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V(D)J recombination is initiated by the specific binding of the RAG1-RAG2 (RAG1/2) complex to the
heptamer-nonamer recombination signal sequences (RSS). Several steps of the V(D)J recombination reaction
can be reconstituted in vitro with only RAG1/2 plus the high-mobility-group protein HMG1 or HMG2. Here we
show that the RAG1 homeodomain directly interacts with both HMG boxes of HMG1 and HMG2 (HMG1,2).
This interaction facilitates the binding of RAG1/2 to the RSS, mainly by promoting high-affinity binding to the
nonamer motif. Using circular-permutation assays, we found that the RAG1/2 complex bends the RSS DNA
between the heptamer and nonamer motifs. HMG1,2 significantly enhance the binding and bending of the
23RSS but are not essential for the formation of a bent DNA intermediate on the 12RSS. A transient increase
of HMG1,2 concentration in transfected cells increases the production of the final V(D)J recombinants in vivo.

A hallmark of lymphoid differentiation is the generation of
diverse antigen receptors that can recognize any given foreign
antigen. Diversity of the immune repertoire is achieved by the
somatic assembly of the variable antigen receptor gene seg-
ments in a process termed V(D)J site-specific recombination.
Each antigen receptor segment is flanked by highly conserved
recombination signal sequences (RSS) that direct the site of
rearrangement. Efficient recombination occurs only between a
12RSS-23RSS pair, a restriction termed the 12/23 rule (32).
V(D)J rearrangement is initiated by two key lymphoid-specific
proteins, RAG1 and RAG2 (36, 45). The RAGI-RAG2
(RAG1/2) complex binds specifically to the nonamer and hep-
tamer sequences of the RSS (13, 23, 47). This interaction is
assisted by the high-mobility-group proteins HMG1 and
HMG2 (collectively, HMG1,2) (44, 52). Subsequently, the
12RSS and 23RSS are bridged in a synaptic complex (14, 54)
and RAG1/2 cleaves the DNA at the coding-heptamer border,
producing a covalently sealed hairpin coding end and a 5’
phosphorylated blunt signal end (33, 53). The hairpin interme-
diate is in turn asymmetrically processed by the RAG1/2 com-
plex, yielding nucleotide overhangs that result in P nucleotide
addition at the coding ends (5, 45a). After cleavage, RAG1 and
RAG?2 remain stably bound to the signal ends, as well as the
coding ends (24), in a complex with the ubiquitous DNA repair
activities Ku70, Ku80, and DNA-PK (reviewed in references
10, 19, and 25) and with HMG1,2 (2).

The initial step of V(D)J recombination is recognition of the
nonamer motif of the RSS. This binding is mediated by the
homeodomain (HD) of RAG1 (13, 47), which shows structural
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and functional homology to the DNA binding domain of the
Hin recombinase, which mediates flagellar variation in the
prokaryote Salmonella typhimurium (1). The DNA binding site
of Hin (hix) consists of two motifs, one of which displays
striking homology to the nonamer motif of the RSS recognized
by RAG1 (13, 47). Replacement of the RAG1 homeodomain
with that of the Hin invertase produces a hybrid protein that is
partly functional in V(D)J recombination (47). Hin-mediated
recombination is strongly stimulated by HU, a nonspecific pro-
karyotic DNA binding and -bending protein (22) which also
stimulates MuA transposase binding to its cognate DNA bind-
ing sites (30). Moreover, HU can be efficiently replaced in the
Hin recombination reaction by its mammalian counterparts
HMG1,2 (38), with which it has no sequence similarity (6).
HMG1,2 are ubiquitous proteins that bind to the minor groove
of DNA in a sequence-independent manner and bend the
double helix (reviewed in references 7 and 12). They are re-
cruited through protein-protein interactions by other DNA
binding proteins to distort the DNA and facilitate the assembly
of large nucleoprotein complexes.

Given the functional parallels between the RAG1 and Hin
DNA binding domains on one hand and between HU and
HMG1,2 on the other, we addressed the mechanisms by which
HMG1,2 exert their effect on V(D)J recombination. Here we
demonstrate that there is a direct interaction between the
RAGI1 HD and either HMG1 or HMG?2 through their HMG
boxes. This interaction enhances the binding of RAGI alone
and consequently of the RAG1/2 complex to the RSS, both in
vitro and in vivo. We also find that RAG1/2 induces bending of
the RSS DNA even in the absence of HMG1,2. Binding and
bending of the 23RSS is, however, very inefficient unless as-
sisted by HMG1,2, which suggests that the crucial contribution
of HMGI,2 is the stabilization of the complex between
RAGI1,2 and the bent 23RSS substrate. The cooperation of
RAG1/2 with HMG1,2 in the first step of the V(D)J recombi-
nation leads to the stimulation of the overall recombination
reaction in vivo.
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MATERIALS AND METHODS

Recombinant plasmid constructs. For the construction of plasmids expressing
glutathione S-transferase (GST) fusion proteins in mammalian cells, RAG1 and
RAG2 cDNA fragments were subcloned in the pEBG vector as previously
described (47). Similarly, for the eukaryotic expression of (hemagglutinin [HA]-
tagged) HMG proteins, the corresponding cDNAs were subcloned in the vector
PEBB as 5'-Sall-Notl-3' fragments. For the construction of plasmids expressing
His-tagged HMG proteins in bacteria, the corresponding cDNAs were subcloned
as 5'-BamHI-NotI-3' fragments in the pET28a vector (Novagen). The TCF-1b
(p45-TCF-1) and HMG-I(Y) (pET25b-HMGI) cDNAs were kindly provided by
H. Clevers and D. Thanos, respectively. The RAG-VP16 expression constructs
(R1cVP16/pCIM199 and R2cVP16/pCIM170) and the reporter constructs
(pMJD) for the in vivo one-hybrid assay were kindly provided by D. Schatz (13).
For the expression of the GST-RAGI1-VP16 fusions, the VP16 portion of
R1cVP16/pCIM199 was subcloned into pEBG-RAG1 constructs as a 5'-Mlul-
Notl-3' fragment, replacing the last 32 amino acids of RAG1 (amino acids [aa]
1008 to 1040). The HMG1 constructs were previously described (9). The basic
HMG2 construct was derived from plasmid pNLVP16HMG?2 (kindly provided
by T. Wirth), which was cut with X0, treated with T4 DNA polymerase, and cut
again with BamHI. The insert was ligated to pT7-7 vector cut with Ndel, treated
with T4 DNA polymerase, and recut with BamHI. All other HMG2 constructs
were generated by PCR of the pNLVP16HMG?2 template with pairs of primers
containing the ATG translation start site and a stop codon, respectively. PCR
products and pT7-7 vector were digested with Ndel and BamHI and ligated. The
PCR primers were oligo 1 (5'-GGAATTCCATATGGGCAAGGGTGACC-3")
and oligo 2 (5'-CGGGATCCTAGGGGTCTTTTTTCTTTCC-3') for the MI-
P92 fragment, oligo 1 and oligo 3 (5'-CGGGATCCTAAGGAACATAGTTCT
TCATC-3") for the M1-P80 fragment, oligo 4 (5'-GGAATTCCATATGCCTC
CCAAAGGGGATAA-3") and oligo 5 (5'-CGGGATCCTAGCCTGTTGGCC
TACC-3') for the P80-G180 fragment, and oligo 6 (5'-GGAATTCCATATGGC
TCCGAAGAGACCA-3") and oligo 5 for the A94-G180 fragment. The bending
constructs were created by subcloning the 12RSS (AGCTTACACAGTGATAC
AGCCCTGAACAAAAACC) or the 23RSS (AGCTTACACAGTGATGCAG
GCCAAGTGTGAAGCCATACAAAAACC) in the pBend2 vector (28) as 5'-
Xbal-Sall-3' fragments. All constructs were fully verified by sequencing.

Protein expression and purification. GST fusion recombinant forms of RAG1
and RAG?2 proteins were overexpressed in 293T cells and purified as previously
described (47). The HMG proteins used in electrophoretic mobility shift assays
(EMSAs) were expressed as histidine-tagged forms in Escherichia coli BL21 and
purified on nickel beads (Qiagen) according to the manufacturer’s protocol.
These proteins were dialyzed in cleavage buffer (25 mM Tris-HCI [pH 8.0], 150
mM KCI, 2 mM dithiothreitol [DTT], and 20% glycerol). The HMG proteins
used in protein-protein interaction assays were expressed in E. coli BL21 and
purified as indicated previously (9). The purified proteins were dialyzed in stor-
age buffer (10 mM Na phosphate [pH 7.5], 100 mM NaCl, 0.5 mM DTT, and
10% glycerol). All proteins were quantified by Coomassie blue staining following
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
stored at —80°C. In vitro-translated HMGT1 and -2 derivatives were synthesized
by transcription and translation of the corresponding plasmids as described
previously (9).

In vitro RAG-HMG protein interaction assay. Tailless HMG1 (M1-V176) and
full-length HMG?2 proteins (1 mg/ml of packed beads) were covalently coupled
to activated CH Sepharose 4B (Pharmacia) as indicated by the manufacturer.
GST-HD (25 pg/ml of packed beads) was bound to glutathione-Sepharose 4B
(Pharmacia). Ten microliters of Sepharose beads bearing immobilized HMG or
RAG derivatives were incubated with RAG or HMG derivatives, respectively, in
a total volume of 160 pl of binding buffer (1 mM DTT, 5 mM MgCl,, 10 ng of
bovine serum albumin [BSA] in phosphate-buffered saline) for 1 h at room
temperature. The beads were then washed three times with 1 ml of binding
buffer. The material retained on the resin, the supernatant, and an equal amount
of input material were applied to an SDS-PAGE gel and transferred to Immo-
bilon P filters (Millipore). GST-RAG derivatives were visualized with an anti-
GST monoclonal antibody and the Amersham ECL kit. HMG1 and HMG?2 in
vitro-translated derivatives were visualized by autoradiography. To avoid pro-
tein-DNA interactions, the interaction studies were also performed in buffers
containing 150 pg of ethidium bromide/ml, with identical results.

EMSA and in vitro cleavage. The conditions for EMSAs were as previously
described, with 1 mM MgCl, and 50 ng of each RAG protein (43). Complexes
were resolved on 4% native polyacrylamide gels and visualized by autoradiog-
raphy. The substrates were as previously described (43). The heptamer mutants
carry the mutation acgAGTG (7mer ml) or CACAtga (7mer m2), and the
nonamer mutant (9mer m) carries the mutation AACAAccgCC (mutated bases
are lowercased). The upper strand of the substrates was 5’ end labelled with T4
polynucleotide kinase and annealed to the unlabelled lower strand. The bending
substrates were prepared by digesting the bending vector(s) with the appropriate
restriction enzymes, dephosphorylation with calf intestinal phosphatase, and
purification and 5’ end labelling with T4 polynucleotide kinase. In the bending
studies the concentration of dimethyl sulfoxide was reduced to 5%. Cleavage
reactions were as previously described (43). The products were analyzed on 16%
polyacrylamide-6 M urea denaturing gels.
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Circular-permutation assay. The circular-permutation assay detects DNA de-
formation by measuring the electrophoretic mobility of protein-DNA complexes
(59). To map the locus of protein-DNA interaction and to estimate the amount
of distortion introduced in the DNA, we used a simple geometrical model
previously described in detail (17). Briefly, the mobilities of protein-DNA com-
plexes are normalized to the mobility of free DNA (Ryouna/Riree [S€€ Fig. 6C]).
The distances between the 5’ end of the probe and the center of the sequence
cloned in pBend are normalized to the total length of the probe (D/L; flexure
displacement [see Fig. 6C]). The experimental values for Ry,quna/Rgee are inter-
polated by using the quadratic function Ry oung/Riee = 2K(1 + cosd) (D/L)? —
2K(1 + cosf) (D/L) + K, where 0 is the angle between the DNA to the left and
the DNA to the right of the flexure site (for no bending, 6 would be equal to
180°) and K is a parameter that is chosen to maximize the fit of the parabola to
the experimental points. The minimum of the parabola identifies the locus of
flexure. The amplitude of 6 can be readily derived from the coefficients for the
second-order and first-order terms of the equation. A slightly different geomet-
rical treatment has been described (51); however, the results obtained by both
algorithms (17, 51) are numerically similar.

One-hybrid assay. The one-hybrid assay was performed essentially as de-
scribed previously (13). Briefly, 293T (or 293 or NIH 3T3) cells were cotrans-
fected with the RAG-VP16 expression constructs (plus or minus HMGs) and the
reporter plasmid containing the luciferase gene driven by the minimal human
cytomegalovirus immediate-early promoter downstream of tandem arrays of
RSS sites. All luciferase values, which are expressed in arbitrary units, were
normalized for transfection efficiency by cotransfection of another reporter plas-
mid (pRL; Promega) carrying the Renilla luciferase gene. The luciferase values
were further normalized by dividing all values in any given transfection by the
value obtained from a transfection of the reporter without RAG (no-RAG
control) and expressed finally as fold transactivation over no-Rag control. The
expression of the firefly luciferase and Renilla luciferase genes was measured with
the Dual Luciferase kit (Promega).

In vivo recombination. In vivo recombination assays were performed with
293T cells essentially as previously described (56). 293T (or 293 or NIH 3T3)
cells were cotransfected with the inversional recombination substrate pJH299 (5
pg) and various combinations of GST-RAG1AN380 (6 pg), GST-RAG2AC (6
wg), HA-HMGI1 (3 pg), HA-HMG2 (3 pg), HA-HMG-I(Y) (3 ng), and HA-
TCF-1b (3 wg) expression constructs. The cells were harvested 48 h later, and
DNA was isolated as described previously (36) and analyzed for recombination
frequency by PCR analysis (20 cycles of 94°C for 30 s, 65°C for 60 s, and 74°C for
60 s). The linear range of the PCR assay was determined by serial dilutions of the
rescued recombined plasmid. Oligonucleotides detect the recombined products
by annealing to the joined heptamer signal (oligonucleotide RA5) and to the
chloramphenicol acetyltransferase (CAT) gene present in pJH299 (oligonucle-
otide RA14 [56]). As a loading control, a 154-bp fragment of the CAT gene was
amplified (oligonucleotides RA1 and RA14 [57]) under identical conditions. The
amplified products were visualized by autoradiography following electrophoresis
on a 10% polyacrylamide gel.

RESULTS

Direct interaction between the RAG1 HD and the HMG
boxes of HMG1,2. HMG1,2 are highly homologous and are
functionally interchangeable in several systems (12). They have
been shown to interact directly with the HDs of HOX and
OCT proteins (60, 62). Therefore, we tested the ability of the
RAGT1 HD to interact with HMG1,2.

Initial experiments showed that full-length purified RAG1
associates with Sepharose beads bearing immobilized HMG1
(Fig. 1A) but not with Sepharose beads coated with BSA (not
shown) or cytochrome ¢ (Fig. 1B), which has a pl similar to
that of the immobilized form of HMG1. The association was
not quantitative, since about half of the input RAG1 did not
bind to the beads. If all input RAG1 were active and all of the
HMGT1 on the beads had the same activity as native, soluble
HMGTH, the dissociation constant for the RAG1-HMG] inter-
action would be on the order of 107> M. This estimate is
probably conservative, but nonetheless compares favorably
with the concentration of HMG1 in the cell nucleus, which is
about 107° M (12). The in vitro interaction of HMG1 and
RAG1 may thus occur in vivo as well.

The reverse experiment was also performed (Fig. 1C): an
enzymatically active fusion protein formed between GST and a
truncated form of RAG1 (RAG1AN380), immobilized to glu-
tathione-Sepharose beads, partially retained soluble HMG1
but did not retain HMG-I(Y), a structurally different high-
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FIG. 1. RAGI interacts with HMG1. Purified GST-RAGI (about 0.2 pg in
160 pl) was incubated with Sepharose beads bearing immobilized, bacterially
expressed tailless HMG1 (M1-V176) (A) or control beads bearing immobilized
cytochrome ¢ (B). Conversely, RAG1AN380, a GST fusion derivative of RAG1
that retains enzymatic activity, was bound to Sepharose-glutathione beads and
used to pull down soluble HMG-I(Y), an HMG protein structurally diverse from
HMG1,2, and HMG1 (C). Input (I), bound (B), and free (F) RAG1 and HMG
proteins were detected by Coomassie blue staining. The protein in lane 8 is GST,
as demonstrated by the appearance of the same protein in lane 10 (control [C]),
where RAGIAN380 beads were directly boiled in loading buffer without prior
exposure to HMG-I(Y). The RAG1AN380 protein itself migrates much higher
and is not shown in the gel.

mobility-group protein that facilitates the assembly of nucleo-
protein complexes required for the transcription of several
lymphoid cell-specific genes (16, 50). TCF-1b, another HMG
box protein with a DNA binding domain structurally similar to
that of HMG1 and necessary for T-cell development (55), did
not interact with RAG1 either (not shown).

We next investigated whether the HD of RAG1 is required
for the interaction with HMG1. Soluble RAG1AN380, which
contains the HD, and RAG1A456, from which the HD has
been deleted (Fig. 2B), were incubated with immobilized

RAGIAN380 RAG2AC RAG1A456
A 1 B F I B F I B F

immobilized (il = D
HMGI -
' e
3 4 5 6 7 8 9
RAGIAN380 _ RAG2AC __RAGIA456

1 2
I B F I B F 1 B F

bilized
HMG?  wa |. -

10 11 12 13 14 15

16 1718

RAGI

MoL. CELL. BIOL.

HMG1 or HMG2. Both HMG1 and HMG2 beads retained
RAG1AN380 but not RAG1AN456 (Fig. 2A). In addition, a
polypeptide corresponding to the RAG1 HD alone (aa 377 to
477) also interacted with HMG1,2 (data not shown). In con-
trast, RAG2 (active core, RAG2AC; aa 1 to 387) showed no
obvious association with HMG1,2 (Fig. 2A, lanes 4 to 6 and 13
to 15). In controls, GST, cytochrome ¢, and BSA failed to
retain the RAG1 protein (data not shown). Posttranslational
modifications are not required for the RAG1-HMGI,2 inter-
action, since RAGL expressed in either bacteria or mammalian
cells interacted with HMG1 with equal efficiency (data not
shown).

We identified the surface of interaction for RAG1 on HMGs
with the reverse experiment. The immobilized HD of RAG1
was able to retain in vitro-translated tailless HMG1 and 2,
respectively (Fig. 3A and B). A more extensively truncated
form of HMG1 (M1-K147) was also retained, but truncated
versions containing only one HMG box were not. Thus, both
HMG boxes of HMG1 or -2 are necessary for interaction with
the HD of RAGI.

These data establish that HMG1,2 interact via their HMG
boxes with the RAG1 HD even in the absence of DNA.

HMG1,2 promote the interaction of the RAG1 HD with the
RSS. We next tested whether the protein-protein interaction
between RAG1 and HMG1,2 promoted the binding of the
RAG1/2 complex to DNA. RAG1/2 binding to the 23RSS was
examined with serially deleted forms of RAG1 (Fig. 2B).

Full-length RAG1 associated with the active core of RAG2
(RAG2AC) and the RSS DNA to yield a complex (Fig. 4A,
lane 1) whose formation was enhanced about fivefold by
HMGT1 (Fig. 4A, lane 2).

RAGI1AN330, where aa 1 to 330 are deleted, formed two
complexes with RSS DNA in the presence of RAG2AC, a
prominent upper one and a minor lower one (Fig. 4A, lane 3).
While the precise compositions of the two complexes are still
to be determined, both contain RAG1 and RAG2 (43).
RAG1AN380, which represents the active core of the protein
(42, 46), lacks aa 330 to 380, which include the homodimer-
ization helices of RAG1 (41). RAG1AN380/RAG2AC bound
the RSS DNA with higher efficiency and predominantly
formed the lower band (Fig. 4A, lane 5). HMG1 stimulated
the formation of both complexes when RAGI1AN330 was

B
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FIG. 2. HMG1,2 directly interact with RAG1 through its HD. (A) Purified, eukaryotically expressed, GST-fused RAG1AN330, RAG1AN456, or RAG2AC (aa 1
to 388) was incubated with Sepharose beads bearing immobilized, bacterially expressed tailless HMG1 (M1-V176) or full-length HMG?2, as described in Materials and
Methods. The input (I), bound (B), and free (F) materials were immunoblotted with an anti-GST antibody, following SDS-PAGE. (B) Schematic representation of
full-length RAGT1 and derivatives. RF, ring finger (aa 288 to 330); hdh, homodimerization helices (aa 340 to 351); ZFA, zinc finger A (aa 353 to 374); HD, homeodomain

(aa 389 to 446); ZFB, zinc finger B (aa 727 to 750) (3, 41).

HOYVYAS3Y 40 Y0SSI40Hd 1€ 6T0Z ‘22 41990100 Uo /Hi0"wse qow//:dny wolj papeojumoq


http://mcb.asm.org/

Vor. 19, 1999 HMG1,2 ENHANCE RAG1/2 DNA BINDING AND BENDING 6535

A immobilized RAG1 HD, soluble HMG1 B immobilized RAG1 HD, soluble HMG2
M1-V176 M1-K147 M1-G119  M1-F89 M1-P81 M1-G180 M1-P92 M1-P80 P80-G180 A94-G180

| BF | BF | BF I BF I BF I BF |1 BF | BF | BF 1 BF
"> o -

- -
: 9 e “e s :

. - - | - > e

123 456 78 9 101112 131415 16 17 18 1920 21 22 23 24 25 2627 28 29 30
[ A Ferverpepperspepegpeiigyy VA4 HMGH HMG2
[ ] M1-V176 i ] M1-G180
[ ] M1-K147 l ] M1-P92
[ ] M1-G119 [ ] M1-P80
[ ] M1-F89 [ ] P80-G180
[ ] M1-P81 l ] A94-G180

FIG. 3. The RAG1 HD directly interacts with HMG boxes A and B of HMG1 and -2. In vitro-translated HMG1 (A) and HMG2 (B) derivatives were incubated
with Sepharose beads bearing immobilized, eukaryotically expressed RAG1 HD (Fig. 2B). The input (I), bound (B), and free (F) materials were visualized by
autoradiography following SDS-PAGE. Schematic representations of full-length HMG1 and -2 are shown below panels A and B, respectively. The HMG boxes are
stippled, and the acidic tails are hatched. The derivatives are identified by their first and last amino acids.

used and stimulated the formation of the lower one only when
RAG1AN380 was used (Fig. 4A, lanes 4 and 6). This suggests
that different homo- or heteromultimerized complexes of
RAG1/2 are differently affected by HMGL.

Further deletion of RAG1 to aa 456 (which entirely removes
the HD) very severely reduced the binding of RAG1AN456/
RAG2AC to the RSS (Fig. 4A, lane 7); however, some residual
binding is apparent after long autoradiography exposures (Fig.
4A, lanes 11 and 12), and the protein retains weak activity (43)
(Fig. 4B, lane 7). Deletion to aa 500 (RAG1ANS500) eliminated
binding (Fig. 4A, lanes 9 and 13). HMG1 did not enhance RSS
binding and cleavage by the RAG1 forms lacking the HD (Fig.
4A, compare lanes 11 and 12 and lanes 13 and 14; Fig. 4B,
compare lanes 7 and 8).

Similar results were obtained when the 12RSS was used, but
the binding and cleavage activities of the RAG1/2 complex
were enhanced only twofold (data not shown). HMG?2, but not
HMG-I(Y) or TCF-1b, was able to stimulate RAG1/2 binding
in a very similar manner (data not shown). These results were
also confirmed in vivo (see below and Fig. 7).

HMG1,2 do not alter the sequence requirements for RSS
recognition by RAG1/2. RAG1/2 binding to the RSS is depen-
dent on both the nonamer and heptamer motifs (13, 23, 47). In
order to explore whether the stimulatory effect of HMG1 on
RAG1/2 binding is also dependent on both motifs, we assayed
RAGIAN380/RAG2AC binding to mutant 23RSS. HMG1
stimulated binding to the heptamer mutants, while it failed to
boost binding to the nonamer mutant (Fig. 5B).

Using surface plasmon resonance (BIAcore), we previously
showed that the RAG1 HD establishes specific interactions
with the nonamer motif of the RSS, even in the absence of
RAG?2 (47). To study the effect of HMGI1 on the binding of
RAGT1 alone, we assayed the binding of RAG1AN380 alone to
12RSS mutants in the presence or the absence of HMG1 (Fig.
5C). Mutation of the first 3 or last 3 nucleotides of the hep-
tamer (7mers ml and m2, respectively) reduced RAG1AN380
binding, but HMG1 was still incorporated in the RAG-RSS
complex, as shown by the slight supershift of the band corre-
sponding to the complex. The HMG1-dependent stimulation

of RAG1 binding to the mutated heptamer was slight (less
than twofold) but reproducible (Fig. 5C, lanes 4 to 9). Muta-
tion of positions 5 to 7 of the nonamer abolished binding of
RAG1AN380 (Fig. 5C, lane 11), and addition of HMG1 failed
to rescue it (lane 12). Essentially the same results were ob-
tained when 23RSS mutants were used, except that RAGI1
binding was significantly lower, as expected (data not shown).
These results were confirmed in vivo (see below and Fig. 7).

Thus, HMG1,2 stimulate RSS binding by RAG1 alone and
in combination with RAG2 but do not alter the relative
dependence of RAG1/2 binding on the heptamer and the
nonamer.

Bending of RSS DNA by the RAG1/2-HMG1 complex.
RAG1/2 binds with greater affinity on the 12RSS than on the
23RSS (references 43, 46, and 52 and data not shown). Con-
versely, HMG1,2 have a more pronounced effect on the bind-
ing of RAG1/2 to the 23RSS. Based on this, it has been sug-
gested that HMG1,2 bind and bend the spacer region of the
23RSS to bring the heptamer and nonamer motifs into close
proximity (44, 52). This is in accordance with the DNA-flexing
function of HMG1,2, which are known to bind to irregular or
prebent DNA structures (8, 40) and to mediate bending of
normal B-form DNA in ring closure assays (37, 39). Hence, we
investigated by circular-permutation analysis whether HMG1
enhanced binding of RAG1/2 to the 23RSS through DNA
bending. In this assay, proteins that induce DNA distortions
show differential electrophoretic migration when bound to iso-
meric DNA probes containing their cognate DNA binding site
placed at different sites along the probe (59).

The 12RSS and 23RSS motifs were subcloned into the bend-
ing vector pBend2 (28) and used as probes in EMSAs (Fig.
6A). In the absence of RAGs, HMG1 failed to interact with
the pBend2-RSS probes (data not shown). RAG1/2 bound to
the isomeric pBend2-RSS DNA with reduced overall efficiency
compared to oligonucleotide probes. Moreover, due to the non-
specific DNA binding affinity of RAG1/2, binding to the large
(150- to 161-bp) isomeric probes produced increased back-
ground levels compared to those with oligonucleotide probes
(43 to 54 bp).
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FIG. 4. HMGI1 stimulates RAG1/2 binding through the HD of RAGI. (A)
EMSAs with a radiolabelled 23RSS oligonucleotide probe. RAG1 deletion de-
rivatives and RAG2AC (50 ng each) and 40 ng of HMG1 were added as indicated
(+). Lanes 11 to 14 represent a longer exposure of lanes 7 to 10. (B) In vitro
cleavage assays. A 23RSS radiolabelled oligonucleotide probe was 5’ end la-
belled on the upper strand and incubated with 50 ng of each RAG1 derivative
and 50 ng of RAG2AC; 40 ng of HMG1 was added where indicated (+). The
products of the reaction, analyzed in a 16% polyacrylamide-6 M urea gel, are
indicated. HP, hairpin; N, nick.

Unexpectedly, the RAG1/2 complex showed an intrinsic
ability to bend the 12RSS DNA, even in the absence of
HMG1,2 (Fig. 6B, lanes 1 to 6). The 12RSS probe was de-
flected by an angle that was estimated at between 43 and 49°,
with the site of bending corresponding to the 12RSS itself
(several gels were used to estimate the angle; Fig. 6C shows an
example of the data from one such gel). Addition of HMG1
increased the deflection to between 55 and 60° without chang-
ing the site of bending (Fig. 6B; compare lanes 7 to 12 to lanes
1 to 6).

Binding and bending of the 23RSS probes by the RAG1/2
complex was almost undetectable (Fig. 6D, lanes 1 to 6), but
the addition of HMGT1 significantly stimulated binding (Fig.
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6D, lanes 7 to 12). The RAG1/2-HMG1 complex bent the
23RSS DNA to a pattern similar to that of the 12RSS.

The DNA-bending properties of RAG1/2 on the 12RSS
were also addressed by phasing analysis, where the RSS were
placed at increasing distances from an intrinsic DNA bend
induced by in-phase AT tracts (61). The results on the phasing
DNA probes (not shown) were comparable to the circular-
permutation data.

HMG1,2 stimulate specific RAG1 and RAG1/2 binding in
vivo. To explore the effect of HMG1,2 on the DNA binding
activity of RAG1/2 in vivo, we utilized the previously described
one-hybrid assay (13). Briefly, the RAG1 and RAG2 proteins
were converted to transcriptional activators by adding the
acidic domain of the herpes simplex virus protein VP16. A
reporter construct provides the substrate for binding of
RAG1/2 to the RSS: multiple copies of the RSS are cloned in
front of a minimal promoter driving expression of the lucif-
erase gene (Fig. 7E). Cotransfection of RAG-VP16 constructs
with the reporter in mammalian cells leads to transactivation of
the luciferase gene to a degree directly proportional to RAG
binding. Luciferase activity was normalized for transfection
efficiency and background levels as described in Materials and
Methods. The expression levels of all recombinant proteins
were verified by Western analysis to ensure comparability of
the results.

Overexpression of HMG1 or HMG2 stimulated binding to
the 12RSS of RAG1 and RAG1/2 but not of RAG?2 alone (Fig.
7A). HMG-I(Y) had no major effect, but TCF-1b invariably
slightly enhanced the binding of RAG1/2 to the 12RSS (Fig.
7A).

HMG1,2 increased binding of RAG1 alone to the 12RSS by
3- to 4-fold and enhanced binding to the 23RSS by about
10-fold (Fig. 7B). Mutation of the nonamer severely reduced
binding of RAG1 alone and was not compensated for by ad-
dition of HMG1,2, while mutation of the heptamer allowed
RAGT1 binding and stimulation by HMG1,2 (Fig. 7B). These
findings are in accordance with the in vitro results showing that
HMG1,2 did not alter the sequence requirements for RSS
recognition by RAG1 (Fig. 5).

The lack of effect of HMG1,2 on the sequence requirements
of the RAG1/2 complex (as opposed to RAG1 alone) was also
verified (Fig. 7C). It is worth noting that HMG2 stimulated
better binding to the 23RSS than HMG1 (Fig. 7B and C).

As further controls, and to allow direct comparison with the
in vitro results, GST fusion deletion mutants (homologous to
the ones used for the in vitro DNA binding assays [Fig. 2B])
were produced as RAG1-VP16 fusions and analyzed in the
one-hybrid assay (Fig. 7D). Only RAG1AN330 and -AN380
retained specific binding to the RSS DNA, which was stimu-
lated by HMG1,2. Conversely, RAG1AN456 and -AN500, from
which the HD has been deleted, showed no specific binding,
which was unaffected by overexpression of HMG1,2.

HMG1,2 stimulate V(D)J recombination in vivo. We tested
the overall effect of HMGs on V(D)J recombination by con-
ducting the extrachromosomal substrate recombination assay
in the presence of overexpressed HMGs (Fig. 8). RAGI,
RAG?2, the recombination substrate pJH299, and vectors ex-
pressing the various HMGs were cotransfected in 293T cells,
and recombined products (signal joints) were detected by PCR
analysis (56). The amounts of PCR products were strictly pro-
portional to the input material, as indicated by titration exper-
iments (not shown) and by 10-fold dilution of the template
(compare Fig. 8B and B’).

We directly estimated the amounts of protein expression
directed from the transfected plasmids by Western blotting
with anti-GST or anti-HA antibodies and judged them to be
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FIG. 5. HMGI enhances nonamer-dependent binding to the RSS. EMSAs with radiolabelled oligonucleotide probes carrying either wild-type (wt) or mutated RSS
sequences. (A) Schematic representation of the RSS and the positions of the mutations employed. The mutations are further described in Materials and Methods. (B
and C) RAG1AN380 and RAG2AC (50 ng each) were incubated (+) with 23RSS (B) or 12RSS (C) radiolabelled substrates carrying the indicated mutations. Forty

nanograms of HMG1 was added (+) where indicated.

comparable for different HMGs and very similar for RAGs in
all samples (Fig. 8C). Finally, we estimated the amounts of
HMG1 and HMG?2 overexpression by Western blotting with
anti-HMG1 (Fig. 8C’) or anti-HMG2 (Fig. 8C") antibodies.
The proteins expressed from transfected plasmids contain a tag
and run with slightly lower mobility than the natural HMGI1,2.
Our results indicate that the cellular pool of HMG1,2 can be
transiently increased about threefold in 293 cells.

HMG1,2 drastically stimulated V(D)J recombination effi-
ciency, in contrast to HMG-I(Y) and TCF-1b (Fig. 8D). We
obtained identical results with assays conducted in 293 and 3T3
cells, using either the deletional substrate pJH200 or the in-
versional substrate pJH299 (data not shown). Thus, the ability
of HMG1,2 to boost the DNA binding properties of RAG1/2
has a clear effect on the overall efficiency of V(D)J recombi-
nation in vivo.

DISCUSSION

During the initial step of V(D)J recombination, RAG1/2
establishes specific interactions with the RSS signals. The ar-
chitectural chromatin components HMG1,2 were previously
shown to enhance RSS recognition in vitro (29, 44, 52). In this
study we showed that HMG1,2 are limiting for V(D)J recom-
bination in transfection assays, since their transient increase
leads to a higher yield of recombination products. This effect is
partially or totally due to a protein-protein interaction between
the major DNA binding domain of RAG1—the HD—and both
HMG boxes of HMG1,2. Through this interaction, HMGI1,2
enhance the binding of RAG1/2 to the 12RSS 2- to 5-fold,
whereas binding to 23RSS is enhanced up to 10-fold, both in
vitro and in vivo. However, and contrary to expectations,
HMG1,2 do not endow RAG1/2 with DNA-flexing ability: the
ability to distort the 12RSS and the 23RSS appears to be
intrinsic to the RAG1/2 recombinase. Thus, the major role of
HMG1,2 appears to be the stabilization of the RAG-RSS com-
plex. The same molecular mechanism by which HMG1,2 facil-
itate RAG binding to RSS in naked DNA most likely under-

pins the facilitation of RAG binding to nucleosomal complexes
(29). Moreover, it is economical to envision that HMG1,2 will
likewise facilitate the interaction of the RAGs with coding
hairpins and their nicking (5).

Direct interaction of HMG1,2 with the RAG1 HD. By anal-
ogy with other transactions where HMG1,2 are involved, we
suspected a direct protein-protein interaction with the major
players in V(D)J recombination, RAG1 and RAG2. Using
deletional analysis, we determined that the RAG1 HD directly
interacts with boxes A and B of HMG1,2. Several Hox proteins
directly interact with HMG1,2 through helix I of their HDs
(60). The RAG1 HD contains several amino acid residues that
have been highly conserved among different HDs (47), and it is
therefore conceivable that HMG1,2 establish specific interac-
tions with helix I of the RAG1 HD.

There is a single significant difference, however, between the
association of HMG1,2 with RAG1 and their association with
other interactors. Both boxes A and B of HMG1,2 are required
for interaction with the RAG1 HD, whereas Hox proteins, Oct
proteins, TBP, or steroid receptors all interact with either box
A or box B of HMG1,2 (11, 48, 60, 62). The structural and
functional significance of this peculiarity remains to be deter-
mined. However, given the ability of core RAG1 HD to homo-
dimerize (41a), it is possible that HMG boxes A and B interact
simultaneously with both HDs of the RAG1 homodimer.

Efforts to coimmunoprecipitate RAG1 or RAG1/2 from
transfected mammalian cells with antibodies directed against
HMGI1 (or HMG1 tagged with the HA epitope) were un-
successful. We had previously tried to coimmunoprecipitate
HMG1 with HOXDY and steroid hormone receptors, with
negative results (6a). Apparently, the in vivo physical associa-
tion between HMG1 and its partner proteins is unstable and
readily reversible, whereas it is much more stable when the
interactors are present in purified form. Likewise, HMG1 sta-
bly associates with purified nucleosomes but is not stably as-
sociated with interphase or metaphase chromosomes (15).

A comparison of the functions of DNA-bending proteins in
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FIG. 6. Bending of the RSS DNA by RAG1/2 and HMG1. (A) Schematic representation of the isomeric probes used in the circular-permutation analysis. (B and
D) EMSAs with equimolar amounts of the isomeric probes shown in panel A carrying 12RSS (B) or 23RSS (D) sequences (the asterisk indicates a probe artifact). The
probes were 5’ end labelled to the same specific activity and incubated with 50 ng each of RAG1AN380 and RAG2AC. Forty nanograms of HMG1 was added where
indicated. (C) The locus and extent of bending were estimated as described in Materials and Methods. We used several gels for each estimate; shown is one example
of the data obtained for 12RSS. Rb/Rf (vertical axis) is the relative mobility of bound versus free DNA. D/L (horizontal axis) is the fractional distance of the center
of the RSS from the 5’ end of the probe. M, Miul; N, Nhel; X, Xhol; E, EcoRV; S, Stul; B, BamHI.

prokaryotes and in eukaryotes is useful. Prokaryotic proteins,
such as HU or IHF, exert their effect by direct binding to the
DNA in the absence of any protein-protein interactions. No
direct interaction among IHF, HU, and bacterial recombinases
has been described. In Mu transposition, HU facilitates the
proximity of the two transposase binding sites without estab-
lishing any direct protein-protein interactions (30). In flagellar
variation, HU bends the DNA between the two hix sites and
facilitates the interaction of Hin with its two cognate sites (22).
Although HU is incorporated in the Hin-invertasome complex
to bend the DNA, it does not establish direct interactions with
Hin. Remarkably, HMG1,2 can substitute for the function of
HU in the Hin-invertasome complex (38) and in Mu transpo-
sition (31). Thus, it appears that HMG proteins in eukaryotes
have evolved the ability to bend the DNA through nonspecific
binding as well as to enhance DNA binding through direct
protein-protein interactions. In this role, HMG proteins pro-
vide a “scaffold” for the assembly of higher-order nucleopro-
tein complexes (21).

HMG]1,2 assist RAG1 binding to the RSS. We find that
HMG1,2 facilitate the specific binding of RAG1 to RSS, as
shown by both in vitro and in vivo assays. Moreover, HMG1,2
appear to be incorporated in the RAG1/2-DNA complex right
from the initial RSS recognition stage (41a), and the associa-
tion may persist until the formation of the stable postcleavage

complex (2). Stimulation of sequence-specific target DNA rec-
ognition by HMG1,2 is a common theme. HMG1 facilitates the
binding to DNA of HOX and OCT proteins (60, 62), steroid
hormone receptors (11), TBP (18, 48), and p53 (26). Strikingly,
these DNA binding proteins directly interact with HMG1,2
through their DNA binding domains. In so doing, these pro-
teins increase the protein surface contacting the DNA from
both the major and minor grooves to ultimately achieve high-
affinity interaction with their cognate DNA sites. HMGI1,2
demonstrate no inherent sequence specificity in DNA binding
and very low affinity for linear, B-form DNA. Thus, they are in
effect recruited to DNA by their partner to increase DNA
binding affinity without altering sequence specificity. This is
also true for V(D)J recombination: HMG1,2 increase the af-
finity of RAGT1 for the nonamer without changing its sequence
requirements.

Specific interactions of RAG1 with the RSS have been pre-
viously detected by surface plasmon resonance (47) and were
recently observed in footprinting and gel retardation assays
(35, 49). Mutations in the nonamer abolish RAG1 binding, and
the binding cannot be rescued by HMG1,2. In contrast, muta-
tions in the heptamer reduce but still allow RAG1 binding, and
HMG1,2 can enhance the residual binding.

If one considers the interaction of the RAG1/2 complex with
DNA, mutations in the nonamer reduce but do not abolish
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FIG. 7. In vivo stimulation of RAG1 and RAG1/2 binding by HMG1,2. The binding of RAG proteins to a multimerized RSS in vivo can be measured by means
of a mammalian one-hybrid assay (13). RAG1 and RAG2 proteins were transformed into transcriptional activators by fusing them to the VP16 transactivation domain.
The occupancy of the binding site by the RAG-VP16 fusion proteins is proportional to the expression in 293 cells of a reporter luciferase gene driven by a
cytomegalovirus minimal promoter. The binding site contains either 8 copies of the consensus 12RSS or 10 copies of the consensus 23RSS or mutated forms of the
RSS where indicated. Comparable expression of proteins encoded by transfected plasmids was ascertained by Western blotting (see Fig. 8 for examples). The values
are normalized to the expression of the reporter construct in the absence of RAG-VP16 fusion proteins. The plotted values represent the means of 8 to 10 individual
experiments. The standard deviation was <8% of the mean and is not indicated. (A) Transactivation of the luciferase gene (12RSS construct) by RAG1-VP16,
RAG2-VP16, or a combination of RAG1-VP16 and RAG2-VP16 as indicated below the diagram, either alone or in combination with cotransfected HMG1, HMG2,
HMG-I(Y), or TCF-1b. (B) Transactivation of the reporter construct indicated below the diagram by RAG1-VP16 alone or RAG1-VP16 plus HMG1 or HMG2. The
mutant 7-mer contains the sequence CGACGTC; the mutant 9-mer contains the sequence ACACTGGTA. wt, wild type. (C) Effect of HMG1, HMG2, HMG-I(Y),
and TCF-1b on transactivation by RAG1/2-VP16. The transactivation by RAG1-VP16 alone or RAG2-VP16 alone is also reported for comparison. The reporter
constructs are indicated below the corresponding groups of bars. (D) Transactivation of the luciferase gene (12RSS construct) by different RAG1-VP16 fusion proteins,
either alone, in combination with RAG2-VP16, or in combination with RAG2-VP16 and in the presence of HMGI. (E) Schematic representation of the reporter
construct. RAG1-VP16 is indicated as R1, and RAG2-VP16 is indicated as R2. The grey oval represents the VP16 transactivation domain.
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FIG. 8. HMG1,2 increase the yield of V(D)J recombination products in vivo.
293T cells were cotransfected with the recombination substrate pJH299 and the
expression constructs for the indicated proteins. The RAGs were GST tagged,
while HMG1, HMG2, HMG-I(Y), and TCF-1b were HA tagged. (A) Recom-
bination efficiency was measured by PCR analysis (20 cycles) of the recovered
plasmid, using primers that amplify only the recombined sequences (signal joints
[SJ]), as described in Materials and Methods. (B) Loading control of panel A. A
fragment of the CAT gene, present in the pJH299 recombination substrate, was
amplified under the same conditions as for panel A. (B") Templates as in panel
B were diluted 10-fold prior to PCR. The amount of PCR product obtained was
proportional to the template input. (C) Expression control of panel A. Total
cellular extract was immunoblotted with anti-GST and anti-HA antibodies, fol-
lowing SDS-PAGE. (C') The same membrane shown in panel C was stripped
and immunoblotted with anti-HMGI1 antibodies. (C") The same membrane
shown in panel C was stripped once more and immunoblotted with anti-HMG2
antibodies. (D) The autoradiogram shown in panel A and those from three more
experiments were scanned, and the amounts of recombination products were
normalized to the efficiency of V(D)J recombination with RAG1/2 alone, which
was set to 1. The error bars indicate standard deviations.

binding. However, HMG1 will not enhance the residual inter-
action of RAG1/2 with RSS containing nonamer mutations. It
will nonetheless enhance the interaction of RAG1/2 with RSS
containing heptamer mutations.

The same effects of HMG1,2 on the binding of RAG1 and
RAGI1/2 are reflected in the in vivo one-hybrid assay. Taken
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together, the data suggest that HMG1,2 increase the affinity of
RAGT1 (either alone or in complex with RAG?2) for the 12RSS
and the 23RSS but have no effect on the sequence require-
ments of the interaction.

Bending of RSS DNA by RAG1/2-HMG1,2. The different
efficiencies of RAG1 binding to the 12RSS and 23RSS and the
different stimulations by HMG1,2 suggested that perhaps the
23RSS might be a worse binding substrate because the hep-
tamer and the nonamer are separated by an additional DNA
turn. To establish contacts to RAG1 similar to those of the
12RSS, the 23RSS would have to be distorted—a very likely
function for DNA-flexing proteins like HMG1,2. However, we
found that DNA-flexing ability is not provided uniquely by
HMG1,2: surprisingly, the RAG1/2 complex by itself has an
intrinsic ability to bend the 12RSS and the 23RSS DNAs.
Homology between RAGs and DNA-bending proteins has
been previously suggested (4).

Circular-permutation analysis indicated that the locus of the
bending by the RAG1/2 complex is within the 12RSS (Fig. 6B
and C). The distortion could be the direct effect of the simul-
taneous binding of RAG1/2 to both nonamer and heptamer
motifs, which would cause the intervening sequence to bend.
Alternatively, RAG1/2 may bind to the nonamer first and then
bend the DNA in the immediate vicinity, thereby increasing
the proximity to the heptamer. These two scenarios are not
easily distinguishable, but we favor the latter for the following
reasons: (i) mutations at the nonamer have a more profound
effect in binding than those at the heptamer; (ii) heptamer
mutations decrease binding of RAG1 and RAG1/2 (23, 43)
(Fig. 5), and increasing the distance from the nonamer by one
helical turn (23RSS) has the same effect; (iii) interaction of
RAG1/2 with the heptamer might be transient, since protec-
tion of the heptamer is not prominent in footprinting assays
(49); and (iv) the heterogeneity of the RAG1/2-23RSS com-
plexes in EMSASs suggests that several distinct species might be
in rapid equilibrium, with only a fraction of 23RSS molecules
bent to optimally fit the RAG1/2 binding surfaces.

We envision the role of HMG1,2 as twofold: it would in-
crease the effective DNA binding surface of RAG1, stabilizing
its first contact with the nonamer, and it would then assist
RAGTI in its intrinsic DNA-bending activity so that the hep-
tamer would come in sufficient proximity to its cognate protein
binding surface. The role of HMG1,2 would then be more
significant for the 23RSS, where the heptamer is further away.

It has recently been shown that HMG1,2 are instrumental in
allowing RAG1/2 to perform V(D)J recombination on nucleo-
somal substrates (29). HMG1,2 can interact with in vitro-re-
constituted nucleosomes but do not appear to be stably bound
to chromatin in the nuclei of living cells (15). Thus, it may well
be that HMG1,2 associate with RAGs in the absence of DNA
and then facilitate their transient association with nucleo-
somes. Once RAG1/2 has gained access to the DNA in nu-
cleosomes, HMG1,2 would promote its binding to the RSS and
DNA bending, as we have shown in detail.

In vivo effects of HMG1,2 in V(D)J recombination. We have
shown that a transient increase in the concentration of HMG1
or HMG2 in cells transfected with V(D)J recombination in-
termediates and RAG proteins results in an increased produc-
tion of recombined molecules. This effect might seem surpris-
ing in view of the presence of endogenous HMG1,2 proteins,
but it has already been observed in the context of interactions
with Hox proteins and nuclear hormone receptors (11, 60).
Thus, HMG1,2 appear to be limiting for V(D)J recombination,
as well as for the other DNA transactions in which they have
been implicated (reviewed in reference 7). It is perhaps sur-
prising that mice lacking the HMG1 protein show no obvious
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alteration in the immune system (12a). However, HMG?2 is
expressed at high levels only in lymphoid cells and testes in the
adult.

HMG1,2 have been implicated in the establishment of the
12/23 synaptic rule (27, 52, 58) and have been detected as part
of the 12/23-dependent stable postcleavage complex formed
by blunt 12- and 23RSS, RAG1/2, Ku70/80, and DNA-PK (2).
In addition, HMG1,2 enhance the hairpin-nicking activity of
RAG1/2 (5, 45a) and the activity of DNA ligase IV (34), an
enzyme involved in the final stage of V(D)J recombination
(20). The direct interaction of HMG1,2 with the RAG1 HD
provides a basis for understanding these multiple roles. By
binding directly to RAG1, HMGL1,2 are recruited to the site of
V(D)J recombination, where they can facilitate interactions
among multiple proteins and DNA and possibly among the
proteins themselves. By acting as integral components of the
recombination machinery, HMG1,2 may enhance the kinetics
of most sequential reactions in V(D)J recombination.
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