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ABSTRACT

During V(D)J recombination, recombination
activating gene (RAG)1 and RAG2 bind and cleave
recombination signal sequences (RSSs), aided by
the ubiquitous DNA-binding/-bending proteins
high-mobility group box protein (HMGB)1 or
HMGB2. HMGB1/2 play a critical, although poorly
understood, role in vitro in the assembly of func-
tional RAG-RSS complexes, into which HMGB1/2
stably incorporate. The mechanism of HMGB1/2 re-
cruitment is unknown, although an interaction with
RAG1 has been suggested. Here, we report data
demonstrating only a weak HMGB1-RAG1 inter-
action in the absence of DNA in several assays,
including fluorescence anisotropy experiments
using a novel Alexa488-labeled HMGB1 protein.
Addition of DNA to RAG1 and HMGB1 in fluores-
cence anisotropy experiments, however, results in
a substantial increase in complex formation,
indicating a synergistic binding effect. Pulldown ex-
periments confirmed these results, as HMGB1 was
recruited to a RAG1-DNA complex in a RAG1
concentration-dependent manner and, interestingly,
without strict RSS sequence specificity. Our finding
that HMGB1 binds more tightly to a RAG1-DNA
complex over RAG1 or DNA alone provides an ex-
planation for the stable integration of this typically
transient architectural protein in the V(D)J recom-
binase complex throughout recombination. These
findings also have implications for the order of
events during RAG-DNA complex assembly and for
the stabilization of sequence-specific and non-
specific RAG1-DNA interactions.

INTRODUCTION

In many species, the diverse repertoire of functional
antigen receptors is created during lymphocyte develop-
ment by the process of V(D)J recombination, in which
different segments of an antigen receptor locus are
brought together by several highly coordinated DNA
cleavage and repair steps. In the first phase of this
process, double-stranded (ds) DNA breaks are generated
by the lymphocyte lineage-specific proteins recombination
activating gene (RAG) 1 and RAG2 (1,2), which are aided
by either of the DNA-binding/-bending proteins high-
mobility group box protein (HMGB)I or 2 (3). Gene
segments to be recombined are flanked by recombination
signal sequences (RSSs), each of which contains two
highly conserved sequence elements, a heptamer (consen-
sus sequence 5'-CACAGTG-3') and nonamer (consensus
sequence 5'-ACAAAAACC-3), separated by either a 12
or 23 base pair spacer of poorly conserved sequence
(referred to as 12RSS and 23RSS, respectively). Efficient
recombination occurs only between a 12RSS and a 23RSS
(the “12/23 rule’), helping to ensure that the correct types
of gene segments are joined (4).

DNA cleavage occurs in two steps. First, the top strand
is nicked 5 of the RSS precisely at the heptamer-coding
flank junction, generating a 3’ hydroxyl that then attacks
the phosphate on the bottom strand of the DNA, per-
forming direct transesterification and resulting in a
dsDNA break with a hairpin coding end and a blunt
signal end (5,6). The recombinase machinery can
assemble on a single 12 or 23RSS, creating a signal
complex in which nicking can occur. Hairpin formation
is generated only in the paired complex, which contains
both a 12 and 23RSS (7). The second phase of V(D)J
recombination, end-processing and end-joining, involves
RAGI1 and RAG2 as well as the DNA-repair proteins of
the non-homologous end-joining pathway (8).
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Full-length murine RAGI1 is a 1040-amino acid poly-
peptide, with the minimal core protein capable of recom-
bination encoded by residues 384-1008 (9). Distinct
domains within core RAG1 include the nonamer binding
domain (NBD), which binds to the RSS nonamer (10,11),
the central domain, which interacts with RAG2 and pref-
erentially binds the heptamer sequence in single-stranded
DNA (12), and the C-terminal domain, which can bind
dsDNA non-specifically (13,14). The catalytic triad of
acidic residues, the DDE motif, is contained within the
central and C-terminal domains (15-17). Although
RAGTI alone has been found to bind DNA with varying
degrees of specificity for the RSS in the absence of RAG2
(18-21), it is catalytically inactive without RAG2. RAG2,
which has no DNA-binding activity on its own, is more
abundantly expressed than RAG], but unlike RAGI, it is
cell-cycle regulated (22), and as such, there are
opportunities during the cell cycle for RAGI to function
independently of RAG2.

Although RAGI1 and RAG?2 are sufficient to bind and
cleave the RSS (5,23), HMGBI1 and HMGB?2 were found
to enhance RAG binding to the 23RSS, incorporating
stably into the complex, and to stimulate nicking on the
23RSS and hairpin formation on both the 12 and 23RSS
in the paired complex (3,24). Despite identification of the
HMGB proteins as an important component of the V(D)J
recombinase in vitro, their exact role remains unknown.
As a cofactor in RAG-mediated DNA cleavage, HMGBI
and HMGB2 have been found to be functionally redun-
dant in vitro (3,24); we have, therefore, chosen to focus on
the more ubiquitously expressed and abundant protein
HMGBI (25).

HMGBI is a member of the HMG-box family of
chromosomal proteins, which are named for their charac-
teristic DNA-binding/-bending HMG box domain of ~80
residues. HM GBI contains two HMG-box domains con-
nected via basic linkers to one another and to a highly
acidic C-terminal tail domain, which regulates DNA
binding by the HMG boxes (26,27). HMGBI binds
DNA without sequence specificity but binds B-form
DNA weakly, preferring non-canonical DNA structures
such as single-stranded DNA, bent DNA, minicircles or
four-way junctions (28). As an architectural component in
a variety of nucleoprotein complexes involving gene regu-
lation, DNA replication and DNA repair, HMGBI has
been found to increase the binding affinity of many
sequence-specific proteins to their cognate DNA,
including p53 (29), TATA-binding protein (30) and the
glucocorticoid receptor (31). In its varied roles as an archi-
tectural factor, HMGBI1 can function via one of several
methods: pre-bending DNA for a sequence-specific factor
to bind, binding to a sequence-specific protein before the
complex binds DNA or binding to and stabilizing a dis-
torted DNA complex formed by a sequence-specific
protein pre-bound to its DNA sequence (32).

HMGRBI is not only one of the most abundant nuclear
proteins, it is also one of the most mobile, with a mean
residence time on chromatin of 4s (33,34). Yet in the
context of V(D)J recombination, HMGBI is thought to
be stably integrated into the recombinase complex
throughout V(D)J recombination, as it has been identified

as a component of the signal complex, paired complex and
the post-cleavage signal-end complex (35-37). The method
by which HMGBI functions as an architectural protein in
V(D)J recombination is not known, but it has been sug-
gested that a specific interaction between the RAG1 NBD
and HMGBI can recruit HMGBI to the RSS (38). This
interaction, identified by pulldown assays, was suggested
to occur in the absence of DNA (38). The authors
extended their hypotheses about the possible role of the
RAGI1-HMGBI interaction with the assumption that the
NBD was a homeodomain (HD) (10), sharing a
helix-turn-helix motif with the Hox and Oct HD
proteins, which were known to interact with HMGBI1 or
2 via their HDs (39,40). In light of the recent crystal struc-
ture of the RAG1 NBD showing that it is not a HD and
that it lacks an helix-turn-helix DNA-binding motif (11),
we were interested in further characterizing the RAGI-
HMGRBI interaction. In contrast to the previous study,
we did not find a robust interaction between purified
RAGTI core (RAGIc) and HMGBI proteins alone, using
three different methodologies. We did, however, find a
synergistic binding interaction between RAG1, HMGBI
and DNA, with an increased binding affinity of HMGBI1
for a RAGI-DNA complex over RAGI1 or DNA alone, as
shown by fluorescence anisotropy experiments and
pulldown assays using biotinylated DNA. Interestingly,
this synergistic increase was not found to require an
intact heptamer and nonamer sequence. Our findings
have implications for the mechanism by which HMGBI1
is recruited into RAG-DNA complexes during V(D)J re-
combination and for sequence-specific and non-specific
RAGI1-DNA interactions.

MATERIALS AND METHODS
Plasmids and protein purification

Murine core RAGI (aa 384-1008) fused to an N-terminal
maltose-binding protein (MBP) tag and C-terminal 6xHis
tag encoded by plasmid pCIM233 was purified from
BL21(ADE3) Escherichia coli as previously described
(18), with minor modifications. In contrast to the pub-
lished protocol, protein expression was induced with
Smg/l isopropyl B-D-1-thiogalactopyranoside (IPTG),
bacterial pellets were resuspended in PB500 buffer
(500 mM NaCl, 20mM Tris—Cl pH 7.4, 10% glycerol)
containing final concentration 0.5mg/ml DNAse I,
0.5mg/ml lysozyme and 1x cOmplete ethylenediaminete-
traacetic acid-free protease inhibitor (Roche), and bacteria
were lysed by two passes through an EmulsiFlex-C3 high
pressure homogenizer (Avestin) at 15000-20000 psi.
RAGIc was purified using NiNTA-Superflow (Qiagen)
resin, amylose resin (New England Biolabs) and a
Superdex200 column on an AKTA fast protein liquid
chromatography (FPLC) system (GE Healthcare), and
fractions corresponding to the dimeric peak of RAGIc
were collected. Full-length human HMGBI (aa 2-215)
fused to an N-terminal 6xHis tag encoded by plasmid
pET11d-hHMGBI (41) was purified according to a previ-
ously described protocol (42) with minor modifications.
Instead of being sonicated, bacteria were lysed in a high



pressure homogenizer as described above. HMGBI1 was
purified using an NiNTA-Superflow (Qiagen) column,
then HiTrap SP HP and HiTrap Q HP columns on an
AKTA FPLC system. FPLC fractions corresponding to
majority full-length HMGBI1 as determined by sodium
dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) were pooled. N-terminal glutathione
S-transferase (GST)-tagged murine core RAG2 (aa
1-387) expressed from the pEBG vector was purified
from transiently transfected human embryonic kidney
293T cells using Glutathione Sepharose 4 Fast Flow
resin (GE Healthcare) according to a previously described
protocol (10). Co-expressed MBP-tagged murine core
RAGI1 (aa 384-1040) and RAG2 (aa 1-387) used in
Supplementary Figures S1-S3 were co-purified from tran-
siently transfected human embryonic kidney 293T cells
using amylose resin (New England Biolabs) according to
a previously described protocol (42).

All proteins were aliquoted, flash frozen and stored at
—80°C. HMGBI and RAGIlc concentrations were
determined by amino acid analysis (W. M. Keck
Facility, Yale University). GST-RAG2c and co-expressed
MBP-RAGI1c/MBP-RAG2c concentrations were
determined by comparison with bovine serum albumin
(BSA) standard titration in SDS-PAGE gels stained with
Coomassie Blue or SYPRO Orange (Sigma), respectively.

Mutagenesis and Alexa488-labeling of HMGB1

All HMGBI1 mutations were made in the pETI11d-
hHMGBI1 construct using the QuikChange XL site-
directed mutagenesis kit (Stratagene), and mutations
were confirmed by DNA sequencing. The mutant
HMGBI1 protein with a single enginecered Cys was
created by sequential mutation of Cys23, Cys45 and
Cysl06 to Ala followed by mutation of Ala34 to Cys
(amino acid numbering corresponds to the wild-type
untagged HMGBI protein of 215 residues). This mutant
construct was transformed into BL2I(ADE3)pLysS
bacteria and purified using the purification protocol for
wild-type HMGBI.

Labeling the single Cys HMGBI mutant with
AlexaFluord488 was performed according to a previously
described protocol with some modifications (43).
Fractions from the HiTrap Q HP column containing full-
length HMGBI1-mutant protein were pooled, concentrated
and dialysed overnight into H1 Buffer (150mM NacCl,
50mM sodium phosphate pH 7.0). Mutant HMGBI
(100 uM) was incubated with 10 mM dithiothreitol (DTT)
for 10 min at 25°C, then DTT was removed by passage over
a Nap5 desalting column (GE Healthcare) with buffer
exchange into Labeling Buffer (500mM NaCl, 50mM
sodium phosphate pH 7.0). A concentrated solution of
AlexaFluor488-Cs-maleimide  (Molecular Probes) in
Labeling Buffer was added to the reduced proteins to a
final Alexa488 concentration of 0.5mM. Reactions were
rocked for 4h at 4°C in the dark, under a non-oxidizing
atmosphere of N,. Excess Alexa488-maleimide was
inactivated by addition of B-mercaptoethanol to a final
concentration of SmM and rocked for 15min at 4°C.
Free dye was removed by passage over a Napl0 desalting
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column (GE Healthcare) with buffer exchange into H1
Buffer followed by passage over two PD-10 desalting
columns (GE Healthcare), collecting and pooling those
fractions containing HMGBI1-A488 protein but not free
dye. Pooled fractions were concentrated and extensively
washed in an Amicon Ultra concentrator (Millipore) with
Dialysis Buffer (200mM NaCl, 50mM sodium phosphate
pH 7.0, 10% glycerol, 2mM DTT). Aliquots were flash
frozen and stored at —80°C. Protein concentration was
determined by amino acid analysis (W. M. Keck Facility,
Yale University).

Labeling efficiency was estimated from the absorption
spectra of the HMGBI1-A488 using the extinction coeffi-
cient of 72000M'cm™' (44) for Alexa488 and of
21340 M 'ecm™!' for HMGBI as calculated from protein
sequence (45). Absorbance at 280 nm was corrected for the
contribution of the Alexa488 by subtraction of 0.11 times
the absorbance at 494 nm (44).

DNA oligonucleotides

All dsDNA substrates were prepared by annealing the
complementary oligonucleotides followed by gel purifica-
tion. AlexaFluor488-labeled oligonucleotides were labeled
at the 5’ end of their top strand and oligonucleotides for
biotin pulldown assays were biotinylated at the 5" end of
their bottom strand. The sequences of the top strand
oligonucleotides were as follows: 23RSS, d(GATCTGG
CCTGTCTTACACAGTGATGGAAGCTCAATCTGA
ACTCTGACAAAAACCTCGAGCGGAQG); 23MUT,
d(GATCTGGCCTGTCTTAACGCAGTATGGAAGC
TCAATCTGAACTCTGTGTCTCTGATCGAGCGGA
G); 23SCR, d(GCTGCGTCTCAAGTTACGCTGCGAG
GAATCCTGGTAAGATCTGCGTTAAGTCGGATTC
ATCTACG). The 23RSS sequence shows the heptamer
and nonamer in bold. The 23MUT was designed to
scramble the heptamer sequence (bold) and mutate the
nonamer sequence (bold) to a previously tested nonamer
mutant (46), however the nonamer mutation in 23MUT
created an inadvertent six of seven heptamer match in the
reverse complement of the spacer/nonamer sequence
(underlined). The 23SCR is a scrambled version of the
23MUT sequence designed to avoid any heptamer or
nonamer-like sequences.

Oligonucleotides used in biotin pulldown experiments
were synthesized and ion-exchange high performance
liquid chromatography (HPLC) purified by Integrated
DNA Technologies. AlexaFluor488-labeled oligonucleo-
tides used in anisotropy experiments were synthesized
and HPLC purified by Sigma. Primers used for mutagen-
esis were synthesized and desalted by Sigma or Invitrogen.

RAG1-HMGBI1 pulldown experiments

To measure HMGBI pulldown by RAGIc in the absence
of DNA, RAGIc, HMGBI and RAG?2c, as indicated in
Figure 2, were incubated with 1.5pg BSA in 20l of
pulldown buffer (5mM MgCl,, ImM DTT, 130mM
NaCl, 10mM sodium phosphate pH 7.4, 2.7mM KClI,
10% (v/v) glycerol) for 30 min at 25°C after which 10 pl
of pre-washed 50% amylose bead slurry (New England
Biolabs) was added to each tube. Reactions were
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incubated for 30 min, supernatant removed, beads washed
four times with 100 pl of pulldown buffer and beads boiled
in SDS-PAGE sample buffer. Fractions were separated by
SDS-PAGE and analysed by western blot analysis.
Fractions of input, supernatant, washes and eluate
loaded for each experiment were 1/20, 1/5, 1/10 and 1/5,
respectively. Western blots were simultaneously probed
with anti-HMGBI, anti-RAG1 and anti-RAG2 primary
antibodies. The anti-HMGBI antibodies were generated
by immunizing rabbits with the peptide
CKPAAKKGVVKAEKSK, spanning murine HMGBI
residues 167—182, and affinity purifying specific antibodies
from the serum using the peptide. The anti-RAG1 mono-
clonal antibody #23 was generated as previously described
(47), and the anti-RAG2 monoclonal antibody #8 was
generated as previously described for anti-RAG2 mono-
clonal antibody #11 (47). The concentrations of RAGI
and HMGBI1 used in these experiments were initially
determined by comparison with BSA standards as
described for RAG2c. These concentrations were then
corrected to the reported values by using protein-specific
conversion factors derived from the concentrations of
HMGBI and RAGI preparations obtained by both BSA
standard and amino acid analysis.

Size exclusion chromatography experiments

HMGBI and RAGIc were incubated in binding buffer
(10 mM Tris—Cl pH 7.4, 50mM KCI, 1.5mM MgCl,,
2mM DTT, 6% (v/v) glycerol) for 10min at 25°C,
cooled on ice for Smin and loaded into the AKTA
FPLC system (GE Healthcare) for separation on a
Superdex200 PC3.2/30 gel filtration column in the same
binding buffer at 4°C. Eluted fractions were collected and
analysed by western blot with anti-RAGT1 or anti-HMGB1
primary antibodies. HMGBI1 alone, RAGIc alone and a
protein standard mixture of BSA, carbonic anhydrase and
cytochrome C were similarly separated on the
Superdex200 PC3.2/30 column and analysed by western
blot (HMGBI, RAGIc) or Coomassie Blue (protein
standards).

Anisotropy experiments

Fluorescence anisotropy experiments were performed ac-
cording to a previously described protocol with some
modifications (19). Measurements were performed on a
PTI QuantaMaster C-61 T-format fluorescence fluorom-
eter equipped with excitation and emission ultraviolet-
transmitting Glan-Thompson plane polarizers. All
binding reactions were performed at 25°C in the same
quartz cuvette. To determine binding affinities of DNA
to RAGIlc or HMGBI, increasing amounts of protein
were titrated into 50nM Alexa488-labeled 23RSS or
23MUT DNA in anisotropy buffer containing 50 mM
KCl, 10mM Tris—Cl pH 7.4 and 2.5mM MgCl,, and
fluorescence anisotropy was recorded after 3 min equili-
bration. To investigate binding of HMGBI to RAGIc,
23RSS or a combination of RAGIlc plus 23RSS,
increasing amounts of protein or DNA were titrated
into 30nM HMGBI1-A488 in the same anisotropy
buffer. Excitation was achieved with a 5-nm slit-width at

495nm, and emission was recorded at 520nm with a
slit-width of 7nm. Intensities were corrected for fluctu-
ation in lamp intensity and averaged over a period of
30s. All intensities were also corrected by subtracting
the emission of a blank buffer solution in the appropriate
excitation and emission polarization for each corrected
value. In addition, emission spectra with excitation at
495nm were taken before and after the addition of
protein to the Alexa488-labeled DNA for use in correc-
tions for fluorescence quenching due to protein binding
(see below). Anisotropy of Alexa488-labeled DNA or
HMGBI and the fraction DNA bound were calculated
as described below (48).
Observed anisotropy (r) was calculated as

r=Iyy — Glyn)/(Iyy+2Glyy) (1

where G is the G factor, which corrects for the unequal
sensitivity of the monochromators for vertically and hori-
zontally polarized light, and Iy, and Iy are the vertical
and horizontal emission, respectively, of the sample
excited with vertically polarized light. The G factor cor-
rections were calculated from

G =Iny/Iyn 2

where Iy, and Iy are the vertical and horizontal
emission, respectively, of the sample excited with horizon-
tally polarized light. To determine binding affinity of
RAG1 or HMGBI for 23RSS-A488 or 23MUT-A488,
the fraction of DNA bound at each point in the binding
curve was calculated by the equation
(r—rp)

b= (r—rp)+R@rpg—r) S
where f3 is the fraction of DNA bound, r is the observed
anisotropy of the DNA at each protein concentration, rp
is the anisotropy of the free DNA, rp is the anisotropy of
the of the bound DNA (fully saturated by protein, in the
plateau region of the curve) and R is the ratio of the
intensities of the bound and free forms of the
Alexad88-labeled DNA, calculated from the emission
spectra of the bound and free DNA. These data were fit
to the Hill equation

— [P]n — ([P]toral_nfB[R]mtal)n
K%_._[P]n K711)+([P]total_nfB[R]mtal)n

/B )
where K is the apparent dissociation constant, [P] is free
protein concentration, 7 is the Hill coefficient, which gives
an estimate of number of protein molecules bound to the
DNA, [Pl;o:s 1s total protein concentration and [R],,.
is the total DNA concentration. The substitution
of [Plipia—1B[R)ipiq for [P] is explained by applying
the following equations [P] = [Pl — [Plrowna and
[P]b()und = n[R]bound and [R]baund :fB[R]tota/’ where
[R]pouna 18 concentration of DNA bound by protein.
Estimates of n and K, were found using a program
written by Eric Harley (Doctoral Candidate in Applied
Mathematics, Johns Hopkins University) running in
Matlab R2009b (The MathWorks), using Matlab’s
fminsearch to minimize g(n,Kp), which minimizes the



sum of the absolute deviations from equality over all
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Biotinylated DNA pulldown

Biotin pulldown reactions were assembled on ice with
HMGBI and/or RAGIlc added to 50nM biotinylated
DNA (23RSS or 23SCR) in binding buffer (10 mM Tris—
Cl pH 7.4, 50mM KCI, 2mM MgCl,, 0.01% Tween 20).
Reactions were rocked at 25°C for 10min, 10pl
pre-washed magnetic streptavidin-coupled Dynabeads
(Life Technologies) were added to each reaction and all
remaining steps were carried out at 4°C. Reactions were
rocked for 15min, supernatant removed and beads
washed three times. Beads were transferred to a new
tube, boiled in SDS-PAGE sample buffer and the entire
reaction was loaded onto SDS-PAGE for analysis by
western blot with anti-HMGBI1 antibody or anti-RAG1
antibody as indicated.

RESULTS

RAGT1 does not robustly interact with HMGB1
in pulldown assays

A previous study reported an interaction between
HMGBI1 and RAGI by pulldown assay, which was
localized to the NBD of RAGI and boxes A and B of
HMGBI1 (38) (Figure 1A). In light of new structural
data showing that the NBD of RAGI is not a HD (11),
we sought to reexamine and further localize the regions
involved in the RAGI-HMGBI interaction.

We first investigated the ability of RAGIc to interact
with HMGBI1 by pulldown assay using purified MBP-
tagged RAGIlc and full-length HMGBI proteins (Figure
1A and B). Pulldowns were performed at 25°C using
amylose resin, and proteins remaining bound to the
resin after multiple washes were detected by western
blot. Under these conditions, RAGIlc did not pulldown
HMGBI either alone (Figure 2A) or in the presence of
GST-RAG?2 core (RAG2c) (Figure 2B), while RAGIc
did demonstrate an association with RAG2c¢ (Figure
2B), a well-known RAGI interaction partner (49-51). At
longer exposures, a faint band of HMGB1 was detectable
in the eluate of RAGIlc + HMGBI, indicating a small
amount of HMGBI! pulldown (Figure 2A, lower panel).
However, at this exposure, a small amount of RAG2c¢ was
also detected in a control reaction containing HMGBI1
and RAG2c but not RAGIlc (Figure 2C, lower panel),
suggesting that at this exposure, we may be detecting
non-specific binding to the resin. Alternate conditions
for the pulldown experiment, including performing experi-
ments at 4°C, using higher concentrations of both
HMGBI1 and RAGI, and using a C-terminal truncated
version of HMGBI to mimic the tailless HMGBI
protein used in the previous study, did not result in
more consistent or robust HMGBI pulldown by RAGI1
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(data not shown). Potential explanations for the discrep-
ancy between our findings and those of Aidinis et al. (38)
are considered in the ‘Discussion’ section.

RAGTI interacts weakly with HM GBI in size exclusion
chromatography experiments

Having been unable to identify a significant interaction
between RAGI and HMGBI1 by pulldown, we
investigated the potential interaction by size exclusion
chromatography, in which RAGlc and HMGBI1 were
allowed to interact at higher concentrations (2.1 uM and
7.3 uM, respectively) than in pulldown experiments before
being loaded onto a Superdex200 gel filtration column.
The elution profile of HMGBI is similar in the presence
or absence of RAGIc (Figure 3C and E, top panels),
indicating that there is not a robust interaction between
RAGIc and HMGBI under these conditions. Interaction
with RAGI1 should shift a portion of HMGBI into earlier
column fractions, and such a shift is detectable in a longer
exposure of the western blot (Figure 3C and E, bottom
panels). While it is clear that the amount of HMGBI
shifted is small and is sub-stoichiometric to RAGlc, it is
difficult to quantify accurately owing to the substantial
overexposure of the unshifted HMGBI fractions. As
expected, the elution profile of RAGIc, which is present
as a dimer or higher-order multimer (52), is generally
similar in the absence or presence of HMGBI1 (Figure
3B and D). In the presence of HMGBI, however, some
RAGIc trails off into later fractions. This may be due to
precipitation of a small amount of RAGlc, a protein with
known solubility problems, during the incubation at room
temperature followed by a slow return into solution, re-
sulting in some RAGl]c in later fractions. Thus, although
RAGIc and HMGBI do not interact robustly by size ex-
clusion chromatography, these results are suggestive of a
weak interaction.

RAGTI interacts robustly with HMGBI in the presence
but not absence of DNA

Pulldown assays and size exclusion chromatography did
not indicate a robust stable interaction between HMGBI1
and RAGlIc, but both of these methodologies provide
ample time and non-equilibrium conditions for a protein
complex to dissociate between initial binding and subse-
quent analysis of complex formation. To test for an inter-
action using a sensitive, solution-based, true-equilibrium
assay, we engineered a fluorescently labeled HMGBI
protein (Figure 1) for use in fluorescence anisotropy ex-
periments. To accomplish this, the three cysteine residues
in HMBG1 were mutated to alanine, Ala 34 was mutated
to Cys, and the resulting A34C HMGBI protein was
labeled at the unique Cys residue with Alexa488. The
resulting protein (hereafter HMGB1-A488) was found to
be as active as wild-type HMGBl (HMGBI1-WT) in
supershifting RAGI-RAG2-RSS complexes and in
enhancing RAGI-RAG2-mediated nicking and hairpin
formation with a >*P-labeled 23RSS substrate (together
with unlabeled 12RSS) in both timecourse and protein
titration experiments (Supplementary Figures S1-S3).
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Figure 1. RAGI and HMGBI proteins. (A) Diagram of the human
HMGBI full-length and murine RAGlIlc proteins used in this study.
N- or C-terminal 6xHis (shaded pentagon) and MBP (shaded square)
tags are shown. Relevant HMGBI domains and location of
AlexaFluor488 label (triangle) in engineered HMGBI1-Alexa488 are
identified. RAGlc NBD, Central Domain, C-Terminal Domain and
DDE motif (RAGI active-site residues) are shown. (B) SDS-PAGE
Gel stained with Coomassie Blue showing purified RAGlec,
HMGBI-WT and HMGBI-Alexa488. (C) Fluorlmager scan (Em
530nm) of the same gel as in (B), right-hand lane, shows the
Alexa488-labeled HMGBI1 protein (wide filled triangle), HMGBI
breakdown product (asterisk), DNAK contaminating protein (narrow
filled triangle) and free Alexa488 (open triangle). In (B), HMGBI-WT
and HMGBI1-A488 lanes are non-consecutive lanes from the same gel.

Fluorescence anisotropy provides an indirect measure-
ment of rotational diffusion rate, which is an indicator of
molecular size; small molecules tumble more quickly
and therefore have lower anisotropy values. Steady-state
fluorescence anisotropy values include contributions from
both the global rotation of the fluorophore-labeled macro-
molecule, which tumbles relatively slowly, and the seg-
mental motion of the comparatively small fluorophore
itself, which generally rotates quickly around its tether
to the macromolecule. Upon binding of HMGBI1-A488
to another macromolecule, the fluorescence anisotropy
of HMGBI1-A488 is expected to increase due to a
slowing of the tumbling rate (48). The complex containing
HMGBI1-A488 must be substantially larger than
HMGBI1-A488 itself for the interaction to cause an appre-
ciable slowing of the global rotation rate and an observ-
able anisotropy increase (53).

Addition of increasing amounts of RAGlc to a solution
containing 30nM HMGBI1-A488 did not result in a

readily detectable increase in anisotropy (Figure 4A),
and thus did not indicate a detectable interaction under
these conditions. As expected, addition of BSA also did
not increase the anisotropy of HMGB1-A488 (data not
shown). Surprisingly, addition of even a 10-fold molar
excess of 23RSS DNA also did not increase
HMGBI1-A488 anisotropy (Figure 4A), indicating either
a lack of interaction or an inability to detect binding of
this DNA by the HMGBI-A488 using anisotropy (see
below). Importantly, however, addition of a slight molar
excess of 23RSS (50nM) to HMGBI1-A488, a concentra-
tion of 23RSS that by itself does not change the
HMGBI1-A488 anisotropy, allowed for a substantial
increase in anisotropy on addition of RAGIlc, even at
low RAGIc concentrations (Figure 4B). Similar results
were found using another HMGBI1-A488 mutant with
Alexa488 labeled at a different Cys (A54C) (data not
shown). This strongly suggests the formation of a
ternary HMGBI-RAGI1-RSS complex, consistent with
previous gel shift experiments (18), and the low concen-
trations at which the complex is formed suggest a high
binding affinity for complex formation. Interestingly, ex-
periments using a mutant 23RSS oligonucleotide
(23MUT) revealed that this interaction was independent
of an intact nonamer sequence (Figure 4B), likely due to
the fact that under some conditions, RAG]lc has substan-
tial non-specific DNA-binding affinity (20,21,54). The
23MUT sequence was designed to disrupt both the
heptamer and nonamer sequences, but was subsequently
noted to contain an inadvertant six of seven match to the
heptamer (see ‘Materials and Methods’ section). Thus, a
scrambled sequence (23SCR) was designed to completely
disrupt the consensus heptamer, nonamer and spacer se-
quences. The 23SCR DNA was found to behave similarly
to both the 23MUT and 23RSS (Figure 4B), confirming
that the formation of the RAGI-HMGBI-DNA ternary
complex does not require an intact nonamer or heptamer
sequence.

Binding of RAG1 and HMGBI1 to fluorescently
labeled DNA

Due to the unexpected finding that addition of 23RSS did
not increase the anisotropy of HMGBI1-A488, a known
DNA-binding protein, we performed the reciprocal
binding experiment with AlexaFluor488-labeled 23RSS
(23RSS-A488) and HMGBI-WT. HMGBI has a
reported Ky for B-form DNA ranging from 20 x 1077 to
over 107° M depending on method, conditions and length
of DNA used (55,56). As such, the lack of anisotropy
increase for 23RSS added to HMGB1-A488 was consist-
ent with either a lack of interaction or a lack of sensitivity
in the assay for the binding of DNA only slightly larger
than the Alexa488-labeled protein (~40kDa and 27 kDa,
respectively).

On addition of HMGBI1-WT to 23RSS-A488, anisot-
ropy was found to increase, indicating HMGBI1 binding
to the 23RSS with an estimated Ky 4, of 57nM (Figure
SA). The apparent contradiction between this result and
that of the HMGB1-A488 anisotropy experiments can be
reconciled by considering contributions from the two
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Figure 2. Pulldowns of RAGIc and associated protein, as shown by western blot. Purified HMGBI (0.75 pg) was incubated with (A) 0.25ug RAGlc,
(B) 0.25 ug RAGIc + 0.75 pg RAG2c or (C) 0.75 pg RAG2c in 20 pl of binding buffer at room temperature for 30 min. Amylose beads were added to
pulldown the MBP-tagged RAGlc, and the beads were washed four times with binding buffer before elution by boiling in SDS-PAGE buffer.
HMGBI, RAGIc and RAG2c in the input (I), unbound supernatant (S), washes 1-4 (W1-4) and eluate (E) were detected by western blot using
anti-HMGBI, anti-RAGI1 and anti-RAG2 primary antibodies. One-minute (top) and 20-min (bottom) exposures are shown for each membrane.
Representative of data obtained from four independent experiments. The positions of molecular weight markers and RAGlc (R1), RAG2c¢ (R2) and

HMGBI (H1) are indicated to the left and right of each blot, respectively.

components of the steady-state anisotropy measurement,
the global rotation of the 23RSS-A488 and the segmental
rotation of the Alexa-488. It is likely that a substantial
portion of the anisotropy increase upon HMGBI
binding to 23RSS-A488 originates from a stabilization
of local Alexa-488 rotation. While this is an accepted in-
dicator of binding in an anisotropy assay, it is
system-dependent and must be empirically determined
(53), and there may not be such a stabilization of segmen-
tal fluorophore motion in the HMGBI1-A488 anisotropy
experiments. Regardless of the explanation, however, the
data of Figure 5A suggest that the lack of interaction
detected in anisotropy experiments with HMGB1-A488
plus 23RSS DNA is due to a lack of sensitivity of the
assay and not to a lack of interaction. It is unlikely that
this discrepancy is due to an inability of the mutant
HMGBI1-A488 to bind DNA, as HMGB1-A488 is active
in enhancing RAG-mediated cleavage and in supershifting
RAGI-RAG2-RSS complexes (Supplementary Figures
S1-S3), and it binds high-affinity binding partners such
as four-way junction DNA by gel shift (Supplementary
Figure S4). As expected, the affinity of HMGBI1 for
DNA was sequence independent, with similar Kg ,pp
estimated for 23RSS and 23MUT (57nM and 66 nM, re-
spectively) (Figure 5A).

To investigate the sequence dependence of RAGIc
binding to 23RSS versus 23MUT DNA, we performed
anisotropy experiments with AlexaFluor488-labeled

23RSS or 23MUT (23MUT-A488). RAGIlc bound both
the 23RSS-A488 and 23MUT-A488 (Figure 5B), although
binding was somewhat stronger to the former, with an
estimated Kg ,pp of 78n1M and 104nM for 23RSS-A488
and 23MUT-A488, respectively. This suggests that
RAGIc binding to a 23RSS, like binding to a 12RSS
(20,21,54), has both non-specific and specific components.

RAGTI increases the binding affinity of HM GBI for
a RAG1-DNA complex over DNA alone

To validate these results in another system and directly
test whether HMGB1 has an increased affinity for a
RAGI-DNA complex versus DNA alone, we performed
pulldown assays with biotinylated 23RSS under condi-
tions similar to those used in the anisotropy experiments.
In the absence of RAGIc, little to no HMGBI is pulled
down by the 23RSS DNA (Figure 6, lane 3), consistent
with weak or transient binding of B-form DNA by
HMGRBI, and consistent with the small increase in anisot-
ropy seen with 23RSS-A488 and this concentration
(12.5nM) of HMGBI (Figure S5A, inset). However,
HMGBI pulldown by 23RSS DNA is increased substan-
tially by the addition of RAGlc, in a concentration-
dependent manner (Figure 6, lanes 4-5). This suggests
that HMGB1 has a markedly higher affinity for a
RAGI1-23RSS complex than for 23RSS alone, in agree-
ment with our anisotropy experiments.


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1461/-/DC1
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Figure 3. Protein separation by size exclusion chromatography. Purified (A) molecular weight markers BSA (67 kDa), carbonic anhydrase (CA,
30kDa) and cytochrome C (CytC, 12kDa) or (B) RAGlc (2.6 uM) or (C) HMGBI (7.3 pM) were run on a Superdex200 gel filtration column at 4°C,
and protein in each fraction was separated by SDS-PAGE and detected by (A) Coomassie or (B, C) western blot using anti-RAG1 or anti-HMGBI
antibodies, respectively. (D, E) Purified RAGlc (2.1 uM) and HMGBI (7.3 uM) were co-incubated at 25°C for 10 min, cooled to 4°C and run on
Superdex200 at 4°C. After SDS-PAGE and transfer, membranes were cut and the upper and lower portions probed with anti-RAG1 (D) and
anti-HMGBI (E) antibodies, respectively. Fraction number is indicated above each blot. Positions of molecular weight markers and RAGIlc (R1),
HMGRBI (H1), BSA, CA and CytC are indicated to the left and right of each blot, respectively. A repeat experiment using higher HMGBI and
RAGT concentrations (10 uM and 4.0 pM, respectively) showed similar results. All panels show 3-5-min western blot exposures except lower panels
in (C) and (E), which are 20-min exposures. All panels depict two separate identically treated gels or blots to encompass fractions 11-31.

In addition, this synergistic binding effect of adding
RAGIc did not require an intact nonamer or heptamer,
as HMGBI pulldown by biotinylated 23SCR DNA was
also increased in a RAGI concentration—dependent
manner (Figure 6, lanes 7-9) consistent with our
anisotropy results (Figure 4B). Interestingly, in the
presence of RAGlIc, there was more total HMGBI
pulldown by 23RSS as compared with 23SCR (Figure 6,

compare lanes 4-5 with 8-9), paralleling the greater
RAGIc pulldown by 23RSS versus 23SCR in the
absence of HMGBI (Figure 6C). In the absence of
RAGI, the pulldown of the sequence non-specific
HMGB1 by 23SCR and 23RSS is identical and
requires higher HMGBI1 concentrations (50-100nM) to
detect pulldown (Figure 6B). Taken together, these data
suggest that the increased HMGBI1 pulldown in the
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Figure 4. Binding of HMGBI-Alexa488 to RAGI and DNA, as monitored by fluorescence anisotropy. (A) Fluorescence anisotropy of 30 nM
HMGBI-Alexa488 incubated in solution with increasing concentrations of 23RSS (filled circles) or RAGlc (open triangles). (B) Fluorescence
anisotropy of 30nM HMGBI1-Alexa488 pre-incubated with 50 nM 23RSS (filled triangles), 50nM 23MUT (open squares) or 50nM 23SCR (open
circles) plus increasing concentrations of RAGIlc. Concentration of RAGIc indicates concentration of RAGIlc monomer. Each data point depicts the
mean and SEM of at least two (23RSS) or three (RAGIc, 23RSS+RAGIc, 23MUT + RAGIc, 23SCR + RAGIc¢) individual determinations. In (B),

inset enlarges plot area containing 0-100nM RAG]c.
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Figure 5. Binding of 23RSS-Alexa488 or 23MUT-Alexa488 by
HMGBI-WT or RAGIlc, as monitored by fluorescence anisotropy.
(A) Fluorescence anisotropy of 50nM 23RSS-Alexa488 (closed tri-
angles) or 23MUT-Alexa488 (open squares) incubated with increasing
concentrations of (A) HMGBI-WT or (B) RAGlc. Concentration of
RAG]c indicates concentration of RAGlc monomer. Data were fitted

0

presence of RAGI is dependent on DNA-binding by
RAGIc.

DISCUSSION

The goal of this study was to reexamine and further
localize the sites of RAGI-HMGBI interaction in light
of recent structural data showing that the NBD of
RAGTI is not a HD (11). In contrast to a previous study
(38), we did not find a robust interaction between the
purified RAGIlc and HMGBI1 proteins in either
pulldown or size exclusion chromatography experiments.
We did, however, find a synergistic binding interaction
between RAG1, HMGBI and DNA. The requirement of
DNA for a robust HMGB1-RAGTI interaction precluded
us from pursuing our intended goal of localizing the sites
of RAGI-HMGRBI interaction, as mutation of the RAGI
NBD is likely to affect the DNA-binding ability of RAGI,
which would be difficult to distinguish from an effect on
the RAGI-HMGBI protein—protein interaction. Our
fluorescence anisotropy experiments and pulldown
assays using biotinylated DNA indicate that HMGBI
has a higher binding affinity for a RAGI-DNA complex
versus RAG1 or DNA alone. This is clearly illustrated by
the stronger signal seen in lanes 4, 5, 8 and 9 compared
with lanes 3 and 7 in Figure 6A. It is also illustrated by the
dramatic increase in anisotropy (~75% of the maximal

Figure 5. Continued

to Equation 4 to generate binding curves of (A) HMGBI-WT or (B)
RAGIc with 23RSS (continuous line) or 23MUT (broken line), yielding
estimated Kd and Hill coefficient values (n) of 57nM (n = 1.4) and
66nM (n = 1.3) for HMGBI-WT binding 23RSS or 23MUT, respect-
ively, and 78 nM (n = 1.6) and 104nM (n = 1.9) for RAGIlc binding
23RSS or 23MUT, respectively. Each data point depicts the mean and
SEM of two (A) or three (B) individual determinations. In (A), inset
enlarges plot area containing 0-90nM HMGBI1-WT.
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Figure 6. Pulldowns of biotinylated DNA and associated HMGBI1 or RAGlIc, as shown by western blot. (A) Purified HMGBI1 (12.5nM) was
incubated with 50 nM biotinylated 23RSS (lanes 3-5) or 23SCR (lanes 7-9) plus increasing concentrations of RAGlc (0, 23 or 46nM) at 4°C for
10min. Streptavidin beads were added to pulldown biotinylated DNA, and beads were washed three times with binding buffer before elution in
SDS-PAGE buffer. HMGBI in the eluate was detected by western blot with an anti-HMGBI antibody. As a negative control, each non-biotinylated
DNA was incubated with 12.5nM HMGBI plus 50nM RAG]Ic and subjected to the same pulldown method (lanes 2 and 6). Input (lane 1) contains
1/25 of pre-pulldown HMGBI. (B) Purified HMGBI1 (50 nM, lanes 10-11; 100 nM, lanes 12-13) was incubated with 50 nM biotinylated 23RSS (lanes
10, 12) or 23SCR (lanes 11, 13) and biotinylated DNA was pulled down as in (A). HMGBI in the eluate was detected by western blot with an
anti-HMGBI antibody. Input (lane 14) contains 1/25 of pre-pulldown HMGBI. (C) Purified RAGIlc (23 nM) was incubated with 50 nM biotinylated
23RSS (lane 15) or 23SCR (lane 16), and biotinylated DNA was pulled down as in (A). RAGIc in the eluate was detected by western blot with an
anti-RAG1 antibody. Input (lane 17) contains 1/50 of pre-pulldown RAG]lc. Positions of molecular weight markers and HMGBI1 (H1) or RAGlc
(R1) are indicated to the right and left of each blot, respectively. Lanes 1-5 and 6-9 are from separate identically treated blots, lanes 10-14 are
non-consecutive lanes from the same blot and lanes 15-17 are non-consecutive lanes from the same blot. Panels A and C are representative of data
obtained from three independent experiments; panel B depicts an experiment performed once.

increase observed) seen when the three components were
incubated together at low concentrations of 30nM
HMGBI1-A488, 50nM 23RSS and 50nM RAGIc
(Figure 4B); in contrast, similar concentrations yielded
small increases in anisotropy when only two components
were present (Figure SA and B). These data suggest that
the pathway to assembly of the functional recombinase
complex is primarily through binding of HMGBI to a
pre-formed RAGI-DNA complex, which may or may
not contain RAG?2, and not via binding of an RSS by a
pre-bound RAGI-HMGBI1 or RAGI-RAG2-HMGBI
complex as had been previously proposed (38). Given
the transient interaction of HMGBI1 with chromatin
(33,34) and the weak or transient interaction of HMGBI
with B-form DNA in the absence of RAG1 as found in
our biotin pulldown experiments, a pathway of complex
assembly involving a pre-formed HMGBI1-DNA complex
recruiting RAGI1 is also less likely. Interestingly, the syn-
ergistic HMGBI-RAGI-DNA binding interaction was
not found to require an intact heptamer and nonamer se-
quence. This raises the possibility that a similar series of
binding events (RAGI binding to DNA followed by in-
corporation of HMGBI) supports the formation of
RAGI-HMGBI-non-specific DNA complexes in vivo
(discussed further below).

The tighter binding of HMGBI1 to a RAGI-DNA
complex over DNA alone also suggests a mechanism by
which this notoriously transient DNA-binding and
-bending protein can become stably integrated into the
V(D)J recombinase complex. Although HMGBI has
been identified as a cofactor in the assembly of a wide
variety of nucleoprotein complexes, it is not often found
as a stable component of the assembled complex. HM GBI
has been found to interact directly with the HDs of the
Hox and Oct proteins, and HMGBI enhances their
DNA-binding activity and transcriptional activation.
Nonetheless, there is no evidence of a ternary complex
of HMGBI1 with either of these proteins and their
cognate DNA by clectrophoretic mobility shift assay
(EMSA) (40,57). Similarly, many of the steroid (class I)

nuclear receptors have enhanced site-specific binding and
transcriptional activity in the presence of HMGBI, and
both progesterone receptor and estrogen receptor
directly interact with HMGBI via their DNA-binding
domains (58,59). However, ternary complexes of
HMGBI with these proteins and their cognate DNA are
difficult to isolate (60,61), suggesting that a complex con-
taining HMGBI is a transient intermediate. In contrast,
stable integration of HMGBI appears to be an important
element of the functional V(D)J recombinase complex, as
HMGBI has been found in complexes throughout the
cleavage reaction, from the signal complex and paired
complex to the post-cleavage signal end complex (35—
37). Our finding of high-affinity HMGBI binding to a
RAGI-DNA complex suggests an explanation for its
stable incorporation into V(D)J recombinase complexes.
The lack of interaction identified between RAGlc and
HMGBI by pulldown assay in our work is in contrast to
the results of the previous study (38). This may be due to
the relative purity of the proteins used in each study. The
RAGIc and HMGBI proteins used here have been
purified over several affinity, ion exchange and sizing
columns to ensure purity, whereas the previous study
used a single affinity column purification of GST-tagged
proteins. Our finding that the presence of even small
amounts of DNA greatly increase complex formation
suggest that the presence of even slight DNA contamin-
ation in the protein preparations of Aidinis et al. (38)
would have led to the detection of a significantly more
robust RAGI-HMGBI interaction than we observe in
the absence of any DNA. An alternative explanation for
the difference between our findings and those of the
previous study is the source of the RAGIc protein,
which we purified from E. coli and Aidinis and colleagues
purified from transfected mammalian cells (38). However,
RAGIc from E. coli is fully functional in both RSS
cleavage and binding assays (11,18,62), and is capable of
a functional interaction with HMGBI1 as evidenced by
enhanced RAG-mediated 23RSS cleavage and binding in
the presence of HMGBI (Supplementary Figure S5).


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gks1461/-/DC1

Thus, it is unlikely that a functionally significant RAG1-
HMGBI interaction would require RAG1 purified from a
mammalian source. Finally, it is possible that the MBP tag
on RAGI somehow inhibits a RAGI-HMGBI inter-
action, as the previous study used GST-tagged RAGI
proteins. However, both MBP and GST are bulky tags,
and both were attached to the N-terminus of the RAGI
constructs used, so this is unlikely to be an important
difference.

Based on an experiment with a single concentration of
RAGI1 pulled down by a single concentration of
immobilized HMGBI, Aidinis and colleagues estimated
that the RAGI-HMGBI interaction had a K4 on the
order of 107> M (38). Our data suggest that this inter-
action is even less robust. For example, given an estimated
K4 of 107> M and the assumption of 1:1 binding, in our
size exclusion chromatography experiments using 7.3 uM
HMGBI and 2.1uM RAGI, we would expect to see
~11% of the HMGBI shifted into earlier fractions, but
far less was observed (Figure 3E). Our pulldown and size
exclusion chromatography data are more consistent with a
RAGI-HMGBI interaction with a K4 on the order of
107" M or higher, though this may underestimate the
true interaction due to complex dissociation during the
course of the experiment. Whether the RAGI-HMGBI1
interaction is on the order of 10™* or 10™> M, however,
may not be of significant consequence. While this protein—
protein interaction could be physiologically relevant, as
many biologically significant interactions have similarly
high dissociation constants (e.g. some enzyme—substrate
interactions), these weak interactions are typically transi-
ent and require less than a few seconds to achieve a
biologically significant effect (63). This weak protein—
protein interaction is unlikely to provide the primary
path for HMGBI recruitment to the functional V(D)J
recombinase, as the interaction between HMGBI and a
RAGI-DNA complex is significantly more robust;
whereas the interaction between HMGBI1 and RAGI
alone is difficult to detect, ternary complex formation is
readily detectable by fluorescence anisotropy and biotin
pulldown experiments at nanomolar concentrations of
all components.

It has previously been shown that HMGB?2 increases
the affinity of RAG1 for the 23RSS (18), and our work
has identified the reciprocal effect on HMGBI1. While the
precise mechanism of the recruitment of HMGBI to a
RAGI-DNA complex is not known, it is appealing to
think that HMGBI is recruited by a combination of its
high affinity for bent DNA and its weak affinity for
RAGI1. HMGBI has significant intrinsic affinity for bent
or distorted DNA, and RAGI alone has been shown to
bend DNA (64). In addition, HMGBI1 might bind
RSS-bound RAGI1 more robustly than free RAGI, as
RAGI1 wundergoes significant conformational changes
upon binding to the RSS (19,52). Notably, recent experi-
ments demonstrate that the 23RSS adopts a strongly bent
‘U’ shape in the paired complex, with bending nearly as
strong when RAG2 is omitted from the reaction,
indicating that RAG1 and HMBGI are sufficient to
induce a large bend in the 23RSS (65). We do not know
if the RAGI-HMGRBI protein—protein interaction in the
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presence of DNA is mediated by the RAG1 NBD, but it
would be interesting to identify the sites of protein—protein
interaction, if any, in this ternary complex. It is possible
that the high affinity of HMGBI1 for a RAGI-DNA
complex helps explain how HMGB2 increases the
affinity of RAGI1 for the RSS. HMGBI1 (or HMGB?2)
can stabilize a DNA bend such as the one created by
RAGTI1 binding, potentially decreasing the off rate of
RAGI. This might be the primary mechanism by which
the DNA-binding/-bending protein increases RAGI
binding affinity, as opposed to recruiting RAGI by
pre-bending DNA or by causing a conformational
change in RAGI] to stabilize its DNA binding, mechan-
isms suggested for HMGBI1 enhancement of DNA-
binding by p53 and progesterone receptor, respectively
(59,66,67).

The interplay between HMGBI and RAGI in the
context of DNA has interesting implications for the
DNA-binding activity of both proteins in vivo. Although
the functional V(D)J recombinase complex requires
RAG?2, there are several phases during the cell cycle
when RAGI1 might function independently, as RAG2 is
degraded at the G1/S boundary and is absent during S/
G2/M (22,68). When expressed together, RAGI and
RAG?2 bind in a largely coincident pattern within ‘recom-
bination centers’ in the immunoglobulin or T-cell receptor
loci, strongly suggesting that they bind as a RAGI-
RAG2-RSS complex. When expressed alone, RAGI still
binds to RSSs in the majority of these loci (69), perhaps
stabilized by HMGBI1. Given the known non-specific
DNA-binding activity of RAGI, particularly in the
absence of RAG2 (20,21,54,70), it is reasonable to
consider the possibility that binding of RAGI is not
limited to these antigen receptor loci. Based on our
in vitro studies and the high concentration of HMGBI
in the nucleus, we postulate that the majority of
chromatin-bound RAGTI1 is present in the form of co-
operatively bound RAGI-HMGBI1-DNA complexes. It
remains to be seen whether these complexes, which
would be predicted to exhibit only low levels of RSS spe-
cificity, would be forced into a more sequence-specific
mode of binding in the presence of RAG2 (20).
Alternatively, upon RAG2 expression after M phase, a
RAGI-HMGBI-DNA complex might be capable of
recruiting RAG2 to non-RSS locations throughout the
genome, thereby creating the functional V(D)J recombin-
ase complex at off-target sites and providing a pathway
for chromosomal translocations.
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