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Assembly of antigen receptor genes by V(D)J recombination requires the site-specific recognition of two
distinct DNA elements differing in the length of the spacer DNA that separates two conserved recognition
motifs. Under appropriate conditions, V(D)J cleavage by the purified RAG1/RAG2 recombinase is similarly
restricted. Double-strand breakage occurs only when these proteins are bound to a pair of complementary
signals in a synaptic complex. We examine here the binding of the RAG proteins to signal sequences and find
that the full complement of proteins required for synapsis of two signals and coupled cleavage can assemble
on a single signal. This complex, composed of a dimer of RAG2 and at least a trimer of RAG1, remains inactive
for double-strand break formation until a second complementary signal is provided. Thus, binding of the
second signal activates the complex, possibly by inducing a conformational change. If synaptic complexes are
formed similarly in vivo, one signal of a recombining pair may be the preferred site for RAG1/RAG2 assembly.

Mature immunoglobulin and T-cell receptor genes are as-
sembled during lymphoid development through a series of
site-specific DNA rearrangements collectively termed V(D)J
recombination. Functional immunoglobulin and T-cell recep-
tor molecules are constructed from three classes of gene seg-
ments: variable (V), diversity (D), and joining (J). The loci
containing these gene segments may contain hundreds of cop-
ies of a given class of coding segment distributed over several
megabases of DNA. Thus, an important requirement of V(D)J
recombination is the targeting and uniting of two gene seg-
ments which may be separated by extensive portions of the
chromosome (17).

Recombination signal sequences (RSS) flank V, D, and J
coding segments and serve as the sites for recognition and
cleavage by the recombinase. Each RSS consists of two con-
served elements, the heptamer and the nonamer, and a spacer
element of either 12 or 23 bases of fixed length but variable
nucleotide composition. Recombination events are limited by
the “12/23 rule” to those in which a pair of RSS participate,
one 12-spacer signal and one 23-spacer signal. All coding seg-
ments of a given class (V, D, or J) have the same arrangement
of spacer lengths, with the arrangement of signals limiting
recombination events to those that could potentially encode a
functional antigen receptor (17).

RAG1 and RAG?2 carry out the initial stages of V(D)J
recombination during which signal sequences are recognized
and bound, and double-strand breaks are introduced at the
border of the signal sequence and the coding segment (22).
Studies with purified proteins have shown that double-strand
break formation occurs in two steps (18). First, the RAG
proteins introduce a single-strand nick at the 5’ end of the
heptamer, adjacent to the coding DNA. A direct transesterifi-
cation reaction follows, in which the free hydroxyl at the 3’ end
of the coding sequence attacks the phosphodiester bond be-
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tween the coding sequence and the RSS of the opposite strand,
resulting in a blunt 5’ phosphorylated signal end and a co-
valently sealed hairpin coding end (18, 31).

Stable, site-specific binding and the two cleavage steps re-
quire both RAG1 and RAG2. In addition, a divalent metal ion
is required for binding and cleavage. The identity of the metal
ion profoundly influences the behavior of the recombinase (9,
32). Interdependent, or coupled, cleavage occurs with purified
proteins when Mg”* is the divalent metal ion (32). In this
context, hairpin formation requires the presence of both a
12-signal and a 23-signal (9, 10, 14, 32). Restriction of hairpin
formation by the 12/23 rule is further enhanced by DNA-
bending proteins (HMG1 or HMG?2) and nonspecific DNA
(10, 14, 29). In contrast, hairpin formation can occur at an
isolated 12- or 23RSS when the divalent metal ion is Mn*"
(18). Ca** can support RSS recognition but not nick or hairpin
formation (11).

While the consequences of the 12/23 rule are evident at the
level of hairpin formation, enforcement of this rule begins at
the level of RSS recognition by RAG1 and RAG2. Individual
RSS can be recognized by the RAG proteins, but they must be
brought together in a synaptic complex to allow cleavage to
occur. This synaptic complex forms when both a 12- and a
23-signal are present (10). The synaptic complex has been
observed in mobility shift assays with purified proteins (RAGI,
RAG?2, and HMG1), Ca®", and a pair of double-stranded
oligonucleotides, one containing a 12RSS and one containing a
23RSS. When only one signal is present, RAG1 and RAG2
form a stable complex on the RSS, termed the single complex
(SC). When a second oligonucleotide corresponding to the
complementary signal is added, a slower-migrating band is
observed, termed the paired complex (PC). This complex has
been shown to be the functional complex for coupled cleavage
(10). While it is clear that the RAG proteins and HMG are
sufficient to form a 12/23 PC, little is known about the archi-
tecture or assembly of this complex.

Here we explore the precursor-product relationship between
single-RSS complexes and the PC. We explore the protein
content and intrinsic activities of each of these complexes. Two
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distinct complexes can form on a single site, one of which
comprises the same complement of RAG1 and RAG?2 proteins
that is required to form the PC. However, this species remains
unable to catalyze hairpin formation under coupled cleavage
conditions. Only when a second complementary signal is
bound does the complex become competent to form hairpins.
These results suggest that binding of the second signal may
induce a conformational change in the RAG proteins required
for their catalytic activity.

MATERIALS AND METHODS

DNA manipulations. Oligonucleotide substrates VDJ100/101 (12RSS) and
VDJ132/133 (23RSS) were gel purified, annealed, and 5'-end labeled with 3P as
described previously (7). Nonspecific competitor DNA was generated by anneal-
ing VDJ175 (5'-GCACTTCCAGACCACGCTACAAGCGATTAAACCACAG
GGGCGACTTCGTGGA-3') and VDJ176 (5'-TCCACGAAGTCGCCCCTGT
GGTTTAATCGCTTGTAGCGTGGTCTGGAAGTGC-3").

The 150-mer substrates were derived from plasmids 12RSS (+6) and 23RSS
(+6) and prepared as described previously (15). The plasmid pNP107, expressing
MBP-RAGT1 core fusion protein (RAG1, amino acids 352 to 1040) in Escherichia
coli from a pET11a (Novagen) cassette, was constructed in a pACYC184 back-
bone (New England Biolabs) that carries a chloramphenicol resistance marker.
The resulting protein, used for copurification studies, does not contain a poly-
histidine tag. (Construction details are available on request.)

Proteins. Recombinant RAG?2 from vaccinia virus infection of HeLa cells was
expressed and purified as previously described (18). Maltose-binding protein
(MBP)-RAG?2, from baculoviral infection of Sf9 cells with AcD25 was produced
as described previously (18), except that the cells were infected in the absence of
RAGI1. Recombinant RAG1 and MBP-RAG1 were expressed and purified from
E. coli containing pDRKS534 or pDRK576 as previously described (13) or from
Sf9 cells infected with the viruses AcD23 (30) and AcD26 (18). The two methods
of expressing and purifying RAG1 and RAG2 produce proteins with the same
properties in binding and cleavage assays (13, 25; C. Mundy, unpublished re-
sults). The experiments shown in Fig. 2B and 3 contain RAG1 isolated from Sf9
cells; all others used protein isolated from E. coli. To copurify mixed multimers
of RAG1 containing RAG1 and MBP-RAG1, overnight cultures of DH5a con-
taining both pDRK534 and pNP107 were diluted 40-fold into 1 liter of Luria
broth containing 100 mg of ampicillin and 80 mg of chloramphenicol/ml. Cul-
tures were grown to an optical density at 600 nm of 0.7 to 0.8, induced with IPTG
(isopropyl-B-p-thiogalactopyranoside) at a final concentration of 1 mM and
incubated at 28°C with vigorous shaking for 90’ with the addition of 50 mg of
ampicillin and 40 mg of chloramphenicol/ml. Harvesting, lysis, and Ni** purifi-
cation were carried out as described previously (13). Human HMG1 (amino
acids 1 to 162) was purified from E. coli containing the plasmid pDVG83 with
sequential 2 and 10% tricholoroacetic acid extractions (23). The resulting pellet
was washed with acetone, dried, and resuspended in buffer (25 mM Tris [pH 7.9],
1 mM EDTA, 1 mM dithiothreitol [DTT], 150 mM KCl, 10% glycerol).

DNA binding assays. Binding reactions to detect single RSS complexes (SC1
and SC2) were carried out in 2.5 mM CaCl,, 25 mM K-morpholinepropanesul-
fonic acid (K-MOPS; pH 7.0), 60 mM potassium glutamate (K-Glu), 2 mM DTT,
and 100 mg of bovine serum albumin/ml. Each 10-pl reaction contained 50 fmol
of 32P-labeled duplex oligonucleotide substrate, VDJ100/101 (12RSS) or
VDJ132/133 (23RSS) (7), 100 ng of RAG1 protein (1 pmol), 50 ng of RAG2
protein (1 pmol), and 2 pmol of unlabeled, duplex nonspecific oligonucleotide
competitor DNA. To visualize the PC, 200 fmol of unlabeled VDJ100/101 or
unlabeled VDJ132/133 and 10 ng of HMG1 protein were added to each reaction.
All binding reactions were incubated at 37°C for 30', unless otherwise noted, and
were stopped with the addition of 2 pl of 50% (vol/vol) glycerol-0.1% bromo-
phenol blue loading dye. Reaction products were separated through 4% polyac-
rylamide-TBE gels (19:1 acrylamide-bisacrylamide, 22.5 mM Tris, 22.5 mM boric
acid, 0.5 mM EDTA) containing 6% glycerol, unless otherwise noted. Gels were
run at 450 V at 4°C. For time course assays, binding reactions were performed as
described above. Reactions were stopped by placement on ice in the presence of
loading dye, conditions under which no further binding can occur (Y. Akamatsu
and M. Oettinger, unpublished observations). Gels were visualized by autora-
diography or by using a PhosphorImager (Molecular Dynamics). Phosphorim-
ager data was quantified with ImageQuant software. Four independent time
course experiments were performed with similar results; a representative analysis
is shown.
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FIG. 1. Detection of multiple complexes of RAG1 and RAG2
bound to recombination signal sequences. Complexes formed on a
labeled 12RSS (left panel) or labeled 23RSS (right panel) substrate are
shown. The presence (+) or absence (—) of RAG1, RAG2, HMGI,
and a complementary unlabeled RSS is indicated. The positions of the
two SCs, SC1 and SC2, and the PC are as indicated. A complex
containing RAG1 only (RAG1), which appears to a variable extent in
these assays, is also indicated at right. S, substrate.

Cleavage assays on preformed complexes. To analyze the ability of individual
complexes to cleave DNA, binding reactions were carried out as described above,
but with 200 fmol of labeled substrate and 200 fmol of the unlabeled comple-
mentary substrate. Complexes were separated on a 4% TBE gel (as described
above), and the wet gel was exposed to film for 1 h. Slices containing individual
complexes were cut from the gel and immersed in buffer (25 mM K-MOPS, 60
mM K-Glu, 2 mM DTT) containing either no additional divalent metal ion or 2
mM MgCl, or 2 mM MnCl,. The gel slices were incubated at 37°C for 15 min,
and then the reaction buffer was removed and replaced with 0.3 M sodium
acetate (pH 5.2), 2 mM EDTA, and 0.2% sodium dodecyl sulfate. Tubes were
heated to 68°C for 5’ to inactivate the RAG proteins and prevent further
cleavage. The substrate DNA was eluted overnight and ethanol precipitated.
Reaction products were analyzed on a 12.5% denaturing polyacrylamide TBE gel
containing 7 M urea and 30% formamide.

RESULTS

RAGI1 and RAG2 form multiple complexes on RSS. RAG-
RSS interactions were examined in electrophoretic mobility
shift assays in the presence of Ca®*. Binding reactions con-
taining only RAG1 generated a single band (Fig. 1, lanes 2 and
7), a finding consistent with earlier work demonstrating that
RAGT1 can bind DNA in the absence of RAG2 (1, 4, 8, 21, 27,
28). Binding reactions containing RAG2 but not RAG1 did not
show any DNA binding activity (Fig. 1, lanes 3 and 8). In the
presence of RAG1/RAG2, a second complex band in addition
to that seen before (1, 4, 10, 11, 21, 28) was seen under the
high-resolution gel conditions used here. The faster-migrating
complex is referred to here as SC1, and the slower-migrating
species is referred to as SC2. In binding reactions where a
second, unlabeled substrate with the complementary signal was
added, the PC was evident as a third, distinct RAG1- and
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FIG. 2. Time course of SC and PC assembly. (A) Time course for the assembly of SC1 and SC2 on a 12RSS. RAG1, RAG2, and HMGI1 were
incubated with a **P labeled 12RSS for the indicated times, and the complexes were separated on a 4.5% polyacrylamide gel. The percentage of
each complex formed at a given time relative to the total amount of bound substrate as determined by PhosphorImager analysis of the gel is shown.
(B) RAG/RSS complexes do not continue to form after 1 h of incubation. All reactions contain RAG1, RAG2, and HMGI1. The presence of
radiolabeled (O) or unlabeled (no asterisk) substrates is indicated. The length of time the substrate was present in the binding reaction is indicated.
The total length of incubation was 60 min (lanes 1 and 3) or 210 min (lane 2). For complete details, see Results. L12RSS = 150-mer substrate.
(C) Time course for the assembly of PC. RAG1, RAG2, and HMG1 were incubated with a 12-signal for 60 min. At 60 min, an unlabeled 23-signal
was added to the reaction mixture, and binding was allowed to proceed for the times indicated prior to analysis. The gel was analyzed on a
PhosphorImager as for panel A, and a graphic representation of the data is shown. Labeling is as described in Fig. 1 and 2A.

RAG2-dependent band of slower mobility than SC2. Consis-
tent with prior studies (10), the PC was a distinct species,
dependent on the simultaneous presence of both RAG pro-
teins, HMG1, and a signal of complementary spacer length
(see Fig. 2B and 6A). SC1, SC2, and PC all formed in the
presence of Ca®", Mn?", or Mg?", although in different
amounts depending on the metal ion (data not shown).

SC2 is a precursor to PC formation. The identification of
two distinct single signal complexes raised questions regarding
their relationship to the PC and about whether each had the
same catalytic activity. Incubations were carried out with a
single signal to look at formation of SC1 and SC2. RAGI,
RAG2, and HMG1 were incubated at 37°C with a labeled
12RSS for 3.5 h to allow SC1 and SC2 to form. Both SCs
appear early in the time course, but after 1 h the majority of
product is SC2, even though some SCI persists (Fig. 2A).

We next sought to determine whether new binding of

RAG1/RAG?2 to substrate could occur throughout the dura-
tion of these experiments. After RAG1 and RAG2 were incu-
bated with a labeled 52-mer substrate containing a 12RSS for
1 h, alabeled 150-mer substrate containing a 12RSS was added
to the reaction mixture. While binding to the 52-mer substrate
was readily detected, no binding to the 150-mer substrate was
observed (Fig. 2B, lanes 1 and 2), although both RAG1 and
RAG?2 are present in molar excess. Independent binding assays
demonstrated that the longer substrate can be bound and that
SC1, SC2 and PC, as well as a complex with RAG1 alone, can
all form (Fig. 2B, lane 3, and data not shown); therefore, after
1 h, the unbound RAG proteins are no longer active and are
unable to assemble on an RSS. (Because independent activity
of RAG2 cannot be measured, it is possible that RAG2 re-
mains active.) Thus, the SC1 and SC2 observed at later time
points does not arise from new DNA binding but rather re-
flects the persistence of stable complexes.
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The relationship between SC1/SC2 and PC was explored by
using time course experiments, taking advantage of the inac-
tivation of RAG proteins under reaction conditions as dis-
cussed above. RAG1, RAG2, HMG], and a labeled 12-signal
were incubated at 37°C for 1 h to allow for both assembly of
SC1 and SC2 and inactivation of unbound protein. After 1 h,
an unlabeled 23-signal was added to the reaction, and binding
was allowed to proceed for an additional 2.5 h. As shown in
Fig. 2C, 5 min after the addition of the 23-signal, PC began to
accumulate, and it continued to accumulate for the next 145
min of the experiment. While PC accumulated, SC2 decreased
in abundance, strongly suggesting that SC2 is a functional
precursor of PC. The PC observed here cannot arise from
novel formation of SC1 or SC2 on the 23-signal and the sub-
sequent synapsis of a 23-SC with a 12-SC, since RAG proteins
not already complexed with DNA are no longer able to bind
DNA at the time the 23RSS was added. Instead, PC must arise
from the conversion of SC2 to PC solely via the addition of the
second, complementary signal. Thus, the protein content of
SC2 and PC must be the same, with the complexes differing
only in their DNA content. SC1 cannot be the direct precursor
of PC in these experiments since the amount of SCI is too low
to account for the total accumulation of PC and because, as
discussed below, the protein content of SCI1 is distinct from
SC2 and PC.

Both SC1 and SC2 are active for hairpin formation in Mn?*
but not Mg?*. While the two SCs were clearly structurally
distinct from the PC, the functional capabilities of each were
not known. Therefore, as outlined in Fig. 3A, we separated the
individual complexes and analyzed their ability to cleave DNA.
RAG-RSS complexes were formed in Ca?* to permit complex
formation in the absence of DNA cleavage. The complexes
were then separated by native gel electrophoresis, and the wet
gel was exposed to film. Slices containing the individual RAG-
RSS complexes were cut from the gel (a representative portion
of which is shown in Fig. 3B), and each slice was subjected to
one of four subsequent treatments: direct extraction of the
substrate DNA from the gel slice with no further treatment or
immersion in reaction buffer containing either Mn*", Mg®*, or
no divalent metal ion. After 30 min, the reaction was stopped,
and the DNA was eluted from the gel slices and analyzed by
denaturing gel electrophoresis.

Analysis of SC1 showed that nicked product was generated
when either Mn?* or Mg”* was present in the cleavage buffer
(Fig. 3C, lanes 3 and 4). In the presence of Mn**, SC1 was also
able to form hairpins efficiently (Fig. 3C, lane 3), but no hair-
pins were formed in the presence of Mg>* (Fig. 3C, lane 4).
SC2 behaved identically to SC1 in these assays (Fig. 3C, lanes
7 and 8). Therefore, a full complement of RAG proteins by
itself cannot bypass the requirement for a second signal in the
presence of Mg?". Conversely, the binding of a second signal
is not required for nick and hairpin formation in Mn*", in
keeping with the findings of other studies (9, 10, 18, 31, 35).
Only in the context of the PC did hairpin formation proceed in
the presence of Mg " (as well as Mn**") (Fig. 3C, lanes 11 and
12). Control experiments in which the slices received no fur-
ther treatment or in which no additional divalent metal ion was
present confirmed that no cleavage had taken place in the
binding reaction or in the process of separating the complexes
(Fig. 3C, lanes 1, 2, 5, 6, 9, and 10).
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FIG. 3. Functional analysis of individual RAG-RSS complexes. (A)
Diagram of the assay. A representative analysis of the SC2 complex is
shown. (B) Representative native gel lane from which individual com-
plexes were excised. (C) Analyses of cleavage products formed by SC1
(left), SC2 (middle), and PC (right) are shown. Each slice was subject
either to no additional treatment after gel excision (NT) or to incuba-
tion in reaction buffer lacking metal ion (—Me?"), or to incubation
with Mn?>* or Mg®>" as indicated. N, nick; H, hairpin; S, substrate.
Other labeling is as described in Fig. 1.
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Stoichiometry of RAG-RSS complexes. While multimeric
forms of RAG1/RAG2 bound to a single RSS have been re-
ported, questions about the stoichiometry of functional RAG/
RSS complexes remain. In particular, the stoichiometry of
RAGI1 and RAG2 in the PC has not been explored. Thus,
nothing is directly known about the protein content of a 12/23
restricted complex, the complex that represents the active form
under the more physiological conditions where Mg?" is the
cation.

An approach similar to that described by Hope and Struhl
(12) was used to determine the number of RAG2 proteins in
SC1, SC2, and PC. Binding assays using mixtures of two forms
of the same protein with different electrophoretic mobilities
can reveal whether a protein binds to a DNA molecule as a
dimer or other multimer. If, for example, the protein binds as
a dimer, mixed reactions should show three bands: one for
each of the homodimers and a third of intermediate size,
resulting from the formation of a heterodimer of the larger and
smaller proteins on the DNA substrate. It should be noted that
the number of molecules of protein in a DNA-binding complex
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FIG. 4. Stoichiometry of RAG2 in RAG-RSS complexes. The presence (+) or absence (—) of RAG1, RAG2, MBP-RAG2, HMG], and an
unlabeled 23-signal is indicated. Positions of SC1 and SC2 derived from either RAG2 (R2), MBP-RAG2 (MR?2), or both (R2/MRZ2, see arrow)
in conjunction with RAG1 are indicated on the left. Positions of each form of PC are indicated on the right, with the R2/MR2 marked by an arrow.

as determined by this assay may reflect the actual number of
protein subunits, or it may represent mixtures of stable mul-
timers that do not reassort freely. Therefore, these experi-
ments determine the number of reassorting equivalents, or
“N” number, which may or may not represent an absolute
number of molecules.

Proteins in which the core RAG1 or RAG2 sequences were
fused with MBP were used to analyze the protein content of
the three RAG1/RAG2 complexes. These functional fusion
proteins (18, 30) generate distinct bands of slower mobility
than the core proteins in gel shift assays. RAG1 was allowed to
bind to a 12RSS in conjunction with either core RAG2, MBP-
RAG2, or a mixture of both proteins. When the mixture of
RAG?2 proteins was used, a single novel band was observed
with a mobility intermediate to that of the two forms of SC2
formed when RAG1 was incubated with either core or MBP-
RAG?2 (Fig. 4, lanes 4 to 6), indicating that two RAG2 moieties
were present in SC2. No bands of intermediate mobility could
be observed in the case of SCI, indicating that this complex
contained a single RAG2 moiety.

The same approach was used to demonstrate the RAG2
content of the PC. Binding reactions were carried out with an
unlabeled 23RSS oligonucleotide present in addition to the
labeled 12RSS oligonucleotide. These reactions also contained
HMGT1 to promote PC formation. A single band whose mobil-
ity was distinct and intermediate between PC formed by either
core RAG2 or by MBP-RAG?2 alone was generated when both
proteins were present, indicating that PC contains two RAG2
moieties (Fig. 4, lanes 7 to 9). Reactions in which the 23-signal
was the labeled partner produced the same result (data not
shown).

Analysis of the RAG1 content of the complexes posed
greater difficulties. Previous studies had demonstrated stable
multimerization of RAG1 prior to DNA binding, since indi-
vidually expressed forms of RAG1 fused to either one or two
MBP moieties did not contribute to complexes of intermediate
mobility when incubated with DNA. Only when the two were
simultaneously expressed could mixed species of the two dif-
ferently sized forms of RAG1 be observed (28). Therefore, two

alternative approaches for assessing the RAG1 content of
RAG-RSS complexes were pursued here.

The first approach determined the number of RAG1 mole-
cules in each complex relative to the number of RAG2 mole-
cules. We sought to determine whether SC1, SC2, and PC
contained equal numbers of RAG1 and RAG2 moieties or
whether one protein was present in molar excess. The logic of
the experiment, diagrammed in Fig. SA, is as follows. Binding
reactions are set up with two combinations of proteins which
differ in the placement of the MBP fusion partner: RAGI plus
MBP-RAG?2 or MBP-RAGI1 plus RAG2. Because the proteins
expressed are identical except for the addition of the MBP
moieties, any complex containing the same number of RAG1
and RAG2 molecules will have the same total molecular mass
and should migrate similarly in mobility shift assays (Fig. SA,
left panel). Conversely, if one protein is present in molar ex-
cess in a given complex, it will bring along additional molecular
mass from the presence of the MBP tags when it is present as
the fusion protein but not when it is present as the unfused
core (Fig. 5A, middle and right panels). If, for example, the
numbers of RAGI are greater than RAG2 in SC2, then the
SC2 arising from MBP-RAG1/RAG?2 should migrate with a
slower mobility than SC2 formed from RAG1/MBP-RAG2
(see Fig. SA, middle panel).

Using this approach, it was clear that RAG1 is present in
molar excess over RAG?2 in all three complexes. Binding re-
actions, set up as outlined above, were analyzed in adjacent gel
lanes to determine the relative sizes of the resulting RAG-RSS
complexes. When a single substrate containing a 12RSS was
present, both SC1 and SC2 formed from MBP-RAG1/RAG?2
migrated more slowly than their counterparts formed from
RAG1/MBP-RAG?2 (Fig. 5B, lanes 5 and 6). Therefore, more
MBP moieties must be present when they are attached to
RAG]I, rather than to RAG2, demonstrating that RAGI is
present in greater numbers in both complexes. Thus, SC1 must
contain at least two molecules of RAGI, since it must contain
more than the single molecule of RAG2, and SC2, which
contains a dimer of RAG2, must contain more than a dimer of
RAGT1. While this experiment leaves open the formal possibil-
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FIG. 5. Relative content of RAG1 and RAG2 in SCs and PC. (A) Predicted relative mobilities of MBP-RAG1/RAG2 and RAG1/MBP-RAG2
complexes. The predicted relative mobilities of the RAG1/RAG2 complexes formed when the RAG proteins are present in equal numbers (left
panel), when RAGI is present in molar excess (middle), or when RAG?2 is present in molar excess (right panel) are shown. (B) Actual relative
mobilities of RAG1/RAG?2 complexes. The presence (+) or absence (—) of RAG1, MBP-RAG1, RAG2, MBP-RAG-2, HMG1, and an unlabeled
23-signal is indicated. The positions of SC1 and SC2 and PC formed from the different combinations are indicated. Lines between bands mark the

same complex formed from different combinations of protein.

ity that the numbers of RAG1 differ in SC1 and SC2, addi-
tional studies (see below) strongly support the conclusion that
SC1 and SC2 are comprised of equivalent numbers of RAGI.

The addition of an unlabeled 23-signal and HMG confirmed
that the PC, like SC2, contains more RAG1 than RAG2 mol-
ecules. The PC generated by the MBP-RAG1/RAG?2 mixture
migrated more slowly than the PC generated by RAG1/MBP-
RAG?2 (Fig. 5B, lanes 7 and 8), again indicating that a greater
number of MBP moieties and therefore a greater number of
RAGI1 molecules was present. Therefore, we can conclude that
SC1 contains at least a dimer of RAG1 and that SC2 and PC
contain a RAG1 multimer of three or more.

While these experiments indicated that SC1 contained at
least a dimer of RAGI, it was unclear whether its RAG1
content was the same as SC2 and PC or whether it contained
fewer molecules of RAGI than either of the slower-migrating
complexes. Because prior studies had suggested that RAG1
purified as stable dimers, the possibility that these dimers re-
assorted into the larger multimers observed in SC2 and PC

remained open. Therefore, an experiment similar to those that
had revealed the RAG2 content of the single and paired com-
plexes was performed. Binding reactions were carried out in
which core RAG1, MBP-RAGTI, or both were incubated with
RAG?2 and a recombination signal sequence. When the two
proteins were mixed, no complexes of intermediate mobility
indicative of freely reassorting subunits were observed (Fig.
6A, lanes 4, 5, and 6), indicating that both SC1 and SC2
contain RAG1 that has been previously assembled into a stable
multimer.

To determine whether reassortment of RAG1 could be ob-
served as a result of synaptic complex formation, the PC was
similarly examined. However, no PCs of intermediate mobility
were observed from binding assays with mixtures of RAG1 and
MBP-RAG]I (Fig. 6A, compare lanes 7 and 8 with lane 9). To
avoid the potential problem of comigration of PCs formed
from mixtures of RAG1 and MBP-RAG1 with SC1 or SC2
from homomultimers of MBP-RAG1, the experiments were
repeated by using a 150-bp substrate containing a 23-signal as
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FIG. 6. Purified RAG1 does not reassort during formation of SC1,
SC2, or PC. (A) Gel shift analysis of complexes formed after incuba-
tion with core and MBP-tagged RAGI1. All reactions contain a labeled
52-mer-12RSS. The presence (+) or absence (—) of RAG1, MBP-
RAG1, RAG2, HMG], and an unlabeled 23-signal is indicated. The
positions of SC1 and SC2 derived from either RAG1 (R1) or MBP-
RAG1 (MR1) in conjunction with RAG2 are indicated on the left. The
positions of the PCs are indicated on the right. Lanes 1 to 6 and lanes
7 to 9 are derived from the same exposure of the same gel. (B) Core
RAG1 and MBP-RAGI are capable of forming heteromeric com-
plexes when coexpressed. The presence (+) or absence (—) of RAGI,
MBP-RAGI, coexpressed and copurified RAG1/MBP-RAG1 (copu-
rified), and RAG2 is indicated. The positions of SC1 and SC2 derived
from RAG1 or MBP-RAGT1 in conjunction with RAG2 are indicated
on the left. The arrows on the right indicate the positions of hetero-
meric forms isolated from copurification of RAG1 and MBP-RAGI.

the binding partner. When this unlabeled substrate is part-
nered with a labeled 52-mer 12RSS, PCs formed with either
RAG1 or MBP-RAGI1 migrate more slowly than SC1 or SC2
arising from MBP-RAG1, precluding comigration. Again, no
PCs of intermediate mobility were observed (data not shown).

In order to test the unlikely possibility that the mixed species
were somehow comigrating with the homomeric forms of
RAGTI or that MBP-RAG1 and RAG1 could not form com-
plexes together, the two RAGI1 derivatives were coexpressed,
copurified, and subjected to gel shift analysis. As expected, a
number of bands of intermediate mobilities were now ob-
served, confirming that such intermediates could form and be
detected (Fig. 6B, lane 6). (SC1 and SC2 from the homomer of
MBP-RAG1 were not present, since the purification was
achieved by using a nickel column specific for the histidine
epitope tag present only on the core RAGI1 form.) This
method does not permit an accurate count of the total number
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of intermediate species, which could indicate the multimeric
state of RAG1, since several bands appear as doublets. The
presence of at least three novel bands (Fig. 6, arrows) again
indicates that the RAG1 multimer is greater than a dimer.

Taken together, these results show that the functional PC
observed here is not formed from the assembly of smaller
RAGT1 species into higher-order multimers. In other words, the
functional multimeric form of RAG1 that is capable of binding
to DNA to form SCI1 and SC2 is the same form used to
assemble PC. This result is consistent with the formation of PC
arising simply from the addition of the partner signal DNA to
SC2 rather than the binding of additional RAG1. The mixing
experiments discussed above also strongly support the conclu-
sion that SC1 contains the same number of RAG1 units as SC2
(and PC). If SC1 contained fewer RAGT1 units than SC2 or PC,
then mixing should have been possible and an SC2 or PC of
intermediate mobility should have been observed. Since this
was not the case, the RAG1 content of SC1 must be equal to
that of SC2 and PC or else SC1 must be a dead-end product,
unable to contribute to the formation of SC2 or PC. The early
disappearance of SC1 in time course experiments, concomitant
with the accumulation of SC2, is most consistent with SC2
forming from SC1 upon the addition of RAG2.

DISCUSSION

A common feature among site-specific recombinases is the
need to ensure that only properly coupled events take place,
thus preventing nonproductive events or potentially lethal
breakage at a single site. In an effort to understand the mo-
lecular basis for the restriction of V(D)J cleavage to those
events involving a 12/23 signal pair, we have compared the
protein composition of PCs with complexes assembled on only
a single recombination signal, determining the RAG content of
functional complexes in each context. We have also isolated
individual complexes bound to DNA under noncleavage con-
ditions and subjected them to analysis under either coupled-
cleavage conditions (Mg>") or single-cleavage conditions
(Mn?*) to determine the functional capabilities and limita-
tions of each complex. Finally, we have examined the kinetic
relationship between these complexes and identified at least
one pathway for the assembly of a functional synaptic complex.

Molecular composition of functional V(D)J cleavage com-
plexes. The results presented here show that three distinct
complexes of RAG1 and RAG2 bound to DNA can be formed
(Fig. 1). As discussed above, SC2 and PC have the same pro-
tein content (Fig. 2, 4, and 6): a dimer (or 2N) of RAG2 (Fig.
4) and at least three RAG1 monomers (Fig. 5). An expectation
of symmetry in the final complex would suggest that RAG1 is
more likely a tetramer and gel filtration experiments of the
isolated RAGI protein suggest that this is likely to be the case
(W. Yang, unpublished data). SC1 appears to have the same
RAGT1 content as SC2 and PC but contains only one RAG2
moiety.

While there has been no other analysis of the protein con-
tent of the PC or the relationship between single and paired
complexes, other work has considered the molecular makeup
of single site complexes, as well as the multimeric state of
isolated RAG protein. One study found that a RAG1/RAG2
complex bound to an individual 12RSS contained a monomer
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of RAG2 (28). A second study concluded that RAG2 is present
as a dimer in solution and, by inference, that a dimer of RAG2
is also present when bound with RAGI to a single RSS (4).
Our work provides a possible explanation for this apparent
discrepancy: the SC considered by Swanson and colleagues
may have been composed primarily of SC1, while that analyzed
by Bailin et al. may have been composed primarily of SC2.
Variations in the amount of RAG2 present during binding can
easily alter the relative representation of these two forms (un-
published observation).

Our conclusion that RAGI is present in the RAG1/RAG2-
DNA complex as a multimer containing at least three RAG1
monomers differs from previous reports which generally con-
cluded that RAGI1 binds as a dimer. However, these conclu-
sions are generally based on less-direct methodologies than
those employed here, and some reflect analysis of RAGI in
solution or bound to DNA in the absence of RAG2. For
example, in one study at least three oligomeric complexes of
RAGT alone on a single RSS were identified, but it was unclear
which of these forms are capable of assembling with RAG2 on
DNA (25). Another study concluded that RAGI is present as
a dimer when complexed with RAG2 on DNA, but the Fer-
guson plot analysis employed is not very precise when the
molecular mass is large and the complex may deviate from the
assumed spherical shape (4, 20). Only one other study directly
considered the number of RAG1 units bound in conjunction
with RAG2 by using two differently sized RAGI derivatives.
The results indicated that at least a dimer of RAG1 was
present but, as noted by the authors, it was difficult to rule out
the presence of additional oligomers (28). The greater separa-
tion achieved in our gels makes it easier to discern the pres-
ence or absence of intermediate species. In addition, our com-
parison of mobilities of complexes formed from proteins
carrying the MBP fusion partner on either RAG1 or RAG2
(Fig. 5B) clearly shows that RAG1 and RAG?2 are not equimo-
lar in any of the bound complexes and that at least a trimer of
RAGT1 is present in SC2 and PC.

Assembling a functional synaptic complex. RAG-mediated
cleavage displays different properties depending on the metal
ion present in the reaction, with hairpin formation in Mg*"
restricted to 12/23 PCs, while occurring promiscuously on sin-
gle signals in Mn**. The molecular basis for these distinct
behaviors has not been fully determined, although various pos-
sibilities have been suggested. Prior to the present study, it
seemed likely that a single-site complex could not perform
cleavage in Mg®" because it lacked part of the full synaptic
complement of RAG proteins in addition to the second RSS.
Surprisingly, our results show that the RAG1 and RAG2 con-
tent of SC2 is the same as for PC. A full complement of
RAG1/RAG?2 protein can assemble on a single RSS, and a
functional PC can then be formed by the addition of a second
signal, but no more protein, to this complex. Thus, in contrast
to expectation, the PC does not contain twice the RAG1/
RAG?2 protein found on a single RSS. Instead, the assembled
RAG proteins require only the addition of a second, comple-
mentary signal to become catalytically competent for the
strand-transfer step of V(D)J cleavage.

The observation that the addition of the second complemen-
tary signal is required to render the complex active for hairpin
formation in Mg®" suggests that this binding induces a con-
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formational change that converts the recombinase from an
inactive to an active form. The ability of SC1 and SC2 to form
hairpins in Mn?* may also be a reflection of such a require-
ment for a conformational change in the RAG proteins. It has
been suggested that retroviral integrases may adopt different
conformations in the presence of different divalent metal ions
such as Mn?* or Mg®" (3). The same may be true for the RAG
proteins where the binding of Mn?*, instead of Mg>*, at the
active site could potentially mimic the conformational change
normally promoted by binding the complementary DNA, al-
lowing single site hairpinning in Mn>*.

Coordination of cleavage. The need to coordinate cleavage
at two participating DNA elements is a requirement faced by
many site-specific recombinases. Studies of other cleavage re-
actions have led to the recognition of several strategies that are
used, with more than one approach often being employed,
ensuring even tighter control. One method, used by the MuA
transposase to ensure coordinated cleavage in transposition
reactions reconstituted in vitro, is to impose a requirement that
both DNA ends be present before the necessary proteins for
catalysis can be assembled. That is, the functional MuA tet-
ramer assembles stably only in the presence of both transposon
ends (5, 19). Our experiments suggest that the RAG proteins
differ from Mu in this regard, since all of the catalytically
required elements of the RAG1/RAG2 heteromultimer can
assemble on a single end and remain stably associated with
DNA for several hours.

While the RAG system does not avoid deleterious breakage
by preventing protein assembly on a single site, control is
exerted by maintaining the proteins in a catalytically inactive
state (with respect to hairpin formation) until a proper second
signal is bound. Such a strategy may also be employed by Mu,
since studies with MuA have also suggested that a conforma-
tional adjustment is employed as an additional level of control
(24, 33)

Other levels of control are also possible. MuA subunits of
the active tetramer carry out cleavage and strand transfer not
on the DNA molecule to which they are bound, but rather in
trans, reaching across to DNA molecules bound by other MuA
subunits within the synaptic complex (2, 26, 34). The Flp re-
combinase also requires that an appropriate multiprotein com-
plex assemble for recombination to occur (see references 6 and
16 and references therein). Monomers of the recombinase are
inactive; in the active complex, subunits bound on one DNA
end donate catalytic residues so as to cleave the other DNA
end. Whether similar architectural constraints are also used by
the RAG proteins in the synaptic complex is currently un-
known.

Physiological implications. Our results suggest that synaptic
complex formation in vitro does not occur via two half-sites
(a 12- or 23RSS bound by just one-half of the protein found in
the synaptic complex) coming together. SC1 is not a half-site
that can pair with a similar complex on the complementary
signal. If this is also the case in vivo, it may have interesting
implications for the assembly of active cleavage complexes and
the regulation of V(D)J cleavage. If the RAG proteins first
assemble on one site and then search for a second naked signal
to form a PC, the system may have an intrinsic asymmetry
which could be exploited to effect regulation of site accessibil-
ity. For example, different chromatin modifications might be
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required to open a site for the initial binding of the RAG
proteins than to bring in the complementary site. It is possible
that an antigen receptor locus has an obligate order for RAG
recognition of signal sequences, one RSS type being the pre-
ferred site of RAG binding and the other RSS type attaching
to this complex.
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