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V(D)J recombination requires a pair of signal
sequences with spacer lengths of 12 and 23 bp between
the conserved heptamer and nonamer elements. The
RAG1 and RAG2 proteins initiate the reaction by
making double-strand DNA breaks at both signals,
and must thus be able to operate on these two different
spatial arrangements. We show that the DNA-bending
proteins HMG1 and HMG2 stimulate cleavage and
RAG protein binding at the 23 bp spacer signal. These
findings suggest that DNA bending is important for
bridging the longer spacer, and explain how a similar
array of RAG proteins could accommodate a signal
with either a 12 or a 23 bp spacer. An additional effect
of HMG proteins is to stimulate coupled cleavage
greatly when both signal sequences are present, sug-
gesting that these proteins also aid the formation of a
synaptic complex.
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RAG2/V(D)J recombination

Introduction

produced byin vitro cleavage (van Gengt al, 1995).
DSB formationin vitro requires only the presence of the
RAG1 and RAG2 proteins and an RSS (McBlagteal.,
1995). The RAG proteins first hydrolyze the phospho-
diester bond 5of the RSS, and subsequently couple the
newly formed 3-OH to the phosphodiester bond next to
the RSS in the other strand, resulting in formation of a
covalently closed (hairpin) coding end. Hairpin formation
does not require an exogenous energy source, and is
accomplished by directransesterification (van Gent
et al, 1996a).

In vivo, cleavage requires the presence of two RSSs for
efficient cleavage (Steet al,, 1996).In vitro, the substrate
requirements for V(D)J cleavage are dependent on the
divalent cation: in MA* both nicks and hairpins can be
formed on a single RSS, but in Mgonly nicks are made,
unless a second RSS (preferably with the other spacer
length) is present on the same DNA molecule (Eastman
et al, 1996; van Genét al, 1996b). As Mg@" is the most
abundant divalent cation in the nucleus, we assume that
thesein vitro conditions most closely resemble timevivo
situation. The coupled cleavage reaction indVigequires
only the RAG1 and RAG2 proteins (van Geat al,
1996b), showing that these proteins contain all the specifi-
city necessary for V(D)J cleavage.

Recent work from this laboratory has identified a stable
complex of RAG1 and RAG2 with an RSS that is active
in V(D)J cleavage (Hiom and Gellert, 1997). However, it
has not been easy to understand how the RAG proteins
recognize both types of RSS, as the difference in spacing
between the heptamer and nonamer recognition elements
is approximately one turn of the DNA double helix
(corresponding to a linear displacement of ~3.5 nm). To

Immunoglobulin and T-cell receptor genes are assembledallow for the two different spacings, the protein composi-
from separate gene segments by a process called V(D)Jion in the two complexes could be different, or the spacer
recombination (reviewed by Gellert, 1992; Lewis, 1994). DNA in the 23-signal could be much more bent than in
The gene segments to be joined are flanked by recombina-the 12-signal.
tion signal sequences (RSSs), which consist of conserved Several well-studied recombination reactions have been
heptamer and nonamer motifs, separated by relatively non-shown to be stimulated by DNA-bending proteins, such
conserved spacer regions of 12 or 23 bp. Recombinationas the Escherichia coliHU and integration host factor
preferentially takes place between RSSs of different spacer(IHF) proteins (Nash, 1996). For example, the MuA-
lengths, thus directing joining of the correct types of gene transposase binding sites in the bacteriophage Mu left end
segments. are brought together by the bending action of HU (Lavoie
The V(D)J recombination reaction can be divided into and Chaconas, 1990), and bacteriophageguires the site-
two stages: first, double-strand DNA breaks (DSBs) are specific DNA-bending protein IHF for efficient integrative
made at the border between each RSS and coding segmentecombination (Nash, 1996). In mammalian cells, the
followed by ligation of the RSSs in a head-head fashion chromatin-associated high mobility group proteins HMG1
(signal joint), and joining of the coding sequences (coding and HMG2 are abundant DNA-binding factors that are able
joint). The DSB intermediates have been detected both similarly to bend DNA. Although the detailed biological

in vivo (Rothet al,, 1992a; Schlissedt al., 1993; Ramsden
and Gellert, 1995) anih vitro (van Gentet al, 1995).

functions of these proteins are still being investigated,
they have been reported to stimulate transcription (Singh

Coding ends isolated from cells have been found in a and Dixon, 1990; Shykinét al, 1995; Paullet al., 1996)

hairpin structure (Rotbt al,, 1992b; Ramsden and Gellert,

1995; Zhu and Roth, 1995), and the same species is

© Oxford University Press

and are also believed to have a more general function in
assembly of nucleoprotein complexes (Gresathed|
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1994). It has been shown that HMG1 and HMG2 can 12RSS 23 RSS

functionally replace HU or IHF in some recombination RAG 142 % + + +"- 4 +'

reactions (Paulét al,, 1993; Segalkt al, 1994), presum- Metal Mn Mn Mg Mg Mn Mn Mg Mg

ably by supplying the necessary DNA-bending function. HMG? et Al -
We show here that V(D)J cleavage is stimulated by the w

HMG1 and HMG2 proteins. These proteins stimulate

formation of a binding complex and cleavage at the 23- ‘:bi

signal, suggesting that a similar array of RAG1 and RAG2 “

proteins may recognize both types of RSSs, and that the

much more severe bending required in the 23 bp spacer

can be stabilized by an HMG protein. Coupled cleavage

of both the 12- and 23-signal sequences on plasmid

substrates is stimulated further by HMG1 or HMG2,

suggesting that these abundant chromatin factors may

contribute to the assembly of productive RAG1-RAG2

synaptic complexes. We believe that this is the first -
demonstration of an important role for a DNA-bending H— - ® -
protein in a eukaryotic recombination process.

Results

V(DM cleavage is stimulated by DNA-bending

proteins

Recent work has shown that the RAG1 and RAG2 proteins .:BZ -

are necessary and sufficient for RSS cleavage (McBlane - ; -

et al, 1995). To identify accessory factors that might N— eoss

stimulate this activity, we tested mammalian cell extracts.

Addition of a small amount of a nuclear extract from the

pre-B cell line 103/BCL2 (Cheret al, 1994; van Gent 12345678

et al, 1995) gave equivocal results but, when the extract Fig. 1. Effect of HMG1 on oligonucleotide cleavage. An

was first heated to 65°C for 20 min, cleavage of a plasmid oligonucleotide substrate containing a 12-signal (lanes 1-4) or a
substrate was stimulated greatly (data not shown). As 23-signal (lanes 5-8) was incubated without RAG proteins (lanes 1
proteins of the h|gh mob|||ty group are among the few and 5), with RAG1 and RAG2 (lanes 2, 3, 6 and 7) or with RAG1,

; ; ; RAG2 and 1ug/ml HMGL1 (lanes 4 and 8). The divalent cation in the
proteins that survive this temperature, we asked Whetherreactions was either M (anes 1, 2, 5 and 6) or Mg (lanes 3, 4, 7

the heat_ed extract COU'q be repla_CGd by the_ ubiquitous anq 8). The positions of the 16 nucleotide nicking product (N) and the
mammalian HMG1 protein. HMG1 is known to introduce hairpin (H) resulting from DSB formation are indicated on the left.

a sharp bend into DNA. End-labeled oligonucleotide

substrates containing a 12- or a 23-signal were incubated

with RAG1 and RAG2 in the absence or presence of Binding of RAG proteins to the 23-signal is

HMG1 protein, and reaction products were separated by enhanced by HMG1

denaturing polyacrylamide gel electrophoresis (Figure 1). As the HMG1 and HMG2 proteins have been implicated
When Mrf* was used as divalent cation, both nicks and in assembly of various nucleoprotein complexes (reviewed
hairpins were formed from either the 12- or the 23-signal by Grosschedlet al, 1994), we investigated whether
oligonucleotide upon incubation with RAG1 and RAG2 formation of a binding complex containing the RAG
(Figure 1, lanes 2 and 6). In Mg, only nicked species  proteins and an RSS was affected by HMG1. We recently
were formed, but much more efficiently on the 12-signal have developed an assay in which binding to an RSS is
than on the 23-signal (Figure 1, lanes 3 and 7). Addition dependent on the presence of both RAG1 and RAG2
of HMGL1 protein to these reactions stimulated nicking of proteins (Hiom and Gellert, 1997). As shown in Figure 2,
the 23-signal 7- to 10-fold over that seen with the RAG RAG1 and RAG2 bind to 12-signals and, less efficiently,
proteins alone (Figure 1, lane 8). Thus, in the presence ofto 23-signals (lanes 2 and 5). Again, addition of HMG1
HMG1, nicking at the 23-signal was increased to a level protein led to a considerable increase (~10-fold) in the
slightly higher than at the 12-signal, and a small amount formation of a binding complex on the 23-signal (lane 6),
of hairpins was also made. Hairpin formation at a single but had little effect on the 12-signak@-fold; lane 3).
RSS in Mg" is unexpected; perhaps in the presence of No binding complexes were detected when either the 12-
HMG1, the complex of 23-signal DNA with the RAG or 23-signal substrate was incubated with HMG alone
proteins is slightly distorted. Maximum stimulation of 23- (data not shown). Thus the effect of HMG1 is observed
signal cleavage was observed with HMG concentrations early, at the stage where a complex is assembled. Upon
<0.2pg/ml, whereas we observed little effect on cleavage electrophoresis in a lower percentage polyacrylamide gel,
at the 12-signal with HMG1 concentrations up tp@'ml the mobility of the 23-signal complex made in the presence
(data not shown). At the HMG1 concentration used in of HMG1 was slightly slower (not shown), implying that
Figure 1 (1pg/ml), there are about two molecules of HMG1 is incorporated into the complex together with
HMG1 per oligonucleotide. RAG1 and RAG2, and does not just facilitate its formation.
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Fig. 2. Stimulation of RSS binding by HMG1 protein. Binding 12 =
reactions contained oligonucleotide substrates with either a 12-signal

(lanes 1-3) or a 23-signal (lanes 4-6), in the absence of RAG proteins

(lanes 1 and 4), with RAG1 and RAG2 (lanes 2 and 5) or with RAG1,

RAG2 and 1ug/ml HMG1 (lanes 3 and 6). B= bound complex,

U = unbound DNA. 23 — w e

In Mn?*, a stabilization of binding complexes at the
23-signal was also observed, but this did not result in
increased cleavage efficiency (data not shown). We pre-
sume this reflects a less stringent need for long-lived
complex formation in MA*. 12423 = S L
HMG1 stimulates coupled cleavage
Subsequently, we asked whether HMG1 also has a stimula- 12345678
tory effect on coupled cleavage involving both a 12- and _ _ _

a 23-signal. The linearized plasmid substrate pDVG42, Fi9- 3. Stimulation of coupled cleavage by HMG1 protein.

- . . (A) Schematic representation of the linearized cleavage substrate
Wh'Ch Contams both types of RSS _(Flg_ure 3A)’ was pDVG42. The RSSs are represented as triangles (open for the
incubated with RAG1 and RAG2 proteins in the absence 12-signal, closed for the 23-signal), and restriction sitesifat! (A),
or presence of HMG1 protein. Cleavage at both RSSs Sal (S), BanHI (B), Mlul (M) and Xhd (X) are indicated. The
leads to a 1 kb product, whereas cleavage at the 12- org%stit?r?” igfdt';eigg%bi fO; gg:egéigce(’tL;eﬁgg)”spggfhﬁf l?litS:Utref_”

H H n |
23_Slgna! glone results ina 7.5 or 3.'2 kb frag.ment' Under of pD\Q/’G42 ir?cubateé/ without RAG proteins (lane 1), with RAg:)L/Said
the conditions used, the RAG proteins alone induced very Rag2 (jane 2) or with RAGL, RAG2 and HMGL protein (0.5, 1, 2, 4,
low levels of DSBs at either the 12- or the 23-signal, and 8 and 16ug/ml in lanes 3-8). (The band below the cleaved 12-signal
<0.1% of the input DNA was cleaved at both signals is due to a cross-hybridizing fragment generated by cleavage at the
(Figure 3B, lane 2). Addition of HMG1 stimulated an 23-signal, with or without cleavage at the 12-signal.)
increase in levels of uncoupled cutting of ~4-fold at the
12-spacer RSS, and ~10-fold at the 23-spacer RSS (Figure
iizhlizggﬁtiﬁ)écstu%?eﬁmgfngfo?gﬁ'natthat‘:];hezrg_ggangoreconcentrations of HMG1 were found to increase the level
However, at higher concentrations of HMGL1 coupled of co_upled cIeavagz_e by RAG proteins on a substrate
cleavage’ was increased to 10%, a stimulation 6f 100-fold containing only 12-signals by ~10-fold (data not shown),

19 showing that the effects of HMG1 are not limited to the
over that caused by the RAG proteins alone under thesezs-signal
conditions (Figure 3B, lanes 7-8). A similar increase was '
also seen with a substrate containing ‘bad’ coding flank
sequences (Sadofsley al, 1995) attached to both signals Effects of other DNA-bending proteins
(not shown). The range of HMG1 concentration (from 0.5 If the DNA-bending activity of HMG1 is important in
to 16 pg/ml) corresponds to one HMG1 molecule per stimulating cleavage, one might expect that other DNA-
320 bp at the low end and one per 10 bp at the high end, bending proteins will have a similar effect. We found that
values compatible with the effective titration of HMG1 in the related DNA-bending protein HMG2 was as efficient
other assays (Pautit al., 1993). as HMGL1 in promoting cleavage of a plasmid substrate

Since this increase is much larger than that at an isolated(Figure 4, lane 4). Similarly, the yeast non-histone protein
23-signal, we conclude that HMG protein must have 6A (NHP6A), which is more distantly related to HMG1,
an additional and separate effect on coupled cleavage,stimulated both cleavage at the 23-signal and coupled
presumably involving synapsis of the two recombination cleavage, but less efficiently than HMG1 or HMG2 (Figure
signals. To test this hypothesis, we used a cleavage4, lane 5). In contrast, the bacterial HU protein, which
substrate containing two 12-signals, and no 23-signal. As achieves bending by a different mechanism (see Discus-
shown before, this substrate allows a low level of coupled sion), did not stimulate cleavage (Figure 4, lane 6), even
cleavage (van Genet al, 1996b). Indeed, the same at higher concentrations (data not shown).
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Fig. 5. Model for the role of HMGL1 protein in the V(D)J cleavage
reaction. This model explains how a very similar array of RAG1 and
RAG2 proteins may be able to recognize either a 12- or a 23-signal
(compare the left and right panels). The RAG proteins are
schematically depicted as rounded shapes, and HMG1 as a pentagonal

h .
12403 = o - b

1 2 3 4 5 6 experiments may be able to determine exactly where
HMG proteins bind on the RSS, and whether they make

Fig. 4. Effect of DNA-bending proteins on V(D)J cleavage. Cleavage  close contacts with the RAG proteins.
substrate pDVG42 was incubated without RAG proteins (lane 1), with

RAG1 and RAG2 (lane 2) or with RAG1, RAG2 and the following : : :
DNA-bending proteins (each atg/ml): HMG1 (lane 3), HMG2 Stimulation of coupled cleavage by HMG proteins

(lane 4), NHPBA (lane 5) or HU (lane 6). HMG1 and HMG2 proteins also stimulate coupled cleav-

age of both 12- and 23-signals in a plasmid substrate.

This activity is probably due in part to the increased

cutting of the 23-signal. However, the increase in coupled

HMG1-promoted cleavage of a 23-signal cleavage exceeds that in 23-signal cutting by an order of

We have shown previously that the RAG1 and RAG2 magnitude, suggesting that the HMG proteins are inducing

proteins are both necessary and sufficient for cleavage atan additional effect on a RAG1-RAG2 complex respons-

an RSS (McBlanest al, 1995). However, cleavage at an ible for coupled cleavage. The observation that HMG1

RSS with a 12 bp spacer was more efficient than cutting induces a moderate level of coupled cleavage in a substrate

at a 23-signal, either in M (Ramsderet al., 1996) or containing two 12-signals is in agreement with this view.

in Mg2* (this report). Here we show that cutting at the HMG proteins have been shown to induce and restrain

23-signal in M@" can be stimulated to a level similar to negative supercoils in plasmid DNA (Javahatriah

or greater than 12-signal cleavage by the addition of 1978; Stroset al, 1994; Paull and Johnson, 1995),

HMGL1 protein. Furthermore the interaction between a 12- suggesting that they may be affecting the topology of the

signal and a 23-signal is also greatly stimulated by HMG recombination substrate.

protein in a coupled cleavage assay. Although this is the first report of involvement of DNA-
HMG1 and HMG2 have been shown to induce extreme bending proteins in a eukaryotic recombination reaction,

bending of DNAIn vitro (Paull et al, 1993; Pilet al, the prokaryotic DNA-bending proteins HU and IHF have

1993). Here, we propose that the bending activity of these been shown to stimulate assembly of higher order inter-

proteins stimulates V(D)J cleavade vitro binding studies mediates in several site-specific recombination reactions.

show that RAG1 and RAG2 bind both 12- and 23-signals For example, the non-specific DNA-binding protein HU

to form similar complexes in a band-shift assay, suggesting is required to bring two transposase binding sites together

that the two types of signals are recognized in a similar in the bacteriophage Mu transposition reaction (Lavoie

way by the RAG proteins (Hiom and Gellert, 1997). and Chaconas, 1990; Mizuuchi, 1992), or to stimulate

Furthermore, binding is dependent on both the heptamerassembly of an intermediate complex in the Hin inversion

and nonamer elements of the RSS. Since these elements reaction (Haykinson and Johnson, 1993), and has been

are more distant in a 23-signal, distortion of the intervening shown to substitute for IHF in facilitating bacteriophage

DNA may be necessary for stable binding by the RAG A excision (Goodman and Nash, 1989). Although HMG1

proteins on the 23-signal, but not on the 12-signal. and HMG2 have been shown to substitute at least partially

Hence, HMG1 might promote binding at the 23-signal by for HU in each of these reactions &aall] 1993;

stabilizing a nucleoprotein complex in which the DNA is Lavoie and Chaconas, 1994; Segefl al, 1994), the

severely bent (Figure 5). exchangeability evidently does not operate in both direc-
In addition, it is formally possible that HMGL1 interacts tions, because we have found HU to be ineffective in

with one or both of the RAG proteins in such a way that V(D)J cleavage.

they become activated for DNA binding and cleavage

(e.g. by a conformational change). Such an interaction, Mode of DNA bending in V(D)J cleavage

however, would have to be more effective on the 23- The importance of DNA bending by the HMG1 protein

signal than the 12-signal and, in view of the strong affinity is also consistent with the observation that the yeast

of HMG proteins for DNA, would presumably occur NHP6A protein has a similar effect on cleavage, which

in the context of DNA-bound HMG. More extensive can be explained by its DNA-bending capacity (Paull and

Discussion
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Johnson, 1995). However, the fact that HU protein does conditions, but the plasmid was replaced by 0.2 pmol of end-labeled
not induce cleavage of signal sequences by the RAG oligonucleotide substrates DAR39/40 or DG61/62 (McBlegteal,

. . . 1995). Cleavage products were separated on TBE-urea polyacrylamide
proteins shows that not all DNA-bending proteins act geis and visualized by autoradiography.
equivalently. This may reflect the different modes of
DNA-binding exhibited by these proteins. The interaction pya binding
of HMG1 with DNA can be extrapolated from the three- Binding experiments contained 0.02 pmol of DNA and 50 ng each of
dimensional structure of the sequence-specific HMG-box RAG1 and RAG2. Reactions were carried out at 37°C for 10 min in
protein SRY, the male sex-determining factor, bound to Pinding buffer (25 mM MOPS pH 7.0, 2 mM DTT, 15 mM potassium

. chloride, 60 mM potassium acetate, 1 mM magnesium chloride,
DNA (Wemer et al, 1995)' In this complex, the bulk of 100 pg/ml BSA). The samples were then fixed with glutaraldehyde, and

the Pro_tein is located on the (?UtSide Qf the bend, leaving products analyzed by polyacrylamide gel electrophoresis. A more detailed
the inside of the bend potentially available for the RAG description of binding conditions has been given (Hiom and Gellert,
proteins. The mode of DNA bending exhibited by HU 1997).
protein appears to be very different, and can again be
extrapolated from the structure of a similar DNA-binding
protein, IHF. The three-dimensional structure of the IHF— Acknowledgements
DNA c_omplex rev_eal_s that this protein Is located almost we thank R.C.Johnson and H.A.Nash for kind gifts of DNA-bending
exclusively on the inside of the bend (Rietal., 1996), and proteins. We also thank our colleagues in the Laboratory of Molecular
might, therefore, interfere with a RAG1-RAG2 complex. Biology for continuing valuable discussions. K.H. is supported by the
Furthermore, analysis of IHF-DNA (Yang and Nash, Buropean Molecular Biology Organization.
1995) and HU-DNA (Lavoieet al., 1996) complexes has
shown that ~40 bp are covered by these proteins, which
may not be compatible with binding of the RAG proteins
to a signal sequence. A less probable explanation for theChen,Y.Y., Wang,L.C., Huang,M.S. and Rosenberg,N. (1994) An active
inactivity of HU protein is that HMG proteins not only v-abl protein tyrosine kinase blocks immunoglobulin light-chain gene
e - . rearrangementGenes Dey.8, 688—-697.
bend DNA’. but aI_so have SDeCIfIC interactions with the Eastman,Q.M., Leu,T.M. and Schatz,D.G. (1996) Initiation of V(D)J
RAG proteins which the non-homologous HU protein  recombinatiorin vitro obeying the 12/23 ruleNature 380, 85-88.
does not share. Gellert,M. (1992) Molecular analysis of V(D)J recombinatighnnu.
The ratio of coupled cleavage to uncoupled RSS _Rev. Genef22, 425-446. _
Cleavage in the presence of nuclear extragtsitro has Goodman,S.D. and Nash,H.A. (1989) Functional replacement of a
b h b hiah | hil protein-induced bend in a DNA recombination sifeature 341,
een shown to be very high (Eastmetnal, 1996), while 251_254.
the coupled reaction performed by the RAG proteins alone Grosschedl,R., Giese,K. and Pagel,J. (1994) HMG domain proteins:
has exhibited significant levels of single cutting (van Gent  architectural elements in the assembly of nucleoprotein structures.
et al, 1996b). The work presented here demonstrates thatH{E;ﬂngﬁnﬁl-ﬁdgj;ﬁg&n R.C. (1993) DNA looping and the helica
HMG1 and. HMG2 are .tWO fa.CtorS present in nuclear repeatn ’vitro andin vivo: efféct of HU protein and enhancer location
extracts which preferentially stimulate the coupled reac-  on Hin invertasome assembBMBO J, 12, 2503-2512.
tion. In addition, it is possible that other proteins could HiomK. and Gellert,M. (1997) A stable RAG1-RAG2-DNA complex
act on V(D)J cleavage in a similar way to HMG1 or ] thé;]t is act}zve Ll‘n \((E)J imvagéﬁ:", (81%7685)—’32-” MG
; ; avaherian,K., Liu,L.F. and Wang,J.C. onhistone proteins
gel\A?eze (I)Efvﬁgus?i'nm';hg'rgrlea_?‘etr(])ctehgt]c glbl\gg_ %rgt.er:n\i’ Dth‘]e and HMG2 change the DNA helical structur@cience 199, 1345—
g f coupling is simi ved in V(D) 1346
cleavagein vivo (Steenet al, 1996; D.B.Roth, personal Lavoie,B.D. and Chaconas,G. (1990) Immunoelectron microscopic
communication). Thus the HMG proteins may contribute  analysis of the A, B, and HU protein content of bacteriophage Mu

to the enforcement of the 12/23 ruile vivo. transpososomed. Biol. Chem. 265 1623-1627.
Lavoie,B.D. and Chaconas,G. (1994) A second high-affinity HU binding
site in the phage Mu transpososonde.Biol. Chem. 269, 15571—
15576.
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