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RAG1 and RAG2 proteins catalyze site-specific DNA cleavage reactions in V
(D)J recombination, a process that assembles antigen receptor genes from
component gene segments during lymphocyte development. The first step
towards the DNA cleavage reaction is the sequence-specific association of
the RAG proteins with the conserved recombination signal sequence (RSS),
which flanks each gene segment in the antigen receptor loci. Questions
remain as to the contribution of each RAG protein to recognition of the RSS.
For example, while RAG1 alone is capable of recognizing the conserved
elements of the RSS, it is not clear if or how RAG2 may enhance sequence-
specific associations with the RSS. To shed light on this issue, we examined
the association of RAG1, with andwithout RAG2, with consensus RSS versus
non-RSS substrates using fluorescence anisotropy and gel mobility shift
assays. The results indicate that while RAG1 can recognize the RSS, the
sequence-specific interaction under physiological conditions is masked by a
high-affinity non-sequence-specific DNA binding mode. Significantly,
addition of RAG2 effectively suppressed the association of RAG1 with
non-sequence-specific DNA, resulting in a large differential in binding
affinity for the RSS versus the non-RSS sites. We conclude that this represents
a major means by which RAG2 contributes to the initial recognition of the
RSS and that, therefore, association of RAG1 with RAG2 is required for
effective interactions with the RSS in developing lymphocytes.
© 2009 Elsevier Ltd. All rights reserved.
Keywords: protein–DNA interactions; V(D)J recombination; gel mobility
shift assay; fluorescence anisotropy; recombination signal sequence
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Introduction

RAG1 and RAG2 comprise the site-specific endo-
nuclease that creates DNA double-strand breaks in
the initial steps of V(D)J recombination.1,2 Comple-
tion of the recombination process results in the
combinatorial assembly of component gene seg-
ments to yield functional antigen receptor genes, an
essential requirement for maturation of lympho-
cytes. The precision of the recombination events
occurs through the site-specific recognition of the
recombination signal sequence (RSS) by the RAG
proteins. Each gene segment in the antigen receptor
loci thatmay be selected for recombination is flanked
ess:

ination signal
bility shift assay;
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by an RSS. The RSS contains two conserved se-
quences: a heptamer and a nonamer with consensus
sequences of CACAGTG and ACAAAAACC, res-
pectively. There are two types of RSS (12-RSS and 23-
RSS) that are distinguished by the length of spacer
sequence between the heptamer and the nonamer.
The RAG proteins associate with a 12-RSS and a 23-
RSS in a single complex (12/23 paired complex) as a
prerequisite to the completion of double-stranded
cleavage between each RSS and its flanking gene
segment.3–5 Thus, recombination between two gene
segments is restricted to those flanked by RSS of
differing spacer lengths, a phenomenon referred to
as the 12/23 rule. Following site-specific DNA
cleavage by the RAG proteins, the gene segments
are joined by factors that function in the nonhomo-
logous end joining DNA repair pathway to complete
the V(D)J recombination reaction.6,7

RAG-mediated cleavage at each RSS occurs via
two concerted catalytic steps.8 First, the RAG
proteins nick DNA at the border between the RSS
heptamer and the flanking gene segment. Second,
d.
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the resulting 3′ hydroxyl group is activated to carry
out a nucleophilic attack on the complementary
strand of DNA, forming a DNA hairpin. Therefore,
the products remaining after the creation of each
double-strand break include the RSS with a 5′-
phosphorylated blunt end and the gene segment
terminated by a covalently sealed hairpin, termed
signal and coding ends, respectively. Hairpin form-
ation occurs only in the context of the 12/23 paired
complex; however, nicking can occur at a single
RSS.9–11
The assembly of the 12/23 paired complex appears

to occur by a well-ordered series of macromolecular
associations that is best represented by the capture
model.11 In this model, the RAG proteins appear to
first bind and nick the 12-RSS. This is followed by
recruitment of the 23-RSS, completion of nicking,
and coupled hairpin formation at the two RSS to
complete the cleavage of the double-stranded DNA.
The capturemodel emphasizes the importance of the
RAG proteins and 12-RSS interaction, as this com-
plex initiates V(D)J recombination. However, how
the RAGs promote this site-specific interaction is
not well understood. To understand the formation of
the RAG:12-RSS complex, it is important to elucidate
the contribution of each RAG protein to 12-RSS
recognition.
Murine RAG1 and RAG2 are 1040 and 527 resi-

dues in length, respectively. Truncated forms of both
proteins, referred to as core RAG1 (residues 384–
1008) and core RAG2 (residues 1–387), are the
minimal regions required to catalyze V(D)J recom-
bination both in vitro and in vivo.2 RAG1 contains
binding sites for both the heptamer and the nonamer
of the RSS, as determined by DNA footprinting12

and competition assays.13,14 Initial association with
the RSS is believed to be through recognition of the
nonamer element, which is driven largely through
the N-terminal region (residues 384–470) of core
RAG1.15,16 This region of core RAG1 is referred to as
the nonamer-binding region. Recognition of the RSS
heptamer is mediated by the core RAG1 central
domain (residues 528–760),17–19 with effective inter-
action most likely requiring distortion of the double-
stranded B-form helix at the heptamer/flanking
DNA.13,20–23

It has not been resolved yet whether RAG1 alone
is sufficient to mediate sequence-specific interac-
tions with the RSS, as previous studies of the RAG1:
RSS interaction have produced contradictory con-
clusions. For example, it has been concluded that
RAG1 forms mainly non-sequence-specific interac-
tions with DNA in the absence of RAG2.24 In
contrast, an opposing view is that RAG1 alone could
conceivably form the initial interactions with the
RSS during V(D)J recombination.25 It has also been
suggested that RAG2 enhances sequence-specific
association of RAG1 with the RSS by inducing a
conformational change in RAG1, although the
nature of the conformational change and how it
affects DNA binding are not known.
To gain insight into the relative roles of the RAG

proteins in binding to the RSS, we investigated the
binding affinity of RAGs for the consensus 12-RSS
versus non-sequence-specific (or nonspecific) DNA
substrates using both fluorescence anisotropy and
electrophoretic mobility shift assay (EMSA). Our
findings show that RAG1 alone exhibits sequence-
specific DNA binding character, but that this pro-
perty is masked by a highly cooperative nonspecific
DNA binding interaction. Significantly, RAG2 inhi-
bits the nonspecific DNA binding mode of RAG1 to
promote high-affinity sequence-specific interactions
with 12-RSS. We propose that this is a major me-
chanism by which the RAG2 component of the
V(D)J recombinase helps to establish initial contact
with the 12-RSS.
Results

MCR1 binds with high affinity to both consensus
RSS and nonspecific DNA

Core RAG1 was previously reported to bind with
sequence specificity to the consensus 12-RSS, as
determined by various methods, including DNA
footprinting12,13,22 and competition assays moni-
tored by EMSA.13,14 Each method demonstrated
that core RAG1 discriminated the nonamer sequence
from nonspecific DNA, with weak recognition of the
double-stranded RSS heptamer sequence. However,
the extent to which core RAG1 distinguishes
consensus 12-RSS from nonspecific DNA is in dis-
pute in the literature.13,14,24,25 To clarify this issue,
relative binding energetics were determined for the
interaction of MCR1 [core RAG1 fused to the
C-terminal end of maltose-binding protein (MBP)]
with a wild-type (WT) 12-RSS substrate versus a
nonspecific substrate. The nonspecific substrate used
here, termed MHMN, is similar in both length and
sequence to the nonspecific DNA substrates used in
previous studies.14,25
First, formation of the MCR1:oligonucleotide

duplex complexes was monitored by EMSA using
forward titration experiments (titration of MCR1 to
each of the DNA substrates). MCR1 formedmultiple
complexes with both substrates in the forward titra-
tions (Fig. 1a), and the mobilities of the complexes
are consistent with previous reports.14,26–28 The first
shifted complex (labeled ‘2R1’ in Fig. 1a) was pre-
viously shown to consist of a single MCR1 dimer
bound to the oligonucleotide duplex.14,26–28 The
next shifted complex (labeled ‘4R1’ in Fig. 1a) was
reported to contain two MCR1 dimers bound to the
oligonucleotide duplex.27 Notably, based on pull-
down assays (P.D. and K.K.R., unpublished results)
and atomic force microscopy studies,29 MCR1
dimers do not bridge between two separate oligo-
nucleotide duplex molecules. Thus, the stoichiome-
tries of the 2R1 and 4R1 complexes are at 1:1 and 2:1
MCR1 dimers per oligonucleotide duplex, respec-
tively. Lastly, the slowest-mobility complexes
(labeled ‘N4R1’ in Fig. 1a) are not well defined and
typically form only after the majority of the



Fig. 1. MCR1 titration to WT 12-RSS versus MHMN, as monitored by EMSA. (a) EMSA of radiolabeled WT 12-RSS
(left) and MHMN (right) titrated with MCR1. The radiolabeled DNA substrates were titrated with increasing
concentrations of MCR1 (lanes 2–8 in each panel contained 8.8 nM, 22 nM, 44 nM, 88 nM, 132 nM, 175 nM, and 220 nM
MCR1, respectively). The binding buffer contained 0.1 M NaCl. Subsequent to a 30-min incubation at room temperature,
the reactions were subjected to electrophoresis on a two-part 3.5%/8.0% polyacrylamide gel. The percentage of
polyacrylamide is labeled to the left of each gel. The MCR1:RSS complexes are labeled according to the stoichiometry of
MCR1 bound to a single RSS duplex. For example, 2R1 and 4R1 consist of two subunits (or a dimer) and four subunits,
respectively, of MCR1 bound to the RSS duplex.14,26–28 Complexes containing greater than four boundMCR1 subunits per
RSS duplex are labeled N4R1. (b) Representative plots of the fraction of unboundWT 12-RSS (open squares) and unbound
MHMN (open circles) with increasing MCR1 concentrations. Binding curves of MCR1 with WT 12-RSS (broken line) and
MHMN (continuous line) were fitted to Eq. (4) to obtain Kd values (Kd app) and Hill coefficient values (n). From three
independent experiments, Kd app=114±5 nM (n=3±1) and Kd app=123±7 nM (n=4±1) for the association of MCR1 with
WT 12-RSS and MHMN substrate, respectively.
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oligonucleotide substrate has been saturated. Based
on their mobilities, we presume that these com-
plexes consist of additional dimers of MCR1 (three
or more) bound to the oligonucleotide duplex.27,28
To construct binding curves to the forward titra-

tion data collected at 25 °C, the MCR1 concentration
was first corrected to account for protein aggrega-
tion (described in Supplementary Fig. 1). The titra-
tion data were fitted to Eq. (4) (see Materials and
Methods), with the overall apparent Kd (Kd app)
values corresponding to the concentration of MCR1
at which 50% of the DNA substrate was bound and
50% remained unbound. For our purposes, using
the overall Kd app values was sufficient for compar-
ing the interaction between MCR1 and the different
DNA substrates. The resulting binding curves
yielded Kd app values of 114±5 nM and 123±7 nM
for the association of MCR1 with WT 12-RSS and
MHMN, respectively (Fig. 1b). MCR1 bound coop-
eratively to both the WT 12-RSS and the MHMN
substrates, with Hill coefficients in the range of 3–4
(Fig. 1b). (Hill coefficients were obtained from the fit
to Eq. (4)). The Kd app and Hill coefficient for the
MCR1:WT 12-RSS interaction listed above are con-
sistent with those in a previous report.14 (The
binding affinity of MCR1 for a nonspecific substrate
has not been previously reported.) Overall, the for-
ward titration results measured by EMSA showed
that the affinity of MCR1 for the consensus WT 12-
RSS versus the affinity of MCR1 for the MHMN
substrate were indistinguishable under these condi-
tions (Fig. 1).
A core RAG1 construct, expressed without the

MBP fusion tag and referred to as tagless cR1,
showed binding affinities similar to those of WT 12-
RSS versus MHMN under the experimental condi-
tions used in Fig. 1 (Supplementary Fig. 2). More-
over, as evident on EMSA, multiple protein–DNA
complexes were formed (Supplementary Fig. 2).
Together, these results demonstrate that the MBP
portion of the MCR1 fusion protein did not affect the
properties of core RAG1 binding to the DNA
substrates in Fig. 1. Compared to MCR1, tagless
cR1 bound with significantly less affinity to the



747RAG2 Inhibits Binding of RAG1 to Nonspecific DNA
DNA substrates under the conditions used here
(Supplementary Fig. 2), possibly due to a relatively
lower stability of tagless cR1. These results are not
consistent with a previous study in which a
significant difference in affinity between the tagless
cR1 and WT 12-RSS versus MHMN substrates was
reported.25 However, the previous study was con-
ducted under different solution conditions (i.e., in
50 mM NaCl with no reducing agent), which may
have yielded the disparity in results.
The relative binding affinities of MCR1 for the

different DNA substrates were also monitored by
fluorescence anisotropy. In these experiments, the
WT 12-RSS and the MHMN substrates were labeled
at the 5′-end of the top strand with Oregon Green
488. OregonGreen 488 is a probe that is useful for the
investigation of protein–nucleic acid interactions by
fluorescence anisotropy, given that its fluorescence is
photostable and is pH insensitive in the range from
pH 6 to pH 9.30 Upon complex formation between
protein and DNA, the fluorescence anisotropy of the
probe is expected to increase due to reduced rota-
tional mobility of the protein–DNA complex versus
unbound DNA.31 Representative binding curves of
the forward titration ofMCR1 into each fluorescently
labeled DNA substrate (Fig. 2a) show that MCR1
bound to both the WT 12-RSS and the MHMN with
similar affinities at 25 °C, with Kd app=27±9 nM for
Fig. 2. MCR1 titrations to WT 12-RSS versus MHMN DN
Equilibrium binding of MCR1 to Oregon-Green-labeled WT 1
representative binding curves fitted to Eq. (1) (in Materials and
RSS (left) and MHMN (right), with each DNA substrate at 4 nM
(Kd app) and Hill coefficient values (n). From three indepe
Kd app=24±6 nM (n=1.5±0.5) for the association of MCR1
Addition of MBP does not increase the anisotropy of Oregon-G
concentration are shown. Titration was performed at 25 °C in
WT 12-RSS versus Kd app=28±8 nM for the MHMN
substrate. The discrepancy in the Kd app values
between fluorescence anisotropy and EMSA results
can be attributed to the separation of bound com-
plexes from free components during the electropho-
resis step of the latter method, resulting in an
underestimation of the binding affinities.31 The Hill
coefficients also differ between the two methods
(n∼3 versus n∼1 for the EMSA and fluorescence
anisotropy results, respectively), which may also be
due to the separation of components in the EMSA
method. Nevertheless, both methods confirm that
the binding affinity of MCR1 for DNA is sequence
independent under the experimental conditions
used.
To confirm that the RAG1 region of the MCR1

fusion protein mediated the protein–DNA binding
interaction, MBP alone was added to the Oregon-
Green-labeled 12-RSS (Fig. 2b). There was no de-
tectable association between MBP and 12-RSS under
these experimental conditions, as shown by constant
anisotropy values over the course of the titration.

Nonspecific DNA is an ineffective competitor
to a preformed MCR1:WT 12-RSS complex

By the forward titration experiments, MCR1 bound
equally well to the WT 12-RSS versus a nonspecific
A, as evaluated by fluorescence anisotropy methods. (a)
2-RSS (left) and MHMN (right) substrates. Shown are the
Methods) for the titration (at 25 °C) of MCR1 into WT 12-
. Binding curves were fitted to Eq. (1) to obtain Kd values

ndent experiments, Kd app=22±6 nM (n=1.0±0.3) and
with WT 12-RSS and MHMN substrate, respectively. (b)
reen-labeled WT 12-RSS. Raw anisotropy data versusMBP
the same buffer as in (a).
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DNA substrate (the MHMN substrate) under the
conditions used in Figs. 1 and 2. However, using
similar conditions, previous results from EMSA
competition assays showed a clear preference of
MCR1 for the WT 12-RSS over the MHMN subs-
trate.13,14 To confirm the previous EMSA results,
competition assays were performed using fluor-
escence anisotropy methods. Increasing concentra-
tions of nonlabeled DNA (either WT 12-RSS or
MHMN) were titrated to a preformed complex con-
taining Oregon-Green-labeledWT 12-RSS duplex (at
4 nM) andMCR1 (at 25 nM) at 25 °C (Fig. 3a). MCR1
concentrations used in the competition assays
correspond to the midpoint of the titration curves
in Fig. 2. Therefore, the majority of the MCR1:
Oregon-Green-labeled WT 12-RSS complexes corre-
sponded to 2R1 and 4R1 complexes (based on the
EMSA results), since the higher-order complexes
(N4R1) were less apparent at the midpoint of the
titration.
Fig. 3. Competition assays of a preformed MCR1:WT
12-RSS complex, as monitored by fluorescence anisotropy.
Representative plots depicting MCR1 (at 25 nM) com-
plexed with Oregon-Green-labeled WT 12-RSS (at 4 nM)
titrated with unlabeled WT 12-RSS (filled triangles) or
MHMN (filled circles) at 25 °C (a) and 15 °C (b). Equation
(3) (see Materials and Methods) was used to fit the
competition data with the WT 12-RSS (broken line) and
MHMN (continuous line) oligonucleotide duplexes as the
competitors. In (a), the Kc value (derived from Eq. (3)) with
WT 12-RSS as competitor is 79 nM, and the Kc value with
MHMN as competitor is estimated to be N1200 nM. In (b),
the Kc value with WT 12-RSS as competitor is 150 nM, and
the Kc value with MHMN as competitor is estimated to be
N2800 nM.
Under these conditions, MCR1 demonstrated a
substantially higher specificity for the WT 12-RSS
than for the MHMN substrate, consistent with the
previous results from EMSA competition assays.13,14

In addition, competition assays performed at 15 °C
(Fig. 3b), with a higher fraction of the MCR1 sample
in nonaggregated form (Supplementary Fig. 1),
again demonstrated a sequence-specific interaction
of MCR1 with the WT 12-RSS over the MHMN
substrate.

MCR1 forms a longer-lived complex with WT
12-RSS versus nonspecific DNA

The differing results from forward titration versus
competition assays could be attributed to a separate
nonspecific DNA bindingmode inMCR1 that masks
any sequence-specific association with RSS in the
forward titration experiments. Under the solution
conditions used in Figs. 1 and 2, the binding affinity
of MCR1 for nonspecific DNA may be similar to, or
even greater than, that for the RSS bases in the WT
12-RSS substrate. We speculated that with two
separate DNAbindingmodes (one sequence-specific
and the other nonspecific), the kinetics of the relative
binding reactions would differ. For example, given
the apparent specificity of MCR1 for WT 12-RSS, it
is likely that the complex containing MCR1 bound
to WT 12-RSS would display slower dissociation
rates than MCR1 bound to MHMN. To compare
the dissociation kinetics for the respective protein–
DNA complexes, an excess of unlabeled DNA com-
petitor (either WT 12-RSS or MHMN) was added to
the preformed complexes of MCR1 with radio-
labeled WT 12-RSS substrate. The dissociation of
the protein from the radiolabeled substrate was
monitored using EMSA (Fig. 4), in accordance with
the protocol outlined previously by Gerstle and
Fried.32

The protein–DNA complexes were resolved on a
continuous 6% nondenaturing polyacrylamide gel
(Fig. 4a and b), which allowed dissociation kinetics
to be monitored at longer time points while still
retaining the protein–DNA complexes on the gel at
shorter time points. The initial protein–DNA com-
plexes contained two, three, and possibly more
MCR1 dimers bound to the WT 12-RSS substrate
(Fig. 4a and b). Upon addition of either unlabeled
WT 12-RSS or MHMN competitor, there was a rapid
reduction (within 15 s) in the stoichiometry of MCR1
bound to labeled WT 12-RSS from N4R1 at 0 s to the
appearance of 2R1 complex at 15 s. (It is not possible
to clearly distinguish 4R1 from N4R1 complexes on
these gels.) This is presumably due to dissociation of
MCR1 dimers bound nonspecifically to the WT 12-
RSS substrate, while the specifically bound MCR1
dimers are retained on the WT 12-RSS substrate
(in the 2R1 and, possibly, 4R1 complexes). This is
shown more clearly on a two-part discontinuous
(3.5%/8%) polyacrylamide gel (Fig. 4d). Here, the
protein–DNA complexes are separated at higher
resolution, and the disappearance of the N4R1 com-
plexes 15 s after the addition of competitor DNA is



Fig. 4. Kinetics of the dissociation of the MCR1:DNA complexes as a function of competitor DNA. (a and b) Time
course of the dissociation of MCR1 bound to radiolabeled WT 12-RSS upon addition of a 120-fold molar excess of
unlabeled competitor DNA, with the competitor being either (a) WT 12-RSS or (b) MHMN. At the indicated time points,
aliquots of the sample were loaded onto a single-part 6% nondenaturing polyacrylamide gel. The percentage of
polyacrylamide is labeled to the left of each gel. The difference in the migration position of equivalent bands between
lanes arises from sequential loading of the sample aliquots on a running gel. TheMCR1:RSS complexes are labeled 2R1 for
dimeric MCR1 per RSS duplex and≥4R1 for complexes containing four or more MCR1 subunits per RSS duplex. The 4R1
and N4R1 complexes denoted in Fig. 1a are not easily resolved on the 6% gels and are thus grouped together. (c) Kinetics
of the dissociation of the MCR1:WT12-RSS complex with WT 12-RSS (filled circles) and MHMN (open triangles)
substrates as competitors. The time-course data with theWT 12-RSS duplex as competitor were fitted to Eq. (5) (using data
from (a)). The time-point range from 15 s (first time-point value obtained after addition of competitor) to 1800 s was used
to obtain the koff value. ‘Fraction DNA bound’ (y-axis label) corresponds to DNA bound in all MCR1:RSS complexes. (d)
The first time point in (a) was repeated on a two-part 3.5%/8% gel (as labeled to the left of the gel), and the respective
MCR1:RSS complexes labeled as in Fig. 1a. (e) TheMCR1:MHMN complexes were not detected 15 s after the addition of a
120-fold excess of unlabeled MHMN competitor. The samples were resolved on a two-part 3.5%/8% nondenaturing
polyacrylamide gel as labeled to the left of the gel.
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more easily visualized. Only the faster-mobility
complexes (2R1 and 4R1) remained after the initial
time point.
Addition of unlabeled WT 12-RSS (at a 120-fold

excess) disrupted the preformed MCR1 dimer:WT
12-RSS complex (2R1 complex) with a pseudo-first-
order rate constant (koff) of 0.0012±0.0001 s−1 (from
n=3 experiments), corresponding to a half-life of
558±70 s (Fig. 4a and c). Very little dissociation of
the MCR1:WT 12-RSS complexes was observed bet-
ween the 15-s and the 1800-s time points upon
addition of an equivalent amount (a 120-fold excess)
of unlabeled MHMN competitor (Fig. 4b and c),
again demonstrating the sequence-specific interac-
tion of MCR1 with the WT 12-RSS. In contrast to the
results with the labeled WT 12-RSS substrate, com-
plete dissociation of the preformed MCR1:radiola-
beled MHMN complexes occurred within 15 s of the
addition of a 120-fold excess of unlabeled WT 12-
RSS (data not shown) or MHMN (Fig. 4e), preclud-
ing determination of koff values.
Temperature dependence of MCR1 binding to
specific versus nonspecific DNA

We next asked how the relative affinities of MCR1
for the WT 12-RSS versus the MHMN DNA subs-
trate would vary as a function of temperature. First,
temperature-dependent effects on the properties of
the individual components were determined. The
oligonucleotide duplexes remained in a stable dou-
ble-stranded conformation over the temperature
range in which the fluorescence anisotropy measure-
ments were conducted based onmelting curves (data
not shown). MCR1, though, is known to form inc-
reasing amounts of inactive aggregates as the tem-
perature approaches 37 °C.28 Thus, the MCR1
concentration was corrected for protein aggregation
at each temperature that the fluorescence anisotropy
experiments were performed (Supplementary Fig. 1).
Titrations of MCR1 to the Oregon-Green-labeled

WT 12-RSS and MHMN DNA substrates were
conducted over a range of temperatures between



Table 1. Temperature dependence of MCR1 interaction
with DNA substrates

Temperature
(K)

WT 12-RSS MHMN

Kd app
(nM)

ΔG
(kcal/mol)a

Kd app
(nM)

ΔG
(kcal/mol)a

278 61±5 −9.14 38±9 −9.40
283 32±8 −9.67 25±6 −9.81
288 48±9 −9.61 68±9 −9.41
293 49±10 −9.76 88±10 −9.42
298 27±6 −10.28 28±8 −10.26
303 80±15 −9.80 107±11 −9.63
310 123±23 −9.77 340±57 −9.14

a ΔGwas calculated using Eq. ( 2). Propagated errors onΔG are
all within ±0.25 kcal/mol.
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4 °C and 37 °C and monitored by fluorescence ani-
sotropy. Kd app values were obtained by fitting the
titration curves to Eq. (1) (Table 1). The Kd app values
for the interaction of MCR1 with the two DNA
substrates were well within twofold at each tem-
perature monitored, with the exception of the
titration data collected at 37 °C. Only under these
conditions was there a N2-fold difference in Kd app
values (at 123 nM and 340 nM for the WT and
MHMN substrates, respectively). Previous evidence
suggests that both MCR1 and the RSS undergo
Fig. 5. Ionic strength dependence on MCR1:DNA complex
MHMN (right) titrated with MCR1 in a binding buffer contain
each panel were 0.1 μM, 0.2 μM, 0.4 μM, 0.6 μM, 0.8 μM, 1.2 μM
labeled as in Fig. 1a. (b) Plots of −log Kd versus NaCl concent
circles) and MHMN (open squares). Error bars are from n=3 ex
the MCR1:MHMN association from 0.1 M to 0.5 M NaCl (black
RSS association (gray line).
conformational changes upon complex forma-
tion.27,29 Accordingly, the energetic barrier for
conformational changes in MCR1 and/or the RSS
may be more favorable at 37 °C than at lower temp-
eratures, resulting in a greater differential between
the formation of the sequence-specific MCR1:DNA
complexes and the formation of the nonspecific
MCR1:DNA complexes.

Ionic strength dependence of MCR1 binding to
specific versus nonspecific DNA

Since protein-nonspecific DNA complex forma-
tions are dominated by electrostatic interactions, we
next used EMSA to determine how the binding
affinities of MCR1 for WT 12-RSS versus the MHMN
DNA substrate varied with ionic strength (using
buffers containing 0.1–0.5 M NaCl). The overall
binding affinity decreased for the interaction of
MCR1 with both DNA substrates upon an increase
in NaCl concentration, as expected (Fig. 5b).
Notably, the binding affinity of MCR1 for MHMN
was significantly reduced (particularly at 0.4–0.5 M
NaCl) relative to the interaction with WT 12-RSS
substrate. This difference at higher NaCl concentra-
tions is apparent in the EMSA results shown in
Fig. 5a, in which equivalent concentrations of MCR1
formation. (a) EMSAs of radiolabeledWT 12-RSS (left) and
ing 0.4 M NaCl. The MCR1 concentrations in lanes 2–8 in
, and 1.6 μM, respectively. The MCR1:DNA complexes are
ration for the interaction of MCR1 with WT 12-RSS (gray
periments. Linear least squares correlations are shown for
line), and from 0.2 M to 0.5 M NaCl for the MCR1:WT12-
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were titrated to each substrate at 0.4 M NaCl. At the
highest MCR1 concentrations used in the titrations,
only very low levels of the MCR1:MHMN com-
plexes are formed (right) relative to the MCR1:WT
12-RSS complex (left) in which the majority of DNA
substrate was bound. Overall, these results indicate
that electrostatic interactions play a greater role in
stabilizing the nonspecific (MCR1 with MHMN)
versus the sequence-specific (MCR1 with WT 12-
RSS) association. It is also apparent from the titra-
tion of MCR1 to WT 12-RSS (Fig. 5a, left) that the
higher-order (N4R1) complexes are not evident at
0.4 M NaCl even with N90% of the WT 12-RSS
substrate bound.
The plot of log Kd versus NaCl concentration for

the MCR1:MHMN interaction shows a linear corre-
lation over the entire NaCl concentration range
measured (from 0.1 M to 0.5 M NaCl). However, the
corresponding plot for the MCR1:WT 12-RSS inter-
action shows a linear correlation only over the range
0.2–0.5 M NaCl, suggesting that the nonspecific
DNA binding mode is dominant at 0.1 M NaCl. By
extrapolation of the linear portion (0.2–0.5 M NaCl
in Fig. 5b) for the MCR1:WT 12-RSS interaction, we
can estimate that, at 0.1 M NaCl, the Kd app value is
∼240 nM for the sequence-specific complex forma-
tion. Given that MCR1 associates with MHMN
substrate at a Kd app value of 123 nM at 0.1 M NaCl,
then the relative fraction of WT 12-RSS that is
complexed with MCR1 in a sequence-specific versus
a nonspecific binding mode can be estimated. For
example, using the following expressions for Kd, the
respective binding equilibrium expressions are:

Kd app SPð Þ= MCR1�½WT 12−RSS�=½Specific complex�½

and

Kd app NSSÞ ¼ ½MCR1�½WT 12−RSS�=½NSS complex�;ð

where Kd app(SP) and Kd app(NSS) are the Kd app
values for the sequence-specific and nonspecific
complex formation (240 nM and 123 nM, respec-
tively). Since the Kd app(SP)/Kd app(NSS) ratio is
nearly 2, it follows that the ratio of nonspecific
complex to sequence-specific complex is ∼2. There-
fore, of the total amount of MCR1-boundWT 12-RSS
substrate, ∼1/3 is bound in a sequence-specific
manner, and the remaining ∼2/3 is bound via
nonspecific contacts only. This is likely a lower limit
for the fraction of boundWT12-RSS that is complexed
by sequence-specific interactions, since it excludes (1)
the possibility that an MCR1 dimer could simulta-
neously form the high-affinity nonspecific and
sequence-specific contacts on the same oligonucleo-
tide duplex molecule, and (2) the cooperative binding
of multiple MCR1 dimers to a single duplex.

Addition of RAG2 suppresses the interaction of
RAG1 with nonspecific DNA

The RAG1:RAG2 complex, similar to MCR1 alone,
binds to a single DNA substrate. Only in the pre-
sence of HMGB1 or HMGB2 can the RAG1:RAG2
complex specifically bridge a 12-RSS substrate with
a 23-RSS substrate to form the synaptic complex.33,34

To examine the effects of RAG2 on the DNA-binding
property of RAG1, the binding affinities of the
MCR1:glutathione S-transferase (GST) core RAG2
complex (termed R1R2 complex) for WT 12-RSS and
MHMN substrates were compared by EMSA. Direct
titration of the R1R2 complex (coexpressed and
purified from 293T cells) into solutions containing
either the 32P-labeled WT 12-RSS or the MHMN
substrate yielded one major protein–DNA complex
(in a binding buffer containing 0.1 MNaCl) (Fig. 6a).
The protein–DNA complex consists of two subunits
of each RAG protein, as described previously.28 The
binding affinity of the R1R2 complex is markedly
higher forWT 12-RSS than for the MHMN substrate,
with the Kd app value for the interaction with WT 12-
RSS complex at 25±5 nM, as derived from Eq. (4)
(Fig. 6b). In contrast, only a small fraction (∼1%) of
the 32P-labeled MHMN substrate was bound by the
highest concentrations of the R1R2 complex (Fig.
6a). We estimate that KdN10 μM for this latter inter-
action, assuming a similar Hill coefficient as shown
with theWT 12-RSS substrate (at n=1.0±0.3; see Fig.
6 caption). Similar results were obtained with RAG
proteins that were individually expressed and
purified from different sources (MCR1 expressed
in Escherichia coli and GST core RAG2 expressed in
293T cells), and then mixed prior to the addition of
the RSS substrates (Supplementary Fig. 3). Specifi-
cally, in binding buffers containing 0.1 M NaCl, the
reconstituted R1R2 complex bound the WT 12-RSS
substrate with Kd=87±10 nM, whereas an interac-
tion with the MHMN substrate was not observed at
the highest concentrations of the reconstituted R1R2
complex used (224 nM). While the binding affinity
for WT 12-RSS was somewhat less with the
reconstituted versus the coexpressed R1R2 complex,
these results demonstrate that the differential affi-
nity between the RSS and the non-RSS substrates
did not require cofolding of the RAG proteins or
expression of MCR1 in mammalian cells.
Determination of binding affinities for the R1R2

complex with the Oregon-Green-labeled DNA sub-
strates could not be accurately determined by fluo-
rescence anisotropy, since GST core RAG2 appeared
to interact with the Oregon Green fluorophore, as
well as with other fluorophores tested (including
fluorescein and Alexa Fluor 488; data not shown).
Nevertheless, direct titrations monitored by this
method did show a differential affinity of the RAG
complex for the WT 12-RSS versus the MHMN DNA
substrate (data not shown), although not to the
extent seen in the EMSA results, which may be due
to the GST core RAG2:fluorophore interaction.
The pseudo-first-order koff value for the dissocia-

tion of the preformed R1R2:WT 12-RSS complex by a
120-fold excess of unlabeled WT 12-RSS was at
0.0096±0.002 s−1 (from n=3 experiments), corre-
sponding to a half-life of 72±22 s (Fig. 7). It was
somewhat unexpected that the R1R2 complex
showed a shorter residence time on WT 12-RSS, as



Fig. 6. Titration of the R1R2 com-
plex into WT 12-RSS versus MHMN
substrate, as monitored by EMSA.
(a) Increasing concentrations of the
R1R2 complex were titrated into
either WT 12-RSS (left) or MHMN
(right). R1 is MCR1, and R2 is GST
core RAG2 coexpressed and purified
from 293T cells. Binding reactions
were performed in a buffer contain-
ing 0.1 M NaCl. The concentrations
of the R1R2 complex (in terms of
MCR1) in lanes 2–9 on the left were
1.8 nM, 3.5 nM, 7 nM, 14 nM, 28 nM,
40 nM, 56 nM, and 112 nM, respec-
tively. Only the lanes containing
56 nM (lane 1) and 112 nM (lane 2)
R1R2 complex are shown on the
right, as protein–DNA complexes
were not detected at lower concen-
trations. (b and c) Representative
plots of the fraction of WT 12-RSS
unbound (open circles) and MHMN
unbound (open squares) with
increasing concentrations of the
R1R2 complex. The binding curves
for the interaction of the R1R2
complex with the WT 12-RSS sub-
strate (continuous line) at either
0.1 M NaCl (b) or 0.2 M NaCl (c)
were fitted to Eq. (4) as described in
Materials and Methods. From three
independent experiments, the asso-
ciation of the R1R2 complex with
WT 12-RSS yielded Kd app=25±
5 nM (n=1.0±0.3) and Kd app=32±
5 nM (n=1.5±0.3) at 0.1M and 0.2M
NaCl, respectively.
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compared to MCR1 in the absence of R2. However, it
may be that the R1R2 complex is in a conformation
primed for sequence-specific interactions with the
RSS, unlike MCR1 alone. Since MCR1 (in the absence
of R2) may undergo conformational changes upon
dissociation from the RSS,27 there may be energetic
barriers that impede its dissociation relative to the
R1R2:WT12-RSS complex. That the R1R2 complex
can readily dissociate from the RSS is consistent with
previous results inferred from kinetic studies on the
RSS nicking reaction,35 but is in contrast with another
study that concluded that the R1R2:RSS complex did
not dissociate after a 1-h time period even in the
presence of a 1000-fold excess of unlabeled RSS.13

However, the protein–DNA complexes were cross-
linked prior to EMSA in the latter study, which may
have led to the differing results.
Overall, the largest impact upon addition of RAG2

to the titration experiments at 0.1 M NaCl was a
substantial decrease in the interaction with the
MHMN substrate. For example, a comparison of
the EMSA results shows that MCR1 (at ∼100 nM)
half-saturated the MHMN DNA substrate (Fig. 1b),
whereas an equivalent concentration of R1R2
formed only minute amounts of the complex with
the DNA substrate (Fig. 6a, lane 2, right; Supple-
mentary Fig. 3, lane 2, right). The binding affinities
of the R1R2 complex versus MCR1 alone for the
nonspecific DNA substrate differed by more than 2
orders of magnitude (Kd appN10 μM for the interac-
tion of the MHMN substrate with the R1R2 complex
versus Kd app=123 nM with MCR1 alone), corres-
ponding to a ΔΔG of N2.7 kcal/mol.
It should be noted that titration experiments using

MCR1 in the absence, but not in the presence, of GST
core RAG2 were corrected for protein aggregation
(Supplementary Fig. 1), since addition of RAG2
appeared to reduce the nonspecific aggregation of



Fig. 7. Kinetics of the dissocia-
tion of R1R2:WT 12-RSS as a func-
tion of competitor DNA. (a) Time
course of the dissociation of recon-
stituted R1R2 complex bound to
radiolabeledWT 12-RSS upon addi-
tion of a 120-fold molar excess of
unlabeled WT 12-RSS competitor.
At the indicated times, aliquots of
the sample were loaded onto a 6%
nondenaturing polyacrylamide gel.
The difference in the migration posi-
tion of equivalent bands between
lanes arises from sequential loading
of the sample aliquots on a running
gel. (b) Kinetics of the dissociation of
the reconstituted R1R2:WT 12-RSS
complex. A representative plot of
fraction of DNA bound versus time
was fitted using data from (a), as
described in Fig. 4.
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MCR1 and thereby increased the DNA binding
activity of MCR1 at 25 °C (Supplementary Fig. 4).
Even so, applying the correction factor reduced the
Kd value for the MCR1:MHMN interaction by only
∼2-fold at 25 °C (Supplementary Fig. 1), and there-
fore has no impact on the conclusion that the
addition of RAG2 substantially weakens the inter-
action of MCR1 with nonspecific DNA.
The interaction of the R1R2 complex with the WT

12-RSS substrate was resistant to moderate changes
in ionic strength, with a Kd value of 32±5 nM in a
binding buffer containing 0.2 M NaCl (Fig. 6c)
demonstrating that the sequence-specific complex is
not driven by electrostatic interactions. Under the
same conditions (at 0.2 M NaCl), association of the
R1R2 complex with the MHMN substrate was not
evident (Fig. 6c).
Discussion

The initial step in V(D)J recombination is the
sequence-specific recognition of an RSS by the
RAG proteins; however, the relevant role of each
RAG protein in this recognition event is not clear.
Here, using a combination of EMSA and fluores-
cence anisotropy methods, we have gained an
insight into both the sequence-specific and the
nonspecific DNA binding modes of core RAG1. In
this study, core RAG1 is fused to the C-terminal
end of MBP and is referred to as MCR1. Our re-
sults also show that RAG2 can modulate the non-
specific DNA binding mode of MCR1 at physio-
logical conditions.
Notably, in the absence of RAG2, MCR1 exhi-

bited similar overall binding affinities for the WT
12-RSS substrate and a nonspecific DNA substrate
(MHMN) at physiological ionic strengths (0.1–0.2 M
NaCl). However, an increase of ionic strength to 0.4–
0.5 M NaCl yielded a more energetically favorable
association of MCR1 with the WT 12-RSS versus the
MHMN substrate. Even though the overall binding
affinities are similar at 0.1 M NaCl, it is likely that
the binding kinetics differ for the formation of the
respective complexes. For example, proteins com-
plexed with nonspecific DNA typically demonstrate
relatively rapid on-binding rates and off-binding
rates, since the complexes are primarily stabilized by
electrostatic contacts with little or no conformational
changes in either protein or DNA component.36 In
contrast, sequence-specific interactions often involve
conformational changes in protein or DNA upon
formation of base-specific contacts, which can re-
sult in relatively slower on-rates and off-rates.36 As a
result, formations of sequence-specific protein–
DNA complexes are often facilitated by initially
forming contacts in a nonspecific manner. Here,
results from the time-course competition assays
suggest a similar effect in that the dissociation
kinetics for the MCR1:WT 12-RSS complex was
notably slower than that for the MCR1:MHMN
complex. It is also likely that the on-rate for the
formation of the MCR1:WT 12-RSS complex is
slower than that for the formation of the MCR1:
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MHMN complex, as both MCR1 and the WT 12-RSS
undergo conformational changes upon complex
formation.27,29

Despite similar overall binding affinities for the two
DNA substrates at 0.1 M NaCl, MCR1 clearly
recognized the WT 12-RSS over the MHMN sub-
strate. Specifically, both the steady-state and time-
course competition assays (Figs. 3 and 4) showed that
the MCR1:MHMN complex can be displaced by
either DNA substrate. In contrast, the MCR1:WT 12-
RSS complex is not readily displaced by the MHMN
substrate. Overall, in buffers containing 0.1 M NaCl,
the forward titrations indicated that MCR1 and WT
12-RSS associate in a nonspecific manner, whereas
competition assays showed the formation of
sequence-specific complexes. How can these appar-
ently contradictory results be resolved? Based on the
ionic strength dependence of the MCR1:DNA sub-
strate binding affinities (Fig. 5), we estimate that a
significant fraction of the WT 12-RSS binds MCR1
via base-specific contacts at 0.1 M NaCl. Specifically,
the minimum fraction of complex formed through
sequence-specific contacts is ∼1/3 of the total bound
Fig. 8. Schematic model for the interaction of RAG1 alone an
RAG1 (R1) contains sequence-specific (SS) and nonspecific (NS
forms sequence-specific contacts with the RSS through the SS
complex in Fig. 1). Although not represented here, dimeric R1 c
shown, a second R1 dimer binds cooperatively, forming prot
dimer (corresponds to the ‘4R1’ complex in Fig. 1). In the last b
DNA substrate with high concentrations of protein (correspon
of R1 with core RAG2 (R2) allows sequence-specific complex
DNA interactions and the cooperative binding of a second R1
DNA substrate. This is a substantial fraction of the
complex that would demonstrate preferential sub-
strate binding in competition assays. It is possible
that the fraction of sequence-specifically bound
substrate is larger than 1/3, since association of a
MCR1:WT 12-RSS complex through nonspecific
contacts could subsequently form sequence-specific
contacts on the same DNA molecule.
MCR1 forms multiple complexes with the DNA

substrates, with two protein–DNA complexes of
differing stoichiometries apparent (labeled 2R1 and
4R1 in Fig. 1). Both the 2R1 and the 4R1 complexes
demonstrate specificity for the WT 12-RSS substrate
in the time-course dissociation experiments (Fig. 4b).
Moreover, the levels of 4R1 complex were decreased
to a greater extent than the levels of the 2R1 complex
upon addition of excess WT 12-RSS competitor,
indicating that the 2R1 complex may be the more
stable complex (Fig. 4b). Based on these results, we
propose the following model for the interaction of
MCR1 with the WT 12-RSS substrate. First, a single
MCR1 dimer binds the WT 12-RSS and forms base-
specific contacts with the 12-RSS (Fig. 8a), which is
d the RAG1:RAG2 complex with the RSS. (a) Dimeric core
S) DNA binding sites. In the first binding event shown, R1
DNA binding sites (corresponding to the ‘2R1’ MCR1:RSS
an also bend the RSS substrate.29 In the next binding event
ein–protein contacts with the sequence-specific bound R1
inding event shown, additional R1 dimers may bind to the
ding to ‘N4R1’ complexes in Fig. 1). (b) Complex formation
formation with the RSS, but blocks the high-affinity NSS
dimer.
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followed by the binding of a second MCR1 dimer.
Binding of the second MCR1 dimer to form the 4R1
complex may involve interdimer contacts on the
DNA substrate. As a result, although the second
MCR1 dimer to associate with the complex may not
form direct contacts with the RSS, the resulting 4R1
complex will show sequence specificity based on the
interdimer contacts (Fig. 8a). It is likely that any
additional MCR1 dimers that bind to the DNA
substrate do so at sequences distal to the RSS site (Fig.
8a), since competitor DNA more easily displaced
these complexes. Similar complexes as shown in Fig.
8a may form between MCR1 and the MHMN subs-
trate, since complexes of the same stoichiometries
formed between MCR1 and the MHMN substrate
versus the WT 12-RSS substrate (Fig. 1a). However,
the protein–DNA contacts with theMHMN substrate
would be primarily through the nonspecific DNA
binding mode of MCR1.
In contrast to MCR1 alone, the MCR1:GST core

RAG2 (R1R2) complex bound with significantly re-
duced affinity to nonspecific DNA, suggesting that
the nonspecific DNA binding mode of MCR1 is
suppressed by RAG2. Overall, this would result in a
marked increase in the binding differential between
the RSS and nonspecific DNA, thereby increasing
the specificity of DNA binding (Fig. 8b). Further-
more, complex formation of MCR1 with GST core
RAG2 prevented association with additional MCR1
dimers on the DNA substrate, since only a single
complex of protein–DNA complex was observed in
the titrations of R1R2 to the WT 12-RSS substrate.
By measuring binding kinetics, we determined

that the R1R2 complex can readily dissociate from
WT 12-RSS upon addition of an RSS competitor.
These results suggest that within developing lym-
phocytes, it is possible the R1R2 complex could
sample multiple RSS sites along the appropriate
antigen receptor loci prior to initiating the nicking
reaction. However, subsequent to the nicking reac-
tion, it has been shown that the RAG proteins do not
readily dissociate from the nicked RSS.37 Possibly,
the nicking reaction induces additional conforma-
tional changes in the DNA, such as base unpairing,
that produce enhanced interactions with the RAG
proteins. If so, the R1R2 complex bound to a nicked
RSS would then be primed to carry out subsequent
steps, including association with a partner 23-RSS.
Other sequence-specific DNA-binding proteins

that show a nonspecific DNA binding mode include
p5338,39 and the E1 initiator protein from bovine
papillomavirus.40 In both proteins, a nonspecific
DNA-binding domain effectively suppressed the
interaction of the specific binding domain with the
recognition site. For the E1 initiator protein, the
suppression of the sequence-specific interaction can
be overcome by association with the virus-encoded
transcription factor E2, which blocks binding of
DNA to the nonspecific DNA-binding domain.40

Likewise, the binding ability of the nonspecific
DNA-binding domain in p53 was shown to be
blocked by either association with several different
proteins or posttranslational modification of the
nonspecific DNA-binding domain.39 By either me-
chanism, reduction of the nonspecific DNA-binding
function of p53 removed the suppression of the
sequence-specific DNA-binding domain, thereby
showing an apparent increase in binding specificity.
There are several regions in core RAG that have

been shown to interact with nonspecific DNA. These
include the nonamer-binding region and the C-
terminal domain, both of which contain multiple
regions that are rich in basic residues.41 While re-
cognition and binding to the RSS are prerequisites
for RAG-mediated site-specific cleavage, binding to
DNA in a sequence-independent manner is also
important at several steps in the V(D)J recombina-
tion process. First, RAG contacts with RSS-flanking
nucleotides (i.e., in the V, D, or J coding regions) may
assist in orienting the RAG active site at the coding
flank/RSS heptamer border.17,42 Second, interaction
with the flanking nucleotides is also necessary for
hairpin formation at the coding end.43,44 Third, the
RAG proteins have been shown to maintain contact
with the coding end hairpins after DNA cleavage,
which may be a crucial step in the transfer of DNA
double-strand break products to the nonhomolo-
gous end joining DNA repair pathway.45,46 In all of
these steps, it is possible that RAG2 modulates the
nonspecific DNA binding activity of core RAG1 to
only associate with nonspecific DNA in the appro-
priate context during V(D)J recombination. Alter-
natively, certain interactions of the R1R2 complex
with nonspecific DNAwould be potentially harmful.
For example, the RAG proteins have been shown to
catalyze tranposition events in vitro and, at very low
levels, in vivo.47,48 The strand transfer step in the
transposition reaction involves association of theR1R2
complex with target DNA in a nonspecific manner.
The regulation of the nonspecific DNA binding mode
in RAG1, by RAG2, may be necessary to prevent such
deleterious events during lymphocyte development.
Further studies into the role of nonspecific DNA
interactions during V(D)J recombination and the
regulation of these interactions will be important for
a greater understanding of this intricate process.
Materials and Methods

Protein expression and purification

The plasmid pCJM233 (described previously)14 contain-
ing the gene encoding for core RAG1 fused to the C-
terminal end of MBP was transformed into E. coli BL21
cells. The MBP core RAG1 fusion protein consisting of
residues 384–1008, termed MCR1, was expressed and
purified as previously described.17 The concentration of
active MCR1 purified from E. coli was determined by UV
absorbance at 280 nm using an extinction coefficient of
129.5 mM−1 cm−1. In experiments with MCR1 only (in the
absence of GST core RAG2), the MCR1 concentration was
subsequently corrected for aggregation, as shown in
Supplementary Fig. 1.
The protein MBP was collected from the final size-

exclusion chromatography purification step of MCR1 and
corresponds to the ∼10% of MCR1 that is degraded (to
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MBP) upon expression and purification. The concentration
of MBP was determined by UV absorbance at 280 nm
using an extinction coefficient of 66.5 mM−1 cm−1.
GST core RAG2 consists of residues 1–387 of the full-

length RAG2 fused to the C-terminal end of GST. GST core
RAG2, either alone or with MCR1, was transiently ex-
pressed and purified from 293T cells, as previously des-
cribed.49 The concentration of the RAG proteins expressed
and purified from 293T cells was determined by Western
blot analysis using monoclonal anti-GST or anti-MBP
antibodies, as previously described.49 The concentration
of the coexpressed MCR1:GST core RAG2 complex
(referred to as the R1R2 complex) is given in terms of
the determined MCR1 concentration.
Oligonucleotide substrates

The sequence of the top strand of WT 12-RSS (WT 12-
RSS) is 5′-GATATGGCTCGTCTTACACAGTGATATA-
GACCTTAACAAAAACCTCCAATCGAGCGGAG-3′.
The sequence of the top-strand mutant heptamer and
mutant nonamer DNA substrates (MHMN) is identical
with that of the WT RSS, except that the heptamer
(CACAGTG) and the nonamer (ACAAAAACC) are
replaced by (GAGAAGC) and (AGGCTCTGA), respec-
tively. In the fluorescence experiment, both the top strands
of WT 12-RSS and MHMN were conjugated to the
fluorophore Oregon Green 488 at the 5′-end (commer-
cially synthesized and PAGE purified by Integrated DNA
Technologies). Double-stranded DNA substrates were
prepared by annealing the fluorescently labeled top-
strand WT 12-RSS or MHMN with their respective
complements.
Fluorescence anisotropy assay

Oregon-Green-labeledWT 12-RSS orMHMNduplex (at
4 nM) was titrated with increasing concentrations of
MCR1. The binding buffer contained 10 mM Tris (pH 8.0),
5 mM MgCl2, 100 mM NaCl, and 2 mM dithiothreitol.
Protein–DNA interactions were monitored by anisotropy
signal change as the protein–DNA complex was formed.
Fluorescence anisotropy experiments were performed
using an SLM-800 spectrofluorometer equipped with a
450-W Xenon lamp. The excitation and emission wave-
lengths for the Oregon Green fluorophore were set at
494 nm and 518 nm, respectively. For each titration, the
sample was incubated at the indicated temperature for
8 min to reach equilibrium, after which the anisotropy was
measured at least 10 times. G-factor corrections were
included in all calculated anisotropy values. Anisotropy
values were calculated using the program VINCI (ISS,
Champaign, IL). The temperature ranged from 5 °C to
37 °C.
On fluorescence competition assays, Oregon-Green-

labeled WT 12-RSS (at 4 nM) was incubated with MCR1
(at 25 nM). After equilibrium had been reached in the
formation of the protein–DNA complex (no further
change observed in anisotropy values), either nonlabeled
WT 12-RSS or MHMN was added to the reaction at
increasing concentrations. The reactions were performed
in the binding buffer containing 0.1 M NaCl (at 15 °C or
25 °C), as described above. Prior to recording anisotropy
values, the samples were incubated for 10 min after each
addition of nonlabeled competitor, as the anisotropy
values did not significantly change (b5%) with longer
incubation times.
Fluorescence data analysis

Binding curves for the interaction of MCR1 and the
DNA substrates obtained from fluorescence anisotropy
were fitted to the following binding isotherm:

1� DA =Kn
d= Kn

d + Pn� � ð1Þ
where ΔA is the normalized change in fluorescence
anisotropy, with 1−ΔA corresponding to the fraction of
unbound DNA; P is the concentration of MCR1; n is the
Hill coefficient; and Kd is the dissociation constant.
Reported Kd values are averages from n=3 independent
experiments. Curve fitting was performed using the
program KaleidaGraph (Synergy Software). The ΔG at
each temperature was calculated from its corresponding
Kd (calculated from Eq. (1)) as follows:

DG = � RTln 1=Kdð Þ ð2Þ
where ΔG is the free energy of binding, R is the universal
gas constant, and T is the temperature (in K).
Curve fitting to results from the competition assays

(monitored by fluorescence anisotropy) was performed
using nonlinear least squares fits according to the
following equation:

A + � A0ð Þ= A� � A0ð Þ = Kc + PTð Þ= Kc + PT +CTð Þ ð3Þ
where A0 is the fluorescence anisotropy value of free
Oregon-Green-labeled WT 12-RSS; A+ and A− are the
fluorescence anisotropy values in the presence and in the
absence of competitor DNA, respectively; PT is the total
protein concentration; and CT is the total concentration of
unlabeled competitor. In addition, Kc corresponds to the
concentration of competitor DNA (either WT 12-RSS or
MHMN) required to reduce the anisotropy value by 50%.

EMSA: Measurement of binding affinities

Oligonucleotide duplexes each containing a WT 12-
RSS or an MHMN sequence were used as DNA sub-
strates in the EMSA experiments. The sequences of the
WT 12-RSS and the MHMN are the same as used in the
fluorescence anisotropy measurements, but without the
Oregon Green fluorescent label. The WT 12-RSS and
MHMN substrates were labeled with 32P at the 5′-end of
the top strand using [γ32P]ATP and T4 polynucleotide
kinase. The double-stranded substrates were prepared by
annealing the top strands with their respective comple-
mentary oligonucleotides.
EMSA was performed as described previously.27 The

binding buffer contained 20 mM Tris (pH 8.0), 5 mM
MgCl2, 6% glycerol, and 2 mM dithiothreitol. The NaCl
concentration ranged from 0.1 M to 0.5 M, as specified.
Samples were incubated for 30 min at room temperature,
and the protein–DNA complexes subsequently resolved
on a two-part 3.5%/8% nondenaturing polyacrylamide
gel. Gels were dried and quantitated using an Amersham
Biosciences SI PhosphorImager and a densitometer. The
fraction of unbound DNA versus protein concentration
was plotted, and data points were fitted to the following
equation:

fraction of unbound DNA=Kn
D= Kn

D + Pn� � ð4Þ

where Kd is the dissociation constant, P is the protein
concentration, and n is the Hill coefficient.14 Reported Kd
values are averages from n=3 independent experiments.
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EMSA: Measurement of binding kinetics

For the time-course competition experiments, MCR1 (at
132 nM) or reconstituted R1R2 complex (with R1 con-
centration at 150 nM and R2 concentration at 75 nM) was
incubated with 1 nM 32P-labeled WT 12-RSS (or, in some
cases, 1 nM 32P-labeled MHMN substrate, as indicated) at
25 °C for 1 h. The binding reactions were performed under
the same conditions described in EMSA: Measurement of
Binding Affinities. Subsequently, a 120-fold excess of
competitor unlabeled DNA (either WT 12-RSS or MHMN
DNA, as indicated) was added to the sample reaction.
After different incubation times, the reactions were
subjected to electrophoresis on a single-part 6% nondena-
turing polyacrylamide gel, unless otherwise stated. The
fraction of bound DNA at each time point was quantitated
and plotted versus time. The data points were fitted to the
single exponential according to the following equation:

Y = Y0 �NSð Þexp �kXð Þ +NS ð5Þ
where Y0 represents binding at time 0, NS represents
binding at infinite time, and k is the rate constant in
inverse unit of time. The reported k values (koff) are
averages from n=3 independent experiments.
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