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Summary

Recent studies have demonstrated that DNA cleavage
during V(D)J recombination is mediated by the RAG1
and RAG2 proteins. These proteins must therefore
bind to the recombination signals, but the specific
binding interaction has been difficult to study in vitro.
Here, we use an in vivo one-hybrid DNA binding assay
to demonstrate that RAG1, in the absence of RAG2,
can mediate signal recognition via the nonamer, with
the heptamer acting to enhance its binding. A region
of RAG1 with sequence similarity to bacterial in-
vertases is essential for DNA binding. Localization of
RAG2 to the signal is dependent upon the presence
of RAG1 and is substantially more efficient with a 12
bp spacer signal than with a 23 bp spacer signal.

Introduction

The variable portions of immunoglobulin and T cell re-
ceptor genes are assembled in developing lymphocytes
from variable (V), joining (J), and in some cases diversity
(D) gene segments, which are widely separated in the
genome. These segments are brought together in a
highly regulated manner by a somatic site-specific re-
combination reaction known as V(D)J recombination.
Each gene segment is flanked by a signal sequence
consisting of a conserved heptamer (consensus se-
quence 5'-CACAGTG-3’) and nonamer (consensus se-
quence 5'-ACAAAAACC-3’') separated by a relatively
nonconserved 12 or 23 base pair (bp) spacer (12 signal
or 23 signal, respectively). Small mutations in either the
heptamer or the nonamer can dramatically reduce re-
combination efficiency, demonstrating the importance
of both of these elements (Hesse et al., 1989). A segment
flanked by a 12 signal can only be joined efficiently to
one flanked by a 23 signal (Tonegawa, 1983), a restric-
tion referred to as the 12/23 rule. A 12 signal and a 23
signal together constitute the necessary and sufficient
cis-acting elements for efficient recombination in model
substrates (reviewed by Lewis, 1994).

#The first two authors contributed equally to this work.

Extensive efforts, involving electrophoretic mobility
shift assays and screening of cDNA expression libraries,
have been made over the last decade to identify proteins
that recognize signal sequences. Of the approximately
10 different candidates isolated using these assays,
none have been linked conclusively to the process of
V(D)J recombination (reviewed by Lewis, 1994). The
question of what proteins recognize signal sequences
during V(D)J recombination has recently been answered
by experiments demonstrating that the proteins en-
coded by the recombination activating genes, RAG7and
RAG2, are sufficient to mediate signal-dependent site-
specific DNA cleavage in vitro (McBlane et al., 1995; van
Gent et al., 1995). The purified active RAG proteins,
however, do not exhibit a detectable specific interaction
with the signal in standard binding assays (McBlane et
al., 1995).

Both RAG proteins are essential for lymphocyte devel-
opment and V(D)J recombination (Mombaerts et al.,
1992; Shinkai et al., 1992) and are the only lymphoid-
specific factors required for the reaction (Oettinger et
al., 1990). Coimmunoprecipitation studies have demon-
strated the existence of complexes that appear to con-
tain 3-5 molecules of RAG2 for each molecule of RAG1
(Leu and Schatz, 1995; Spanopoulou et al., 1995). These
studies also suggested that RAG1 exhibits nonspecific
DNA (Leu and Schatz, 1995) and RNA (Spanopoulou et
al., 1995) binding activities.

Deletion mutagenesis has demonstrated that sub-
stantial portions of each RAG protein can be removed
without loss of the ability to perform the recombination
reaction (Cuomo and Oettinger, 1994; Sadofsky et al.,
1994, 1993; Silver et al., 1993). These minimal “core”
RAG proteins (Figures 1A and 1B) are substantially more
soluble than their full-length counterparts, mediate effi-
cient signal-dependent cleavage of DNA in vitro, and
under proper conditions perform in vitro cleavage in
accordance with the 12/23 rule (Eastman et al., 1996;
McBlane et al., 1995; van Gent et al., 1995, 1996b).

It appears that most regions within the RAG1 core are
essential for V(D)J recombination, since 9 out of 10 small
deletions within the core result in a complete loss of
activity (Sadofsky et al., 1993). The one active mutant,
named D32, was later found to exhibit a profound sensi-
tivity to changes in the two coding nucleotides immedi-
ately flanking the heptamer of the recombination signal
(Sadofsky et al., 1995), a phenotype independently
found associated with a RAG1 point mutant (Roman
and Baltimore, 1996). These data were interpreted to
suggest that RAG1 interacts directly with residues at
the heptamer-coding segment border.

While it is clear that the core RAG proteins contain
regions sufficient for signal-specific DNA binding, most
of the central issues concerning this binding remain
unanswered: first, do the heptamer and nonamer ele-
ments play equally important roles? Second, are the
individual RAG proteins capable of sequence-specific
binding, or is a complex of the two proteins required?
Third, is binding equally efficient at 12 and 23 signals?
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Figure 1. Components of the One-Hybrid Assay

(A) Schematic representation of the full-length murine RAG-1 protein
depicting the location of the core domain (amino acids 384-1008;
large hatched box), a dimerization domain (amino acids 269-389;
black rectangle; Rodgers et al., 1996), and the GGRPR domain as
defined in Figure 6 (amino acids 389-444; small hatched box). Also
indicated are the five basic regions involved in nuclear localization
of RAG1 (black ovals with plus symbols; Spanopoulou et al., 1995).
The VP16 transactivation domain was fused in-frame to the C-termi-
nus of the RAG1 core, as indicated by the arrow.

(B) Schematic representation of the full-length murine RAG-2 protein
depicting the core domain (amino acids 1-382; hatched box). The
VP16 transactivation domain was fused in-frame to the C-terminus
of the RAG2 core, as indicated by the arrow.

(C) Schematic representation of the reporter vector. The luciferase
gene is driven by the minimal human cytomegalovirus immediate
early promoter (filled circle). Recombination signals (black bar) are
inserted at a site 81 bp upstream of the start site of transcription,
which in turn lies 126 bp upstream of the luciferase initiation codon.
Not indicated are signals for transcript splicing and polyadenylation
that lie downstream of the luciferase gene. Binding of RAG-VP16
fusion proteins (open and shaded ovals) to the signals enhances
transcription of the luciferase gene. Unless otherwise stated, the
signals contained consensus heptamer and nonamer elements (see
Experimental Procedures). Important restriction enzyme sites used
in the construction of the reporter vectors are shown: H, Hindlll; S,
Sall; X, Xhol; D, Dralll.

And fourth, where within the RAG cores are the critical
DNA-binding domain or domains?

Given the failure of conventional methods to detect
a sequence-specific interaction between the RAG pro-
teins and the signal, we developed anin vivo one-hybrid
approach to address these questions. We report here
that RAG1 by itself is capable of specific binding to
signal sequences, while in contrast, RAG2 must be re-
cruited to the signal by RAG1. The nonamer is essential
for RAG1 binding, and the heptamer, although not es-
sential, enhances the interaction. Mutagenesis of RAG1,
guided by its sequence similarities with a family of pro-
karyotic recombinases, defines a region of RAG1 essen-
tial for recognition of the signal. There may be structural
similarities between the RAG1-nonamer interaction and
target site recognition by these prokaryotic enzymes.

Results

Detection of Signal Binding by RAG1

with a One-Hybrid Binding Assay

Because of the difficulty in detecting sequence-specific
DNA binding by the RAG proteins in vitro, we developed
an in vivo one-hybrid approach. The assay has two im-
portant components: first, vectors expressing either the
RAG1 core or the RAG2 core, fused at their C-termini
to the transcriptional activation domain of the VP16 pro-
tein of herpes simplex virus (Figures 1A and 1B; Table 1);
and second, reporter plasmids containing the luciferase
gene driven by a minimal promoter, upstream of which
are tandem arrays of signals (Figure 1C). The RAG pro-
teins were thereby converted into transcriptional trans-
activators whose signal binding could be assessed by
their ability to stimulate luciferase gene expression from
a reporter vector.

Assays were performed by cotransfecting a reporter
vector along with one or more RAG expression vectors
into the 293 embryonic kidney fibroblast cell line and
measuring luciferase activity 40-48 hr later. Results were
normalized in two steps. First, variations in transfection
efficiency were corrected for by cotransfection of a vec-
tor directing expression of 3-galactosidase. Second, all
experiments contained at least two independent trans-
fections of 293 cells with the relevant reporter vector and
the “empty” expression vector. The corrected luciferase
values of all transfections in the experiment were divided
by the average of the corrected luciferase values for
these “no RAG” transfections. Results are reported as
the fold increase in luciferase expression above that
obtained in the absence of any RAG protein and there-
fore provide a direct measure of increased luciferase
expression stimulated by the RAG-VP16 molecules.

The transactivation of a reporter construct lacking
signals (pBasic) was compared with one containing
eight copies of a 12 signal (p(12),). With pBasic, no com-
bination of RAG proteins yielded a substantial increase
in luciferase expression above that obtained in the ab-
sence of RAG protein expression (Figure 2: compare
bars 2-9 with bar 1). With p(12)s, RAG proteins that lack
the VP16 domain were also unable to stimulate lucifer-
ase expression significantly above background levels
(bars 11, 13, and 15). There was also an absence of
transactivation when the VP16-tagged RAG2 core
(R2cVP16) was used alone (bar 14). Expression of VP16-
tagged RAG1 core (R1cVP16), however, resulted in sig-
nificant transactivation (bar 12; see figure legend for
statistical analysis of the data). Interestingly, the addi-
tion of untagged RAG2 core (R2c), which by itself had
no ability to stimulate transcription (bar 13), led to a
furtherincrease in transactivation by R1cVP16 (compare
bars 12 and 16). Cotransfection of untagged RAG1 core
(R1c) with R2cVP16, each of which alone had no ability
to transactivate, led to even higher levels of luciferase
expression (bar 17). Finally, highest levels of transactiva-
tion were observed when both RAG proteins contained
a VP16 tail (bar 18). Similar results have been obtained
using a different recipient cell line (COS), indicating that
the choice of the human 293 cell line is not critical (data
not shown). Other experiments demonstrated that the
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Table 1. RAG1 and RAG2 Expression Constructs

Plasmid Name Protein Name RAG Amino Acids Mutated Residues VP16
pMS127 Ric RAG1 384-1008 None no
pCJM199 R1cVP16 RAG1 384-1008 None yes
pCJM155 RAG1 438-1008 None yes
pCJM200 RAG1 384-1008 LT 432, 433 Gl; F435Y yes
pCJM209 RAG1 384-1008 R391L yes
pCJM210 RAG1 384-1008 R393L yes
pCJM211 RAG1 384-1008 GG 389, 390 AA yes
pCJM212 RAG1 384-1008 P392A yes
pCJM213 RAG1 384-1008 QK 404 VA; RLR 407 AGG yes
pCJM227 RAG1 384-1008 S398A; T400S yes
pMJD135 D32-VP16 RAG1 384-1008 SEKHGS 606 VD yes
pR2CC14 R2c RAG2 None no
pCJM170 R2cVP16 RAG2 None yes

The amino acid and mutated residue numbers refer to the full-length murine RAG proteins (Oettinger et al., 1990; Schatz et al., 1989). The
RAG1 and RAG2 cores were derived from pMS127 (Sadofsky et al., 1993) and pR2CC14 (Cuomo and Oettinger, 1994), respectively. Mutations
are indicated such that the wild-type sequence is to the left of the number and the mutant sequence is to the right. The VP16 transactivation

domain, if present, is attached at the C-terminus of the RAG protein.

addition of the VP16 tag to the core RAG proteins re-
sulted in a greater than 5-fold reduction in the levels of
protein expression and a less than 2-fold or an approxi-
mately 10-fold reduction in the recombination activity
of RAG2 and RAGH1, respectively (data not shown). Addi-
tion of the VP16 tag to a nearly full-length version of
RAGT1 resulted in a protein that was rapidly degraded
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and inactive for recombination and that failed to stimu-
late luciferase expression (data not shown).

The data of Figure 2 demonstrate the following: first,
transactivation requires both a VP16 transactivation do-
main and the signals; second, RAG1 interacts with the
12 signal, and RAG2 appears to enhance this interaction;
and third, R2cVP16 transactivation requires RAGI1.

Figure 2. Transactivation Requires Recom-
bination Signals, RAG1, and a VP16 Trans-
activation Domain

42.6

Transactivation by various combinations of

the RAG proteins was measured using a re-

porter vector lacking signals (pBasic) or one

containing eight copies of a 12 signal (p(12)s).

The start site of transcription of the luciferase

gene is represented by an arrow and the 12

signals by an open triangle, with the wide side
e of the triangle used to represent the heptamer
I(Q' end of the signals. After cotransfection of a
reporter vector with the indicated expression
plasmids and pCMV-Bgal, luciferase and
B-galactosidase values were determined. All
luciferase values were normalized in a two-
step procedure (see text and Experimental
Procedures): first for transfection efficiency
and then by dividing all values in a given
transfection by the value obtained in the ab-
sence of RAG proteins. This “No RAG” value
(bars 1 and 10) is therefore set to 1.0, and all
other values are expressed relative to this.
The height of each bar represents the mean
of the values obtained from multiple transfec-
tions, with the error bar indicating the stan-
dard deviation. RAG proteins examined (see
also Table 1) were: RAG1 core (R1c), VP16-
tagged RAG1 core (R1cVP16), RAG2 core
(R2c), and VP16-tagged RAG2 core (R2c-
VP16). The numbers of independent trans-

fections (given in parenthesis) were as follows: bar 18 (61), bar 10 (51), bar 12 (50), bar 14 (22), bar 17 (10), bar 3 (9), bar 16 (7), bars 1 and 11
(6), bars 4 and 6 (5), bars 2 and 5 (2), and all others (4). The mean raw luciferase values in relative light units per 10 .l of extract for representative
bars was: bar 1, 38,000; bar 10, 19,000; bar 12, 76,000; bar 16, 183,000; bar 17, 283,000; bar 18, 726,000. Using the two-tailed Student’s t-test
and the statistics program DataDesk, the following pairs of values were compared and found to be significantly different from one another:
p <0.001; bars 12 and 3, 16 and 7, 16 and 12, 17 and 16, 18 and 17. The values for bars 3 and 5 were not significantly different from that for

bar 1 (p > 0.05).
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Based on these results and the ability of purified RAG1
and RAG2 to catalyze V(D)J cleavage in vitro (McBlane
et al., 1995), we conclude that RAG1 directly contacts
the signal sequence, while RAG2, if it does directly con-
tact the DNA, does so measurably only in the presence
of RAG1. These conclusions refer specifically to the
RAG core proteins since, as mentioned above, the assay
could not be performed with VP16-tagged full-length
RAG1 and has not been attempted with VP16-tagged
full-length RAG2. However, it is worth noting that a
nearly full-length untagged version of RAG2 (amino
acids 1-491) was able to enhance transcriptional activa-
tion by R1cVP16 (data not shown).

To test the number of signal sequences needed to
detect binding and to confirm the specificity of the
assay, plasmids with varying numbers of 12 signals were
tested for transactivation with various combinations of
the RAG proteins. Binding of R1cVP16 by itself to the
signal was only detectable with the reporter containing
eight 12 signals (Figure 3, bar 14). However, with the
greater sensitivity afforded by the combination of
R1cVP16 plus R2cVP16, a small increase in transactiva-
tion, above that seen with pBasic, was observed with
an isolated signal (Figure 3, compare bars 6 and 3),
and transactivation increased as the number of signals
increased (bars 9, 12, and 15; see figure legend for statis-
tical analysis).

Differential Interactions of the RAG Proteins

with the 12 and 23 Signals

We next examined the possibility that there was a differ-
ence in the ability of the RAG proteins to interact with
12 and 23 signals. Reporter plasmids containing 10 cop-
ies of the 23 signal (p(23),,) or 4 copies of a 12 signal
followed by 5 copies of a 23 signal (p(12),(23)s) were
tested and the results compared with those obtained
with p(12)s. The 12 signals transactivated approximately

P23)10 p(12)4(23)5

Figure 3. Transactivation of Reporter Vec-
tors Containing Different Combinations of
Signals

Reporter vectors containing 0, 1, 2, 4, or 8
copies of the 12 signal, 10 copies of the 23
signal (closed triangles), or 4 copies of a 12
signal and 5 copies of a 23 signal, were tested
with R1cVP16 or R1cVP16 plus R2cVP16. The
data for pBasic and p(12); are from Figure 2.
The number of independent transfections for
the other data points were: bars 16 and 17
(16), bar 18 (14), bar 19 (10), bar 10 (8), bars
11,12, 20, and 21 (6), bar 4 (2), and all others
(4). The following pairs of values were com-
pared and found to be significantly different
from one another: p < 0.001, bars 15 and 12,
15and 18,14 and 8,14 and 11; p < 0.01, bars
21 and 18; p < 0.05; bars 3 and 6, 6 and 12.
The following pairs of values were compared
and found not to be significantly different
from one another: p > 0.05, bars 9 and 6, 20
and 14, 20 and 17; p > 0.1, bars 12 and 9, 20
and 14, 20 and 17; p > 0.25, bars 15 and 21,
8 and 2; p > 0.65, bars 11 and 2, 14 and 17.
Data are presented as in Figure 2. Symbols
are as in Figure 2.

six times better than the 23 signals when both RAG-
VP16 fusion proteins were present (Figure 3, bars 15
and 18), while the ability of R1cVP16 alone to transacti-
vate was equal (bars 14 and 17). This suggests that
binding by RAG1 is relatively insensitive to the distance
separating the heptamer and nonamer but that the ability
of RAG2 to be recruited to the DNA is substantially
improved with the shorter spacer. Equivalent results
were obtained when the entire block of 12 or 23 signals
was inverted relative to the minimal promoter, indicat-
ing that the orientation of the signals does not affect
transactivation (data not shown). Transactivation of
p(12),(23)s, with both R1cVP16 alone and in combination
with R2cVP16, was similar to that observed with p(12)s,
despite the inefficiency with which 23 signals recruit
RAG2 (the increase seen with R1cVP16 only [compare
bars 20 and 14] is not statistically significant [p > 0.1],
owing to the large standard deviation of the values for
bar 20).

RAG-1 Interacts Primarily with the Nonamer

Because the integrity of both the heptamer and the non-
amer is critical for efficient V(D)J recombination, we were
interested in determining the relative contribution of
these two elements to RAG DNA binding. Reporter con-
structs were made in which either the heptamer (p(12h),),
the nonamer (p(12n)g), or both (p(12hn)s) were substan-
tially mutated in the context of a 12 signal (the mutations
introduced are shown in Figure 4; all other bases are
unchanged). Based on recombination assays with mu-
tant signals, these mutations would each be expected
to disrupt severely the function of the signal (Akamatsu
et al., 1994; Hesse et al., 1989). With a mutant nonamer,
in the presence of either a wild-type or a mutant hep-
tamer, no transactivation could be detected with
R1cVP16 alone or in conjunction with R2cVP16 (Figure
4, bars 10, 11, 13, and 14). The nonamer is therefore
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707 Figure 4. Transactivation of Reporter Vec-
= é tc?rs Containing Wild-Type or Mutant 12
‘E 601 BB- no rec Signals N . .
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o EA= RicvPl6 + R2cVP16 a wild-type 12 signal or a 12 signal with a
S 501 ES= R1cvP16 + R2c mutant heptamer (p(12h),), amutant nonamer
2 (p(12n)g or p(12n*)g), or a mutant heptamer and
2 404 wt hep: CACTGTG nonamer (p(12hn)g), were tested with either
2 mut hep: CgacGTt R1cVP16 or R1cVP16 plus R2cVP16. Wild-
ﬁ type elements are represented as open ovals
£ 307 wt non: ACAAAAACC and mutant elements as filled or stippled
s mut non: ACActggta
g MUt non*: ACAALLELCC ovals. The sequences of the mutant _eleme_nts
g 204 are shown below that of the appropriate wild-
8 type element, with small letters indicating
: base changes. The data for p(12); are from
;c' 101 Figure 2. The number of independent trans-
fections for the other data points were: bars
0 5-7 (19), bars 9-11 (10), bars 12-17 (4), bar 8

9 10 11

p(12h)g p(12n)g p(12hn)g

essential for any detectable binding. We also con-
structed a second mutant nonamer reporter vector
(p(12n*)g) in which the central sequence of the nonamer
was changed but its AT content was not (5'-AAAAA
changed to 5’-AATTT). No transactivation could be de-
tected with this reporter (Figure 4, bars 16 and 17), dem-
onstrating that merely having an AT-rich sequence prop-
erly positioned relative to the heptamer is not sufficient
for RAG1 binding, either in the presence or absence of
RAG2.

Since V(D)J cleavage occurs immediately adjacent to
the heptamer, it seemed likely that there would be some

>

N 12.h > o 12 H > _no12h >
8 8 8

(3). The following pairs of values were com-
pared and found to be significantly different
from one another: p < 0.0001; bars 3 and 7,
4and 8,6 and 10,6 and 2, 7 and 11; p < 0.05;
bar 6 compared with bar 3 of Figure 2. Data
are presented as in Figure 2. Other symbols
are as in Figure 2.

p(12n%)g

interaction of the RAG proteins with this element. In-
deed, substantial mutation of the heptamer resulted in
reduced but detectable transactivation by R1cVP16
(Figure 4, compare bars 6 and 2) and by the combination
of R1cVP16 plus R2cVP16 (compare bars 7 and 3). Iden-
tical results were obtained with an analogous reporter
vector in which every position of the heptamer was al-
tered but the base composition was not (data not
shown). Interestingly, R2c was unable to increase trans-
activation by R1cVP16 in the absence of a functional
heptamer (compare bars 6 and 8 with bars 2 and 4),
despite the fact that R2cVP16 is clearly recruited to the

Figure 5. The Effect on Transactivation of

707 Mutations in the GGRPR Domain of RAG1
§ = - Ricvple The p(12); reporter vector was tested with
5 60t il 8 = R1cVP16 + R2cVP16 wild-type or mutant forms of R1cVP16, in the
o P(12)8 absence or presence of R2cVP16. pCJM155
§ 50+ (bars 3 and 4) encodes a R1cVP16 protein
2 missing the first 54 amino acids of the RAG1
@ 77 core, and pMJD135 (bars 19 and 20) encodes
g 4071 % the D32-VP16 protein (see Table 1). The other
ﬁ ’// expression vectors encode R1cVP16 pro-
£ 3071 ﬁ teins containing missense mutations at one
.g ’// or more amino acid residues of the GGRPR
§ 201 % domain, as indicated by the arrows to the
g -:,? RAG1 sequence below. The mutations made
= 104 < % are listed in Table 1. The designations
% < ﬁ - o “N-terminal arm,” “helix 1,” and “helix-3” are
= -% - = made by analogy to the Hin recombinase (see

il — d g 2 . .

0 12 34 5 78 910 1112 1314 1516 1718 1920 Figure 6A)and are fo.rconven.lence only. Each
CIM155 CJM209 CIM210 CJM213 MJD135 of the GGRPR domain mutations, except that
R1c¢VP16 CcIM211 CIJM212 CIM227 CIM200 found in pCJM200, was moved into the con-

AV e

GGRPRouLLSLTRRAQKERLRE

———N-terminal arm ——{}

helix 1

text of nearly full-length RAG1 and tested for
its ability to recombine the pSJ recombina-
tion substrate (Gauss and Lieber, 1993) in
conjunction with RAG2 in COS cells. All mu-
tants were recombinationally inactive except

S
.. KAVC]F-:I'LF.'

as wild-type RAG1 (data not shown). The data for bars 1 and 2 are fro

pCJM227, which was approximately as active
m Figure 2. The number of independent transfections for the other data

points were: bars 13-14 (2), all other bars (4). Bars 14 and 18 were significantly different from bar 2 (p < 0.05), while bars 13 and 17 were not
significantly different from bar 1 (p > 0.08). Data are presented as in Figure 2. Other symbols are as in Figure 2.
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Figure 6. Similarities between the Protein
and DNA Components of V(D)J Recombina-
440 tion and Salmonella Phase Variation
(A) Amino acid comparison of the N-terminus
of the RAG1 core and the DNA-binding do-

N-terminal helix 1 helix 2
arm

V(D)J nonamer 5¢ A(IL?JIXAAA

hixR right half site s TTATCAAAAAC}C;‘:F 3

131211109 8 7 6 5 4
k 3k

C-terminal main of the Hin recombinase. The C-terminal
arm 53 amino acids of the Hin recombinase are
shown. The last 52 amino acids make up the

DNA-binding domain and adopt a structure

of three a-helices (black lines) with N- and

C-terminal arms and spacers between the

helices (Feng et al., 1994). Amino acids 389-

444 of RAG1 are shown above the Hin se-

quence, with vertical lines indicating identical

residues. This 56 amino acid region is 82%

identical in the six species for which the se-

quence of RAG1 is known; the GGRPR resi-

dues are 100% identical (Hansen and Kaat-

tari, 1995; Sadofsky et al., 1993). Resi-

dues of Hin that are identical in all invertase family members (Hin, Gin, Cin, and Pin) are indicated by a caret below the Hin sequence (Feng

et al., 1994).

(B) Nucleotide comparison of the consensus V(D)J recombination signal nonamer and the right half site of the Hin hixR binding site. The
canonical nonamer is shown such that the spacer and heptamer would lie in the 5’ direction; V(D)J cleavage would occur immediately 5’ of
the heptamer. Below it is the right half-site of the hixR binding site, numbered beginning at the center of the dyad axis of symmetry of the
complete hixR site; cleavage by Hin (on the strand shown) occurs 3’ of the nucleotide 3’ of T1. Vertical lines indicate identical residues.
Asterisks mark the two A-T base pairs with which the GR of the GGRPR motif of Hin makes sequence-specific contacts in the minor groove.
These align with the two most highly conserved residues of the nonamer, also marked by asterisks. The sequences of other hix half-sites

differ somewhat from that of the right half-site of hixR.

heptamer-mutant signal by R1cVP16 (compare bars 6
and 7). From the data of Figure 4, we conclude that,
first, the nonamer is necessary for RAG1 binding even
in the presence of RAG2; second, the heptamer contrib-
utes to RAG1 DNA binding and is essential for the ability
of RAG2 to enhance transactivation by RAG1; and third,
RAG1-mediated recruitment of RAG2 to the signal does
not require a heptamer, although the heptamer may be
necessary for stabilization of the complex or its proper
positioning on the signal sequence.

The N-Terminal Portion of the RAG1 Core

Is Critical for Signal Binding

We next investigated which regions of RAG1 are impor-
tant for signal binding. A mutant R1cVP16 protein lack-
ing the first 54 amino acids of the core (encoded by
pCJM155) failed to bind (Figure 5A, bars 3 and 4), despite
being well expressed (as measured by Western blot
analysis using RAG1-specific antisera; data not shown).
It was noted that the deleted region has some sequence
similarity to the DNA-binding domain of a family of bac-
terial DNA invertases, most clearly seen by comparison
with the Salmonella Hin recombinase (Figure 6A). The
identical five amino acid sequence (GGRPR) found at
the N-terminus of the Hin DNA-binding domain is at a
position five amino acids from the N-terminus of the
RAG1 core. In addition, it was observed some time ago
(Rathbun and Tucker, 1987; Simon et al., 1980) that a
portion of the Hin recombinase hixR binding site is strik-
ingly similar (8 out of 9 bp identity) to the nonamer of
the V(D)J recombination signal (Figure 6B). Remarkably,
the X-ray crystal structure of Hin bound toits recognition
site (Feng et al., 1994) reveals that the GR residues
of the GGRPR motif make critical sequence-specific
contacts in the minor groove with two A-T bp of the
binding site (marked with asterisks in Figure 6B). These
two A-T bp align with the two most highly conserved

residues of the V(D)J nonamer (Hesse et al., 1989; Rams-
den et al., 1994).

Since RAG1 is capable of sequence-specific binding
of the nonamer, we hypothesized that the G3,GRPR
motif of RAG1 might be important in this recognition
process and that the RAG1-nonamer interaction might
share some structural features with the interaction of
Hin and hix. As a first test of this hypothesis, we intro-
duced small mutations into the N-terminal region of the
RAG1 core (Table 1) to investigate if they would affect
signal binding in a predictable manner. Indeed, mutation
of the two glycine residues to alanines, or single amino
acid changes at the other three positions of the GGRPR
motif, eliminated detectable binding (see Figure 5A, bars
5-12). In contrast, a two amino acid mutation just four
residues C-terminal to the GGRPR motif resulted in a
RAGT1 protein that bound as well as wild-type (pCJM227;
bars 13 and 14). If the regions of RAG1 and Hin depicted
in Figure 6A adopt similar structures, then these two
amino acids would be predicted to lie on aloop connect-
ing the N-terminal arm and helix 1 and not to be directly
involved in DNA binding. Substantial alteration of the
helix 1 equivalent region of RAG1 eliminated binding
(pCJM213, bars 15-16). Mutation of three residues in
the helix 3 equivalent region did not affect binding to
the p(12); substrate (pCJM200, bars 17-18). RAG1 core
proteins containing the mutations examined in Figure 5
were expressed at levels comparable to those of wild-
type RAG1 core (data not shown).

The effect of these mutations on the ability of RAG1 to
perform V(D)J recombination in conjunction with RAG2
was determined using a standard transient transfection
recombination assay. As expected, mutations that abro-
gated binding also crippled RAG1 for recombination,
while the mutant protein expressed by pCJM227, which
bound efficiently, also performed recombination effi-
ciently (data not shown). We conclude that the G;3,,GRPR
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motif and the helix 1 equivalent region of RAG1 are
essential for DNA binding and recombination and that
changes inthe intervening amino acids can be well toler-
ated. These results are consistent with the idea that
RAG1 and Hin have some similarities in their modes of
interaction with their cognate binding sites.

The requirement of a heptamer and a nonamer for
optimal binding suggested that other portions of the
RAG1 core, in addition to the GGRPR-containing region,
might be important for signal recognition. Indeed, intro-
duction of the D32 mutation (Table 1) into R1cVP16
reduced transactivation of p(12)gin the absence or pres-
ence of R2cVP16 (Figure 5, pMJD135, bars 19 and 20).
Most (six of eight) other linker scanning mutations of
the RAG1 core in the region between amino acids 500
and 1000 (provided by M. Sadofsky and M. Gellert) also
reduced binding in the absence or the presence of
R2cVP16, and the two mutations that did not reduce
binding were also the only two that did not dramatically
reduce recombination activity (data not shown). We con-
clude that small changes in multiple regions of the RAG1
core can interfere with specific DNA binding.

Discussion

Recent in vitro experiments have demonstrated that
RAG1 and RAG2 interact directly with the recombination
signals and may be sufficient to mediate the formation
of a 12 signal-23 signal synaptic complex required for
coordinate cleavage (Eastman et al., 1996; McBlane et
al., 1995; van Gent et al., 1995, 1996b). These experi-
ments, however, do not address the question of how
the specific interaction between the RAG proteins and
the signals occurs. The one-hybrid assay described here
has revealed several fundamental parameters of the in-
teraction between the RAG core proteins and the sig-
nals. RAG1 by itself is capable of sequence-specific
recognition of 12 or 23 signals. In contrast, detectable
RAG2 association with a signal requires the presence
of RAG1, and the recruitment of RAG2 is more efficient
at 12 signals than 23 signals. Furthermore, while the
heptamer makes an important contribution to signal
binding by the RAG proteins, the nonamer is the critical
recognition element.

In the one-hybrid assay, luciferase expression might
be sensitive to influences other than the number of VP16
transactivation domains recruited to the signals. For
example, mutation of R1cVP16 could alter its DNA-bind-
ing properties but could also change the efficiency with
which bound molecules stimulate transcription. The re-
sults of a separate study (Spanopoulou et al., 1996 [this
issue of Celll), which measured the interaction between
purified RAG proteins and the signal sequence in vitro
with a plasmon resonance instrument (BlAcore), sug-
gest that such factors are unlikely to have significantly
influenced our results. Despite the methodological dif-
ferences, their study and ours come to strikingly similar
conclusions concerning the central roles played by
RAG1 and the nonamer, the lack of binding by RAG2
alone, and the effect of mutations in the GGRPR domain
of RAG1 on signal binding.

DNA Binding by RAG1

The sequence similarities between Hin and RAG1 and
between portions of their recognition elements (Figure
6) raise the possibility that the approximately 60 amino
acids at the N-terminus of the RAG1 core (to which
we refer as the “GGRPR domain”) are responsible for
making direct contact with the nonamer. This has now
been confirmed by direct in vitro binding studies using
the BlAcore instrument (Spanopoulou et al., 1996). Our
results (Figure 5) closely parallel theirs, with an important
similarity being the dramatic effect of most mutations
of the GGRPR motif on signal binding. It is worth noting
that the GGRPR domain of RAG1 has a high a-helical
content, as measured by circular dichroism (K. K. Rod-
gers, D. G. S., and J. E. Coleman, unpublished data), as
would be predicted if this domain adopts a structure
similar to that of the Hin DNA-binding domain (Feng et
al., 1994). Overall, our results and those of Spanopoulou
et al. (1996) are consistent with the idea that there are
structural similarities between the RAG1-nonamer and
Hin-hix interactions. If the RAG1-Hin analogy is correct,
then the GR residues of the GGRPR motif of RAG1
should make sequence-specific contacts with the fifth
and sixth positions of the nonamer (Figure 6), and inter-
estingly, these are its two most highly conserved bases
(Hesse et al., 1989; Ramsden et al., 1994).

While the nonamer is essential for detectable binding
by RAG1, the heptamer makes a substantial contribution
as well (Figure 4). It is currently unknown if a single
RAG1 molecule can contact the nonamer and heptamer
simultaneously or if recognition of the two elements is
mediated by different RAG1 molecules, perhaps in a
complex with one another. In either case, if the GGRPR
domain contacts the nonamer, a different domain of
the RAG1 core would be predicted to recognize the
heptamer in a sequence-specific manner. Our data dem-
onstrate that in the absence of RAG2, the RAG1 core
binds equally well to 12 and 23 signals, suggesting that
heptamer-nonamer recognition by RAG1 is remarkably
flexible and relatively insensitive to the addition of a full
turn of the DNA helix between the two elements.

Consistent with there being an as yet unidentified
sequence-specific DNA-binding domain in the RAG1
core responsible for heptamer recognition, binding was
reduced by the D32 mutation (Figure 5, bars 19 and
20) as well as by most other linker scanning mutations
outside of the GGRPR domain tested (data not shown).
The recombination activity of D32 is sensitive to the
sequence of the two coding nucleotides flanking the
heptamer. Certain dinucleotide pairs (“bad flanks”) are
not recombined measurably by D32, while others (“good
flanks”) are recombined as efficiently by D32 as by the
wild-type RAG1 core protein (Sadofsky et al., 1995). The
p(12); substrate contains a bad flank (5'-GA-hepta-
mer-3’), and hence our finding that p(12); was transacti-
vated less well by D32-VP16 than by R1cVP16 was con-
sistent with the hypothesis that D32 binds poorly to
signals with a bad flank. However, changing the flanks
of p(12); from “bad” to “good” (5'-TA-heptamer-3’) did
not improve transactivation by D32-VP16 relative to
R1cVP16, in the presence or absence of R2cVP16 (data
not shown). Therefore, binding by D32 is defective re-
gardless of the flank. Consistent with this, recent in vitro
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cleavage experiments provided evidence that the good
flank/bad flank dichotomy observed with D32 is a result
of its failure to activate coding flanks properly for hairpin
formation rather than poor binding to signals with bad
flanks (van Gent et al., 1996b). We propose that the
failure of D32 to interact appropriately with the signal
accounts for its postulated defect in promoting hairpin
formation.

DNA Binding and the RAG1-RAG2 Complex

In the presence of R1c, R2cVP16 stimulates luciferase
expression approximately four times as well as does
R1cVP16 in the presence of R2c (Figure 2, compare
bars 16 and 17). One explanation for this is that the
RAG1-RAG2 complex bound to the signal might contain
(on average) multiple molecules of RAG2 for each mole-
cule of RAG1, an idea consistent with results from coim-
munoprecipitation experiments (Leu and Schatz, 1995;
Spanopoulou et al., 1995). However, we cannot rule out
the possibility that the VP16 domain of RAG2 in the
bound complex is positioned such that it interacts more
efficiently with the transcriptional machinery than does
the VP16 domain of RAG1. We also cannot be sure of
the mechanism by which R2c enhances transactivation
by R1cVP16 (Figure 2, compare bars 12 and 16). The
simplest explanation is that R2c stabilizes binding of
R1cVP16 to the signal, but it is also possible that it
changes the conformation of R1cVP16 in such a way
as to enhance the ability of the VP16 transactivation
domain to stimulate transcription. It will be necessary
to determine conditions for stable binding of the RAG
proteins to the recombination signal in vitro to resolve
these issues.

While it is likely that a complex containing both RAG1
and RAG2 binds to the signal, the nature of this complex
and of the interaction between the RAG proteins remain
unknown. Despite the ability of the purified RAG proteins
to mediate site-specific cleavage at an isolated signal
(McBlane et al., 1995) and a pair of signals (van Gent et
al., 1996b), no direct interaction between the purified
RAG proteins could be detected in vitro (McBlane et
al., 1995), and no interaction between them could be
detected using the yeast two-hybrid assay (Cuomo et
al., 1994; Spanopoulou et al., 1995). One way to explain
these results, suggested by our finding that RAG1 is
capable of binding to the signal in the absence of RAG2,
is that the RAG1-RAG2 complex is stabilized by binding
to the signal. While it is possible that in our assay the
ability of RAG1 to localize RAG2 to the signal depends
on or is stimulated by one or more other cellular factors,
such additional factors are not required for the binding
interaction that leads to cleavage in vitro.

RAG2 is not necessary for sequence-specific DNA
binding by RAG1, and yet RAG1 is unable to catalyze
cleavage in its absence. This could be explained if asso-
ciation with RAG2 alters the conformation of the RAG1-
DNA complex, thereby activating an active site found in
RAG1. According to this model, there is no need for
RAG2 to contact the DNA directly. Alternatively, RAG2
might contribute to the enzyme active site through a
direct interaction with the DNA near the heptamer-cod-
ing end border. It is interesting that mutation of the

heptamer eliminated the ability of R2c to enhance trans-
activation by R1cVP16 (Figure 4, bars 6 and 8). It will
be important to determine if RAG2 can be cross-linked
to DNA near the site of cleavage.

Parallels with Other Site-Specific

Recombination Systems

The close juxtaposition of the RAG7T and RAG2 genes in
the genome and their compact organization (the coding
regions lack introns in most species) led to the initial
speculation that the two genes coevolved from a viral or
fungal precursor (Oettinger et al., 1990). More recently, it
has been suggested that the two genes, along with a pair
of recombination signals, represent a “disassembled
transposon” (Thompson, 1995). The first evidence in
support of this was the demonstration that second-
strand cleavage in V(D)J recombination proceeds via
direct trans-esterification and closely parallels steps in
retroviral integration and transpositional recombination
(van Gent et al., 1996a). Our data and those of Spanop-
oulou et al. (1996) strengthen the connection between
V(D)J recombination and other site-specific recombina-
tion systems in at least two regards. First, the sequence
and functional similarities between Hin/hix and RAG1/
nonamer described here suggest a common evolution-
ary origin for these processes. Second, our finding that
the DNA element critical for binding (the nonamer) is
distinct from the element that presumably directs the
site of cleavage (the heptamer) indicates that V(D)J re-
combination has mechanistic similarities with transposi-
tion reactions in bacteria and worms. Perhaps the most
striking similarity is seen with transposition of Tc1 in
Caenorhabditis elegans. All detectable DNA binding to
the inverted terminal repeats of Tc1 occurs in a region 6
bp removed from the site of cleavage (Vos and Plasterk,
1994). Furthermore, the binding site contains a region
with a 6 out of 9 bp match to the nonamer, while the
cleavage site is surrounded by a region that is identical
to the heptamer at six out of seven positions (Dreyfus,
1992). The theme of strong DNA binding to one site and
weaker interaction at the site of cleavage is repeated
in several bacterial transposition reactions (Derbyshire
and Grindley, 1992; Huisman et al., 1989; Mizuuchi,
1992). It appears, then, that V(D)J recombination repre-
sents a distinctive and recent elaboration of an ancient
strategy for coordinating DNA binding and cleavage.

Discriminating Between 12 and 23 Signals

Efficient V(D)J recombination in vivo occurs only be-
tween a12and a 23 signal, and under appropriate condi-
tions, cleavage obeying the 12/23 rule can be accom-
plished in vitro using crude extracts (Eastman et al.,
1996) or with the purified RAG proteins (van Gent et al.,
1996b). Our finding that RAG1 binds equally well to the
two signals but that RAG2 is recruited more efficiently
to 12 signals than to 23 signals raises the possibility
that signal discrimination is mediated, at least in part,
by RAG2 occupancy. Preferential recruitment of RAG2
to the 12 signal also helps explain the finding in several
previous studies that 12 signals are cleaved more effi-
ciently than 23 signals in vitro (Eastman et al., 1996; van
Gent et al., 1995, 1996b).
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Our data and those of Spanopoulou et al. (1996) are
consistent with the following model for DNA binding
by the RAG proteins in V(D)J recombination. Binding is
mediated by an interaction between the GGRPR domain
of RAG1 and the nonamer of the 12 and 23 signals. This
is stabilized by interactions between another region of
the RAG1 core and the heptamer. RAG2 is recruited
preferentially to the 12 signal, where it acts to stabilize
further the protein-DNA complex. Synapsis then occurs,
possibly between a RAG1-RAG2 complex at the 12 sig-
nal and a RAG1 complex at the 23 signal (if efficient
synapsis requires that RAG2 be present at one signal but
not the other, this would explain the poor recombination
observed in vivo with substrates containing two 12 sig-
nals). Presumably, RAG2 would be recruited to the 23
signal before the occurrence of the coordinate cleavage
events at the two signals. This model, while speculative,
makes a number of testable predictions concerning the
initiation of V(D)J recombination and should therefore
provide a useful guide for further experiments.

Experimental Procedures

Reporter Constructs
All reporter constructs were created in the backbone of pGL2-Basic
(Promega). The top oligonucleotides for the 12 signals (5'-CCC
CTCGAGATGAGAGTCGAGGTTTTTGTTCCAGT CTGTACCACTGTG
TCGACCTGCAGAAGCTTGGC) and the 23 signals (5'-GATCCGGG
CAGCACAGTGGCCATGGTGGCTTGTCTGGCTGT ACAAAAACCGT
CGACA) were annealed to complementary bottom oligonucleotides
resulting in 5’ overhangs corresponding to Xhol-Hindlll (12 signals)
or BamHI-Hindlll (23 signals). These double-strand fragments were
then cloned into the multiple cloning site of pGL2-Basic. Subse-
quently, a Smal fragment of pTet-Splice (Shockett et al., 1995) con-
taining the human cytomegalovirus minimal promoter was ligated to
Hindlll linkers and inserted into the Hindlll site. The signal sequences
were then multimerized by ligating the Dralll-Sall fragment (Figure
1C) into Dralll-Xhol-digested vectors resulting in constructs con-
taining 2, 4, and 8 copies of the 12 signal or 2, 4, 5, 8, and 10 copies
of the 23 signal upstream of the cytomegalovirus minimal promoter.
The p(12),(23)s construct was created by ligating the Dralll-Sall
fragment of p(12), into the Dralll-Xhol sites of p(23)s. Mutant reporter
constructs were created as indicated above, using oligonucleotides
in which the heptamer or nonamer or both were mutated as shown
in Figure 4.

RAG Expression Constructs
All RAG1 constructs described below have an Xhol site immediately
upstream of the start codon, and the noted amino acid number
immediately follows that initiation codon. For example, R1cVP16 is
(Xhol)-Met-Valsgs-Alasge/Mlul). To create R1cVP16 (pCJM199), prim-
ers AM (5'-GAAAGTGGGTACGCGTACAG) and BN (5'-GTTTGCGGC
CGCTCATCAATGTATCTTA TC) were used to amplify the C-terminal
130 amino acids of HSV VP16 from the plasmid pUDH15-1 (Gossen
and Bujard, 1992), and the amplified product was inserted into the
MIul-Notl sites of pMS127 (Sadofsky et al., 1993), replacing the
three copies of the myc epitope tag.

pCJM155 was created by subcloning the Xhol-Mlul fragment from
pMS128 (Sadofsky et al., 1993) into R1cVP16, replacing the wild-
type sequences. Site-specific mutations in the GGRPR domain of
RAG1 were created by single-strand mutagenesis using the BioRad
mutagene kit in the context of full-length RAG1. The mutations were
then transferred by polymerase chain reaction into the context of
R1cVP16 (confirmed by sequencing). The full-length version of each
RAG1 mutant was assayed for recombination using a standard tran-
sient transfection assay and the substrate pSJ (Gauss and Lieber,
1993). The linker scanning mutations of RAG1, described previously
(Sadofsky et al., 1993), were inserted into R1cVP16 as Xhol-Mlul
fragments, replacing the wild-type RAG1 core sequence.

R2cVP16 (pCJM170) was created in two steps. First, the BamHI-
Notl fragment of pR2CC14 (Cuomo and Oettinger, 1994) was in-
serted into the polylinker of pcDNAI to create pcDNA-R2c. Primers
5'-ATGTGAAAGTCAATTCGCGTACAGC and BN were then used to
amplify a fragment encoding the C-terminal 130 amino acids of
VP16, which was inserted into the EcoRI-Notl sites of pcDNA-R2c.
In addition to amino acids 1-382, the RAG2 core protein encoded
by pR2CC14 contains a 10 amino acid epitope tag at the N-terminus
and a 6 amino acid addition (IEFLSS) at the C-terminus. The
R2cVP16 protein also contains the epitope tag but only three of the
six additional C-terminal amino acids (IEF).

Transfection Protocol

Transfections of 293 cells were performed in 6 cm dishes by calcium-
phosphate precipitation as described previously (Pear et al., 1993).
Each transfection contained 1 g of reporter plasmid, 6 pg each of
RAG-1 and RAG-2 expression plasmids (the “empty” vector pcDNA1
[Invitrogen] was substituted where appropriate to maintain a con-
stant amount of DNA), and 250 ng of pCMV-Bgal. The cells were
removed from the dish by trypsin/EDTA, washed twice with phos-
phate-buffered saline, and resuspended in luciferase lysis buffer (25
mM Tris-ClI [pH 8.0], 13.4 mM NaH,PO, plus 11.6 mM Na,HPO, [pH
6.8], 2 mM dithiothreitol,2 mM EDTA, 10% glycerol, 1% Triton X-100)
at room temperature for 15 min and pelleted at 14,000 rpm for 5
min at 40°C, and the supernatant was frozen at —75°C for at least
60 min before being assayed.

B-Galactosidase Assay

B-galactosidase protein (Promega) was diluted 1:1000 and 1:4000
in luciferase lysis buffer and then appropriate amounts diluted into
a final volume of 10 pl in a 96 well plate to generate standards
ranging from 0.5-10.0 mU B-galactosidase. A volume of cell lysate
was used for which all of the samples would fall within the range
of the standard curve and brought up to a final volume of 10 pl with
luciferase lysis buffer in duplicate in a 96 well plate. Reagent 1 (75
wl; 1.067 mg/ml CPRG, 64 mM B-mercaptoethanol, 2 mM MgCl,, 98
mM NaPO, [pH 7.3]) was added to each sample and 10 min later
the reaction stopped with 200 pl of 1 M Na,CO; and the ODs;, read
on a Titretek Multiskan MCC plate reader. The units of 3-galac-
tosidase in 10 pl of each lysate were then determined from the
standard curve and the average of duplicate wells calculated.

Luciferase Assay

Each lysate (10 pl) was aliquoted into a 5 ml, 75 X 12 mm tube
(Sardstet). Reconstituted luciferase assay substrate (100 pl; Pro-
mega) was added and the relative light units immediately determined
by calculating the mean of two 10 s readings on a Lumat LB 9501
luminometer (Berthold). These values (relative light units/10 pl ly-
sate) were then standardized for transfection efficiency by dividing
by the average mU B-galactosidase per 10 pl lysate, resulting in a
value of RLU/mU B-galactosidase that was used to determine fold
increase over the no-RAG control.
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Distinct DNA sequence and structure requirements for the two steps
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