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We have studied the interaction between recombination signal sequences (RSSs) and protein products of the
truncated forms of recombination-activating genes (RAG) by gel mobility shift, DNase I footprinting, and
methylation interference assays. Methylation interference with dimethyl sulfate demonstrated that binding was
blocked by methylation in the nonamer at the second-position G residue in the bottom strand and at the sixth-
and seventh-position A residues in the top strand. DNase I footprinting experiments demonstrated that RAG1
alone, or even a RAG1 homeodomain peptide, gave footprint patterns very similar to those obtained with the
RAG1-RAG2 complex. In the heptamer, partial methylation interference was observed at the sixth-position A
residue in the bottom strand. In DNase I footprinting, the heptamer region was weakly protected in the bottom
strand by RAG1. The effects of RSS mutations on RAG binding were evaluated by DNA footprinting. Com-
parison of the RAG-RSS footprint data with the published Hin model confirmed the notion that sequence-
specific RSS-RAG interaction takes place primarily between the Hin domain of the RAG1 protein and adjacent
major and minor grooves of the nonamer DNA.

V(D)J joining is a site-specific recombination process that
plays a crucial role in the activation and diversification of
antigen receptor genes (44). Joining occurs between two pairs
of recombination signal sequences (RSSs): heptamer (CACA
GTG) and nonamer (ACAAAAACC) (22, 32). Furthermore,
the spacer separating the heptamer and the nonamer is either
12 or 23 bp in length, and recombination takes place between
two RSSs in which one contains a 12-bp spacer (12-RSS), and
the other contains a 23-bp spacer (23-RSS) (8, 33, 34); this is
the so-called 12/23 rule. It has been shown that just two pairs
of the heptamer and the nonamer are sufficient for V(D)J type
recombination if the 12/23 rule is satisfied (3).

V(D)J type recombination consists of two major processes:
site-specific cleavage and ligation of cleaved ends. The former
process includes specific recognition of the RSS by DNA-
binding components of the recombinase, synaptic complex for-
mation between the two RSSs satisfying the 12/23 rule, and
site-specific cleavage of RSSs adjacent to the heptamer (29,
37). The latter process is known to be mediated by DNA repair
mechanisms, including DNA-dependent protein kinase, (4, 17,
19), the Ku protein complex (43, 47), XRCC4 (21), and DNA
ligases (13, 28). During the process of recombination, nucleo-
tide deletion and addition occur at coding ends. Terminal
deoxynucleotidyl transferase is responsible for the insertion of
non-germ line nucleotides (11, 18).

Two recombination-activating genes, rag-1 and rag-2, were
isolated by their abilities to activate V(D)J type recombination
in a fibroblast cell line (26, 36). It was not clear for many years
what roles RAG proteins played in the process of V(D)J re-
combination. The recent demonstration of in vitro RSS cleav-

age (45) provided a more convincing argument that the RAG
proteins were indeed major components of the V(D)J recom-
binase, rather than simply activators for it. Cleavage occurred
in vitro by two successive steps, nicking and hairpin formation
(24) following the 12/23 rule (9, 46). A nick is first introduced
at the 59 end of the RSS on the top strand, and the bottom
strand is then broken, resulting in a hairpin structure at the
coding end and a blunt end at the signal end (24, 29, 45).
Several studies have provided information on the roles of var-
ious mutations in RAG1 and RAG2 proteins (6, 25, 30, 31, 39).

Detection of specific interactions between RSS and RAG
proteins was difficult, probably because the complex dissociates
after the cleavage reaction. Two groups reported that the Hin
domain in the RAG1 protein interacted with the nonamer of
RSS, using a one-hybrid binding assay in vivo (7) and surface
plasmon resonance in vitro (42). More recently, Hiom and
Gellert (15) detected the RSS-RAG complex with the gel mo-
bility shift assay in the presence of Ca21 or Mg21 and a cross-
linking chemical, glutaraldehyde (15). Despite similarities be-
tween RAG and bacterial Hin systems (7, 42), the differences
are sufficient that a real understanding of the RAG protein
contacts on RSS DNA cannot be obtained without direct foot-
printing experiments at the nucleotide level.

Here we report that specific RSS-RAG1 or RSS–RAG1-
RAG2 complexes are stable in the absence of protein-DNA
cross-linking and that these complexes can be used to evaluate
the effect of mutations on RAG complex binding by gel shift
assays and DNA footprinting. Heptamer mutants were also
useful in identifying the complex, because they prevented the
cleavage of the RSS but still allowed binding with RAG pro-
teins. We found that (i) RAG1 can interact with RSS in the
absence of RAG2, (ii) the 102-amino-acid (aa) peptide con-
taining the Hin homeodomain of RAG1 gives the same
nonamer footprint pattern as those obtained with the RAG1-
RAG2 complex, and (iii) the precise contacts have been estab-
lished by methylation interference and DNase I footprinting in
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the nonamer region. Comparisons of the footprint data with
the Hin model (7, 10, 42) indicate that RAG1 is the major
player in strong DNA binding and that the mode of interaction
is consistent with homeodomain binding to the nonamer se-
quence. Presumed non-sequence-dependent interactions with
the phosphate backbone may allow for DNA bending or stress-
ing that results in enhanced DNase I cleavage sites.

MATERIALS AND METHODS

Preparation of RAG proteins. Truncated RAG1 and RAG2 fused with mal-
tose-binding protein were prepared basically as described by van Gent et al. (45).
Recombinant murine rag genes were expressed in Spodoptera frugiperda Sf.9 cells
(41) by using baculovirus vectors (27). RAG proteins were purified with Ni-
nitrilotriacetic acid (Qiagen) and amylose resin columns (New England Biolabs).
A Hin homeodomain fusion protein of RAG1 was produced in Escherichia coli
from the plasmid vector pMAL-C2 (New England Biolabs) bearing genes coding
for maltose-binding protein and 102 aa (aa 376 to 477) of the RAG1 Hin
homeodomain. Purities of fusion proteins were examined in Coomassie brilliant
blue-stained gels. No detectable contaminant bands were seen when 1 mg of
RAG proteins or 10 mg of Hin homeodomain protein was separated.

Gel mobility shift assay. Gel migration retardation assays were performed as
described by Singh et al. (40). End-labeled DNA (0.04 pmol, 2 3 104 to 4 3 104

cpm) was mixed with 0.2 mg of RAG1 and RAG2 in 10 ml of binding buffer
containing 25 mM morpholinepropanesulfonic acid (MOPS)-KOH (pH 7.0), 5
mM Tris-HCl (pH 8.0), 2.4 mM dithiothreitol, 90 mM potassium acetate, 30 mM
KCl, 1 mM nonspecific oligonucleotide (25-mer; ACTGGAGTTAGTTGAAGC
ATTAGGT), 10 mM MgCl2 (or 1 mM CaCl2), 0.1 mg of bovine serum albumin
per ml, and 2% glycerol. The mixture was incubated at 37°C for 10 min and
loaded with glycerol dye mix (25% glycerol, 1 mM EDTA, 0.01% xylene cyanol,
0.01% bromophenol blue) on a 4% polyacrylamide gel (acrylamide bisacryla-
mide, 19:1) containing 89 mM Tris-borate (pH 8.3).

RSS cleavage reaction assay. DNA end labeled with [g-32P]ATP (0.1 pmol)
was incubated with 0.2 mg of RAG1 and RAG2 proteins at 37°C for 1 h in 10 ml
of 25 mM MOPS-KOH (pH 7.0)–30 mM potassium glutamate–2.4 mM dithio-
threitol–1 mM MnCl2 or MgCl2–5 mM Tris-HCl (pH 8.0)–30 mM KCl–2%
glycerol. After the reaction, 10 ml of formamide dye mix (96% formamide, 20
mM EDTA, 0.01% xylene cyanol, 0.01% bromophenol blue) was added. The
sample was heated at 95°C for 2 min and separated in a 12.5% denaturating
polyacrylamide gel containing 89 mM Tris-borate (pH 8.3), 2 mM EDTA, and 7
M urea (45).

Preparation of DNA for footprinting and the methylation interference assay.
Various RSSs were chemically synthesized and subcloned into the plasmid vector
pKI13, a derivative of pBluescript II SK1 (Stratagene), using SalI and HindIII
sites. Synthetic wild-type sequences (top strand) are as follows: 12-RSS, 59-TC
ACAGTGCTCCAGGGCTGAACAAAAACCGTCGA-39; and 23-RSS, 59-TC
ACAGTGGTAGTACTCCACTGTCTGGGTGTACAAAAACCGTCGA-39
(heptamer and nonamer are underlined). For DNase I footprinting, plasmid
DNA was cleaved with either BssHII (for the top strand) or SfaNI (for the
bottom strand) and labeled with a-32P-labeled deoxynucleoside triphosphates
(dNTPs) by Klenow polymerase. To obtain one-end-labeled RSS fragments,
plasmid DNA was then cleaved with either EcoRI (for the top strand) or FspI
(for the bottom strand). For the methylation interference assay, plasmid was
cleaved with either EcoO109I (for the top strand) or NotI (for the bottom strand)
and labeled with 32P. The second cleavage was at either the SfaNI site (for the
top strand) or the BssHII site (for the bottom strand). DNA fragments were

separated by electrophoresis in a 6% polyacrylamide gel, eluted from gel slices
with an elution buffer containing 0.2 M NaCl, 1 mM EDTA, and 20 mM Tris-HCl
(pH 7.5), and purified by reversed-phase column chromatography (Elutip-d;
Schleicher & Schuell).

Methylation interference assay. End-labeled DNA (1 pmol, 106 cpm) was
treated with 1 ml of dimethyl sulfate (DMS) at 25°C for 2 min in 200 ml of 50 mM

FIG. 1. Purification and RSS-binding activities of RAG proteins. (A) RAG proteins were expressed with baculovirus vectors and purified by passage through
Ni-nitrilotriacetic acid (Ni-NTA) and amylose resin columns. Purities of truncated proteins were examined in Coomassie brilliant blue-stained gels. (B) RSS-binding
activities were examined by the gel mobility shift assay in the presence of either Ca21 or Mg21. To test the specificity of binding, heptamerless, nonamerless, and
RSS-less DNAs were used as probes. WT-RSS, wild-type RSS.

FIG. 2. Cleavage and binding activities of mutant heptamers. To obtain sta-
ble RSS-RAG complexes, heptamer mutated RSSs were tested for their abilities
to block the cleavage reaction but still allow binding with RAG proteins. Hep-
tamer mutants containing base substitutions at the first and second positions
(noted by lowercase underlined letters) were examined for their abilities to block
RAG cleavage (A) and to bind with RAG proteins (B). To detect the nicked or
hairpin structures generated at the cleavage site, reaction products were sepa-
rated in an polyacrylamide gel under denaturing conditions.
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sodium cacodylate–1 mM EDTA. Methylation was terminated by adding 50 ml of
stop solution containing 1.5 M sodium acetate, 1.0 M b-mercaptoethanol, and
100 mg of yeast tRNA per ml. The DNA was precipitated with ethanol twice and
concentrated to 0.1 pmol/ml in 10 mM Tris-HCl (pH 8.0)–0.5 mM EDTA–50 mM
KCl. The gel shift experiment was scaled up 10-fold for the methylation inter-
ference assay. After electrophoresis, protein-bound DNA and unbound DNA
were separately isolated from the polyacrylamide gel. DNA was transferred from
the gel slices to a DEAE membrane (NA45; Schleicher & Schuell) by electro-
phoresis and eluted with 1.0 M NaCl–1 mM EDTA–20 mM Tris-HCl (pH 8.0) at
65°C for 30 min. DNA eluted from the membrane was precipitated and rinsed
with ethanol and then treated with 50 ml of 10% piperidine at 90°C for 30 min.
DNA was precipitated with 500 ml of n-butanol, solubilized with 50 ml of 1%
sodium dodecyl sulfate, and precipitated again with 500 ml of n-butanol. DNA
was lyophilized and loaded on an 8% polyacrylamide gel containing 7 M urea.
After electrophoresis in 89 mM Tris-borate (pH 8.3)–2 mM EDTA, the gel was
dried and subjected to autoradiography by a BAS-2000 bioimage analyzer (Fu-
jifilm).

DNase I footprinting. Double-stranded DNA was labeled by filling in one 39
end with 32P-labeled NTPs, using Klenow polymerase. DNA (0.04 pmol, 2 3 104

to 4 3 104 cpm) was mixed with RAG1 (1.7 mg), RAG1-RAG2 (2.6 mg), or Hin
homeodomain of RAG1 (40 mg) at 37°C for 10 min in 100 ml of the binding
buffer described above. Then 5 U of DNase I (Stratagene) was added, and the
incubation was continued for another 2 min at 37°C. DNA was extracted once
with phenol-chloroform-isoamyl alcohol (25:24:1), precipitated with ethanol, and
washed with 70% ethanol. The sample was suspended in 5 ml of formamide dye
mix and separated by electrophoresis in a 6% polyacrylamide sequencing gel
containing 7 M urea.

RESULTS
Detection of RSS-RAG complex by gel shift assay. To study

the RSS-RAG interaction by methylation interference, we ex-
amined binding conditions with the gel mobility shift assay
(40). Truncated RAG1 and RAG2 proteins (45) were coex-

pressed in Sf.9 cells (41) by using baculovirus vectors (27).
Purities of RAG proteins were examined in Coomassie bril-
liant blue-stained gels (Fig. 1A). We first tested the RSS-RAG
interaction by gel shift assay in the presence of either Ca21 or
Mg21 (Fig. 1B). Although protein-bound RSS was found in the
presence of Ca21, binding was seen even with RSS-less DNA.
Since nonspecific interaction was found for Ca21, Mg21 was
used throughout our study. It was also found that glutaralde-
hyde was not essential in the gel shift assay and did not in-
crease the amount of RSS-RAG complex.

In this study, we analyzed heptamer mutants in parallel with
the wild-type RSS, because nicking or cleavage may cause
dissociation of the complex and it also eliminates the footprint
pattern beyond the cleavage site. We examined five different
heptamer mutants for nicking and hairpin formation with
RAG proteins. Mutations at the first and second positions in
the heptamer greatly reduced hairpin formation (Fig. 2A). In
contrast, binding with RAG proteins was not affected by the
heptamer mutations (Fig. 2B). In an attempt to prevent the
cleavage reaction, we tested a synthetic 12-RSS that contained
a thioester bond at the cleavage site. Although the complex
was detected in the gel shift assay, nicking and cleavage also
took place normally (data not shown). Therefore, introduction
of the thioester was not helpful in inhibiting cleavage to accu-
mulate the RSS-RAG complex.

Methylation interference assay with DMS. The RSS-RAG
interaction was studied at the nucleotide level by the methyl-

FIG. 3. Methylation interference in the RSS-RAG interaction. Methylation interference assays demonstrate interference at the second position (G) on the bottom
strand (asterisks in panel A) and at positions 21 (A), 1 (A), 6 (A), and 7 (A) on the top strand (asterisks in panel B). Partial interference was seen at positions 22
(G), 3 (A), and 5 (A) on the top strand. In the heptamer, partial interference was seen at the sixth position on the bottom strand (1 in panel A). Nicking occurs only
on the top strand (arrowhead) and is reduced in the mutants. The wild-type (WT) 12-RSS (CACAGTG) and two mutant (Mut.) heptamers (gACAGTG and
gtCAGTG) were studied in parallel. The heptamer (residues 1 to 7) and the nonamer (residues 1 to 9) are indicated by arrows. Protein-bound and unbound DNAs
eluted from the gel were chemically degraded with piperidine and separated in an 8% DNA sequencing gel with the G-reacted 12-RSS as a control.
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ation interference assay (38). End-labeled RSS DNA was par-
tially methylated with DMS and mixed with truncated RAG1
and RAG2 proteins. The mixture was electrophoresed in a
polyacrylamide gel to separate the RAG-RSS complex from
the unbound probe DNA. DNA was eluted from the gel,
cleaved with piperidine, and loaded on a DNA sequencing gel.
Three DNA samples are compared in Fig. 3: a G-reacted
marker, unbound DNA, and RAG-bound DNA. Both the top
and the bottom strands of the 12-RSS DNA were analyzed. In
this interference assay, G and A residues actually involved in
the RSS-RAG interaction are detected as fainter bands in the
bound lanes of the sequencing gel than in the unbound lanes
because methylated residues at those sites prevent the inter-
action with protein.

In the bottom strand of 12-RSS, strong interference was
seen at the second position G in the nonamer sequence (Fig.
3A). Interestingly, two other G residues, at positions 8 and 9 in
the nonamer, were not affected. Since the bottom strand was
not nicked, basically the same interference pattern was ob-
tained with both wild-type RSS and heptamer mutants. In the
top strand, methylation of A residues in the nonamer caused
strong interference at positions 21, 1, 6, and 7 (Fig. 3B).

In the heptamer region of the top strand, the band adjacent
to the first position represents the nicking product generated
by RAG proteins. This band is present in both RAG-bound
and unbound DNAs of the wild-type RSS, suggesting that
some fraction of the RSS-RAG complex dissociated after the
nicking reaction. In the bottom strand, partial interference of
the sixth-position A in the heptamer occurred (Fig. 3A).

DNase I footprinting. The RSS-RAG interaction was also
studied by DNase I footprinting (5). Double-stranded RSS
DNA was labeled with 32P on either the top or bottom strand
and subjected to footprinting either with RAG1 alone or with
the RAG1-RAG2 complex (Fig. 4). In the gel mobility shift
assay, the RSS-RAG1 complex was not detected in the absence
of RAG2 protein. Therefore, the methylation interference as-
say could not be performed for the RSS-RAG1 interaction.
Since DNase I footprinting does not require the separation of
protein-bound DNA, it was useful for the analysis of the
RAG1-RSS interaction and subsequently employed for the
analysis of RSS mutations.

It was found that protection patterns of wild-type RSSs with
RAG1 alone were essentially the same in the nonamer region
as those obtained with the RAG1-RAG2 complex in both
strands (Fig. 4). Furthermore, the 102-aa peptide (aa 376 to
477) containing the Hin homeodomain of RAG1 gave very
similar footprint patterns (Fig. 4). These footprinting results
confirmed the notion that the Hin homeodomain within RAG1
interacts with the nonamer region as well as the adjacent
spacer region in a manner similar to that of the RAG1-RAG2
complex. In the nonamer, both inhibition and enhancement of
DNase I cleavage were observed. For example, the second
position in the top strand became hypersensitive in both 12-
RSS and 23-RSS, while the third position in the bottom strand
was protected (Fig. 4 and see Fig. 6). The appearance of new
bands in the middle of the nonamer in the top strand is prob-
ably due to background nuclease activity, because these bands
are also seen in the RAG control sample without DNase I. In
this report, the DNase I cleavage site is assigned to the nucle-
otide containing the 59-phosphate from the cleavage reaction,
and as is standard for DNase I footprinting, the position
marker (G) bands are one residue shorter than the corre-
sponding DNase I products (23).

Changes were also found in the spacer region adjacent to the
nonamer. For example, in the top strand, residues at positions
22 of 12-RSS and 21 and 23 of 23-RSS were blocked. We

also examined 18-RSS, whose spacer sequence was different,
and found similar changes (data not shown). Since sequences
are not conserved in the spacer, these changes are probably
due to the secondary conformational change caused by the
specific RAG1 interaction with the nonamer. Alternatively, it
is possible that a part of the spacer region is covered by the
RAG1 protein which is primarily binding to the nonamer se-
quence. Therefore, some of the interaction seen in the spacer
region may represent nonspecific binding. Protected and hy-

FIG. 4. DNase I footprint analysis of the RSS-RAG complex. End-labeled
12-RSS (A) and 23-RSS (B) were analyzed by footprinting. DNA was bound
either with the RAG1-RAG2 complex or with RAG1 alone, partially digested
with DNase I, and electrophoresed in a 6% polyacrylamide DNA sequencing gel.
RSS binding was also examined with a 102-aa peptide (residues 376 to 477)
covering the Hin homeodomain (residues 384 to 446) of RAG1 protein. Protein-
bound DNA was not separated from unbound DNA prior to or after DNase I
digestion. G-reacted DNA was used as a position marker, and a control RSS-
RAG mixture without DNase I treatment was used to detect background nucle-
ase activity associated with the RAG protein fraction. The heptamer (residues 1
to 7) and the nonamer (residues 1 to 9) are indicated by arrows. Residues in the
nonamer region that became hypersensitive (F) or protected (E) after the
addition of RAG proteins are marked. The DNase I cleavage site is assigned to
the nucleotide containing the 59-phosphate from the cleavage reaction, and as is
standard for DNase I footprinting, the position marker (G) bands are one
residue shorter than the corresponding DNase I products.
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persensitive residues are summarized in the B-form DNA for
the nonamer and a portion of the spacer region (Fig. 5).

Figure 6 shows titration experiments of DNase I footprinting
of 23-RSS with increasing amounts of RAG1 proteins. Protec-
tion was indicated in the bottom strand of 23-RSS not only in
the nonamer region but also in the heptamer region when the
RAG1 protein was added (Fig. 6A). Similar results were ob-

tained with 12-RSS (data not shown). With the heptamerless
mutant (CACAGTG3GCTGACA) of 23-RSS, protection in
the mutated heptamer region was not evident, while the
nonamer region was clearly protected in both strands (Fig. 6B).

Some nonamer mutations abolish the RSS-RAG interaction.
The nonamer signal (ACAAAAACC) is characterized by its
A-rich sequence flanked by C residues. We have analyzed

FIG. 5. RAG1-DNA contacts in the nonamer region. (A) Side of the DNA with major groove contacts and the majority of DNase I protected sites; (B) opposite
side. The top-strand labels are in red, and those for the bottom strand are in blue. Critical base contacts revealed by methylation interference and protection at N-7
of G2 and N-3 of A6 and A7 are shown in red (A), while partial effects at positions 22 (G), 21 (A), 1 (A), 3 (A), and 5 (A) are in pink (A and B). DNase I-protected
(strong in blue and weak in cyan) and -hypersensitive (strong in orange and weak in yellow) phosphate residues are indicated 59 of the corresponding base. The structure
shown is for the 12-RSS, with the data for both 12- and 23-RSSs superimposed (W 5 A or T; S 5 G or C). Phosphates with different DNase I footprints for these RSSs
are multicolored. Footprint effects (S, strong; W, weak; E, enhanced; N, no effect) for these positions are as follows: top strand 23 to 21, WSW for 12RSS and SWS
for 23RSS; bottom strand 22 to 11, NSW for 12RSS and ENS for 23RSS. Only weak DNase I footprinting interactions were observed outside the pictured region.
(C) The Hin complex DNA (10) is shown at the left for comparison with the hypothetical RAG1-RSS interaction on the right. The regions of Hin involved in DNA
binding are colored orange, and the alpha helices are numbered. Strands are colored the same as in panel A.
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various nonamer mutants for their abilities to interact with
RAG1 by DNase I footprinting. Figure 7 shows footprint pat-
terns of 12-RSSs containing base substitutions in the A/T core
or in the flanking residues. In vivo studies suggested that the
flanking C residues in the nonamer are important in V(D)J
recombination (2, 14). These flanking residues may play an
important role when the recombinase measures lengths of
spacers, probably by marking the border of the A stretch in the
nonamer. As shown in Fig. 7A, a single substitution, at position
2 from C to G, greatly reduced the interaction in the DNase I
footprinting. For the A residues in the nonamer, single- or
double-base changes at positions 5, 6, and 7 appeared to be
effective in eliminating binding in the gel shift assay (Fig. 7B).
This is in a good agreement with previous in vivo observa-
tions (2, 14). Generally, double-base substitutions showed
stronger effects on the interaction than single substitutions,
making their footprint patterns similar to the pattern of
unbound DNA.

DISCUSSION
RAG1 is the major contributor to stable footprints. In this

study, the RSS-RAG interaction was analyzed at the nucleo-
tide level by a methylation interference assay and DNase I
footprinting. Although it had been established that RAG1
interacts with DNA and requires RAG2 for catalytic activity (7,
42), the precise nature of this interaction was unknown. Since
Ca21 was found to cause nonspecific interaction with DNA
and the cross-linker interfered with footprinting, we used
Mg21 instead of Ca21 and omitted the cross-linker. Heptamer
mutants were useful in detecting the complex, because they
blocked the cleavage reaction but still allowed the RSS-RAG

interaction. Our results indicate that RAG interacts with the
nonamer sequence and the adjacent spacer (Fig. 5). Compar-
ison of the RAG1-RAG2 footprint with that of RAG1 alone
reveals similar levels of DNase I protection, demonstrating
that RAG1 produces the main footprinting pattern. Highly
sequence-specific interactions should occur in the nonamer,
while non-sequence-specific interactions occur with the DNA
sugar-phosphate backbone in the spacer.

The RAG1 footprinting pattern is consistent with a Hin
homeodomain-like interaction. The RAG1-nonamer interac-
tion has been compared with that of the homeodomain of the
bacterial Hin recombinase (7, 20, 42), which is involved in
DNA inversions associated with Salmonella phase variation
(12, 16). This relationship is strengthened by comparison of the
data presented here with the crystal structure of the Hin-hix
DNA complex (10). In Fig. 5C, the Hin homeodomain consists
of the conserved sequence GGRPR, which is located in the
minor groove, three alpha helices, two of which support a third
alpha helix which acts as a reading head in the DNA major
groove, and a final region that extends from the reading head
down into the adjacent minor groove (10). In the case of
RAG1, the minimal domain required for RSS binding is only
94 aa (residues 384 to 377) and includes a similar homeodo-
main (42).

In our DMS experiments, the G2 in the bottom strand of the
nonamer was protected from methylation (data not shown)
and, if methylated, interfered with RAG binding (Fig. 3A).
Thus, this single residue is critical for the RAG-nonamer in-
teraction. Because of the preponderance of A-T base pairs in
the nonamer sequence, there has been a particular interest in
the C-G base pair at position 2. Mutation of C2 (top strand) to

FIG. 6. DNase I footprinting of 23-RSS with increasing amounts of RAG1 protein. (A) Titration of RAG1 binding to 23-RSS. Lanes 1 to 9 contained 0.013, 0.027,
0.053, 0.11, 0.21, 0.43, 0.85, 1.7, and 0 mg of RAG1 protein in 100-ml reaction mixtures. (B) The heptamer-less RSS was analyzed in parallel. The heptamer sequence
of 23-RSS was totally changed from CACAGTG to GCTGACA. Lanes G, G-reacted RSS position marker; 9 and 7, conserved nonamer and heptamer.
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each of the other possible residues results in various reduced
amounts of recombination in vivo (2, 14). The DNase I foot-
printing and the gel shift analysis of mutations at this position
also revealed the importance of this C-G pair. In the Hin
crystal structure, the equivalent G interacts with helix 3 Arg178
(Fig. 5C) (10). However, considerable differences between Hin
and RAG1 make any prediction for the amino acid residue
involved in the RAG1 interaction at G2 premature.

In the minor groove, methylation at residues A6 and A7
strongly interferes with RAG binding while methylation at A5
partially interferes (Fig. 5A). This is similar to the result of Hin
footprinting, where the equivalents of A5 to A7 are protected
from methylation and interfere with binding if they are meth-
ylated (10, 12). In the Hin-hix interaction, Gly139 and Arg 140
are essential for DNA binding and are intimately associated
with the minor groove at positions equivalent to A5 and A6.
Methylation or mutation of these nucleotides eliminates Hin
binding. In addition to interactions in this minor groove, par-
tial interference at A1 and A3 suggests that RAG1 protein, like
Hin, also interacts with the minor grooves on the both sides of
the major groove.

The results of DNase I footprinting are consistent with a
Hin-like interaction. Based on the Hin structure, Arg393 (Hin
Arg142) rises out of the minor groove and interacts with the 59
phosphate of T3 on the nonamer bottom strand, blocking this
residue in DNase I footprinting as reported here (Fig. 5A).
There are three nucleotides strongly protected from DNase I

in the adjacent spacer (positions 21 to 23 on the top strand)
which are equivalent to sites sterically blocked by the Hin
protein as it extends from the third alpha helix into the minor
groove (Fig. 5A and C). These interactions with the spacer
region may be important in the bending or deformation of the
DNA that results in greater cleavage by DNase I on the op-
posite side of the DNA helix. The enhanced sites of cleavage
(C2 on top strand and residues at 22 and 23 in the spacer on
the bottom strand) are consistent with their position on the
DNA face away from the main body of the recombinase (Fig.
5B). There are two other sites probably blocked for DNase I
cleavage by steric interactions as judged from the Hin model,
T1 (Fig. 5A) and position 24 on the bottom strand (Fig. 5B).
There are two sites, A4 on the top strand and G8 on the
bottom strand (Fig. 5B), that are not candidates for blocking as
indicated by the Hin model but would be in appropriate posi-
tions for blocking if the protein strands in both minor grooves
were extended and folded across the DNA sugar-phosphate
backbone (Fig. 5C). Evidence for such minor groove interac-
tions is provided by the methylation interference on the top
strand of 12-RSS at positions 21, 1, 3, 5, 6, and 7.

One of the predictions of a Hin-like model for RAG1 is that
the conserved GGRPR in the minor groove would not protect
G8 and G9 (bottom strand) from major groove methylation.
This prediction is borne out by the complete absence of meth-
ylation protection or interference for these two nucleotides.

Although most of the strong sites of DNase I inhibition or

FIG. 7. Binding studies of nonamer mutants. Mutants for 12-RSS nonamer were analyzed by both DNase I footprinting and a gel shift assay. (A) Mutants for
flanking residues (positions 1, 2, 8, and 9). (B) Mutants for the A/T core (positions 3 to 7). The RSS region within a 257-bp HindIII-PvuII fragment from pUC118
plasmid DNA (24) was obtained by HindIII cleavage, labeling with 32P, and digestion with PvuII. Two DNase I digestion patterns with (1) and without (2) the RAG1
protein are compared for each mutant. Mutations are noted by underlined lowercase letters. The G-reacted 12-RSS (wild type) is shown as a position marker (G). On
the left side of the DNase I footprints, gel shifts for the mutants with RAG1-RAG2 are shown. For the gel shift assay, an 83-bp probe DNA fragment (HindIII-EcoRI)
was prepared from pUC118 plasmid after labeling at the HindIII site. An EcoRI end was filled in with unlabeled dNTPs by using Klenow DNA polymerase. Relative
amounts of shifted bands (mutant/wild type) are shown below the leftmost gels.
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enhancement are the same for the 12- and 23-RSSs, there is a
difference in that the 23-RSS has an additional enhanced
DNase I cleavage site at position 22. This cleavage site is
adjacent to a residue at position 21 that is protected only in
the 12-RSS. One interpretation of this result is that the protein
occupies a slightly different position on the 12-RSS, protecting
the DNA backbone and eliminating one enhanced site.

Footprinting results are consistent with mutant phenotypes.
Several mutations in the nonamer region were found to affect
the local footprinting pattern. Changing C2 to A (top strand)
or changing the terminal CC to AA (positions 8 and 9 in the
top strand) altered the pattern adjacent to these residues,
reduced DNase I-enhanced sites, and diminished the pattern
in the spacer region. For the most part, mutations that retain
considerable function also show DNase I protection and en-
hanced cleavage. Mutations with very low activity show neither
protection nor enhancement and result in reduced DNA bind-
ing in the gel retardation assay.

Although it had been reported that RAG1 interacts with
RSS DNA and requires RAG2 for DNA cleavage (7, 42),
footprint analysis of the RAG-RSS interaction at the nucleo-
tide level has not been described. Results of the present study
demonstrate that RAG1 interacts with specific bases in the
nonamer sequence and that the interaction extends into the
adjacent spacer (Fig. 5). An unexpected finding was that there
was very little evidence of interactions between RAG2 and
RSS. Furthermore, protection with RAG1 in the heptamer
region was only partial. Stable interaction of the heptamer with
RAG proteins may occur only after the synaptic complex is
formed between the 12-RSS and the 23-RSS (1). It should be
mentioned that in the Mu transposase system, cleavage is me-
diated by the protein sitting on the counterpart substrate in the
synaptic complex (35). Identification of a functional 12/23 com-
plex and its footprint analysis will clarify the issue and shed
light on the molecular basis of the 12/23 rule for V(D)J type
recombination.
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