions, especially those
near the site of cleavage, inhibit cleavage also points to major
groove recognition. The palindromic sequence of the hep-
tamer element (CAC//GTG) had raised the possibility that the
heptamer might be recognized symmetrically, with a twofold
axis through the fourth base pair. This possibility is unlikely
given our failure to detect cross-linking at the H5b and H6t
positions at intensities similar to those observed at the H3t and
H2b positions. Asymmetric recognition of the two halves of the
heptamer is also consistent with the higher conservation and
greater functional importance of the first three nucleotides of
the heptamer (13, 30, 31). How does the nonamer-proximal
half of the heptamer contribute to recognition and cleavage of
a RSS? The last 4 bp of the heptamer element have been
shown to contribute to RAG1 binding, as shown by methyl-
ation interference and cleavage competition assays (29, 31, 46).
In addition, the purine-pyrimidine alteration of the consensus
heptamer might help to stabilize altered DNA structures that
have been observed at CACA stretches (48). Indeed, a large
number of biophysical and biochemical experiments have es-
tablished that (CA),, sequences such as the heptamer element
are more bendable and less thermally stable than other DNA
sequences (6, 9, 12) and that they are capable of adopting a
variety of conformations (40, 47, 48). This malleability may be
an important part of heptamer recognition by RAG proteins
(2, 46) because of the considerable distortion of the DNA
backbone necessary for hairpin formation.

Unpairing of heptamer-coding flank DNA contributes to the
efficiency of hairpin formation (7, 31), and our results show
that such unpairing leads to a new cross-linking interaction
between RAGI and coding-flank DNA, immediately adjacent
to the site of cleavage (position C-1t; Fig. 7A). In a fully paired
DNA substrate, additional protein-DNA contacts would likely
be necessary to drive the energetically unfavorable process of
unpairing of coding-flank residues. We speculate that the in-
teraction at C-1t may represent such an interaction.

Stoichiometry and interactions in higher-order RAG-DNA
complexes. The stronger and more widespread cross-linking to
RAGI1 protein, compared to RAG2 protein, indicates that
RAGTI is the major player in recognizing the heptamer ele-
ment. The detection of RAGI-DNA interactions at the
nonamer-distal portion of the heptamer raises questions about
the stoichiometry of the RAG protein-DNA complex. The
distance between the position —1 of the coding flank and
position 6 of the nonamer, modeled on undistorted B-form
DNA, is more than 70 A. Does the same RAGI1 protein mol-
ecule bind both the heptamer and nonamer elements at the
same time? While this is a possibility, it is tempting to think
that heptamer and nonamer elements on the same RSS are
bridged by a dimer of RAG1 molecules. Both the zinc-binding
domain of RAG1 adjacent to the NBD (32) and the NBD itself
(37) have been identified as capable of dimerization. Further-
more, a recently identified mutation of RAG1 that impairs
NBD dimerization also reduces the efficiency of DNA cleavage
at a single signal, implying that a multimer of RAG1 is the part
of the actively cleaving protein-DNA complex (53). A number
of laboratories have detected heterogeneous RAG-DNA com-
plexes that differ in their electrophoretic mobilities (2, 37, 46,
53). The stoichiometries of these different RAG-DNA com-
plexes have not been directly determined. The recent identifi-
cation of one of these complexes as a two-signal synaptic com-
plex (14) may enable the definition of protein-DNA contacts

MoL. CELL. BIOL.

that are specific for a 12/23 pair of signals. One might expect,
from comparisons with Mu transposase (17, 27), that in a
two-signal RAG-DNA complex, the pattern of protein con-
tacts would extend farther over the heptamer and coding flank
than in a one-signal complex.

Contributions made by RAG2 protein: organization of the
active site? Cross-linking to RAG2 is always accompanied by
cross-linking to RAG1. This suggests that RAG1 and RAG2
interact closely near heptamer-element DNA. Cross-linking to
RAG?2 can be detected at two positions which in undistorted
B-form DNA are separated by 14 A (Fig. 9A), raising the
possibility that RAG1 and RAG?2 form an extended interface
in the vicinity of the heptamer. Alternatively, more than one
RAG?2 molecule may contact each RAG1 molecule, as has
been suggested on the basis of immunoprecipitation data (18,
42). The more-restricted and less-efficient cross-linking to
RAG?2 that we observe may indicate a weak or limited set of
DNA contacts and/or contacts via amino acids that are unsuit-
able for cross-linking. We note that we have not been able to
detect efficient cross-linking to the C-1b or H2b positions with
high concentrations of bacterially produced, catalytically active
RAGTI protein in the absence of RAG2, despite the fact that
this RAG1 protein exhibits specific RSS binding (32a). One
reason for this might be that without the influence of RAG2,
the part of RAGI protein that makes contacts with the hep-
tamer-coding flank border is disordered. We speculate that
RAG?2 alters the structure of this portion of RAG1 and that
the bulk of RAG?2 is located away from RSS DNA. The some-
what more extended pattern of binding interference and pro-
tection in the spacer region when RAG?2 is present is consistent
with this idea (46).

It is provocative that the strongest cross-linking of RAG2
occurs at the nucleotide position nearest to the target phos-
phate for hairpin formation, suggesting that both RAG1 and
RAG?2 play a role in forming the catalytic active site. Further
investigations of the organization of the active site require
identification of amino acid residues, such as aspartates or
glutamates, that would coordinate divalent cations and whose
mutation would disrupt catalysis but not formation of a RAG1-
RAG2-RSS DNA complex. At this point the possibility that
either RAG1 or RAG2 contributes catalytic amino acid resi-
dues remains open. It is also formally possible that separate
active sites, analogous to the sites contained in the proteins
TnsA and TnsB in the Tn7 system (22, 38), mediate nicking
and hairpin formation. Sequencing of peptide fragments of
RAGI1 and RAG?2 cross-linked to RSS DNA or other mapping
techniques (21) might give hints leading to the identification of
amino acid residues involved in catalysis.
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