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SUMMARY

V(D)J recombination is initiated by a specialized transposase consisting of the subunits RAG-1
and RAG-2. The susceptibility of gene segments to DNA cleavage by the V(D)J recombinase is
correlated with epigenetic modifications characteristic of active chromatin, including
trimethylation of histone H3 on lysine 4 (H3K4me3). Engagement of H3K4me3 by a plant
homeodomain (PHD) in RAG-2 promotes recombination in vivo and stimulates DNA cleavage by
RAG in vitro. We now show that H3K4me3 acts allosterically at the PHD finger to relieve
autoinhibition imposed by a separate domain within RAG-2. Disruption of this autoinhibitory
domain was associated with constitutive increases in recombination frequency, DNA cleavage
activity, substrate binding affinity and catalytic rate, thus mimicking the stimulatory effects of
H3K4me3. Our observations support a model in which allosteric control of RAG is enforced by an
autoinhibitory domain whose action is relieved by engagement of active chromatin.

INTRODUCTION

During lymphocyte development the genes encoding antigen receptors are assembled from
discrete gene segments by V(D)J recombination. This process is initiated by the proteins
RAG-1 and RAG-2, which together cleave DNA at recombination signal sequences (RSSs)
that flank the participating gene segments (Gellert, 2002; Schatz and Swanson, 2011). There
are two classes of RSS, termed 12-RSS and 23-RSS, in which heptamer and nonamer
elements are separated by spacers of 12 bp or 23 bp, respectively. DNA cleavage by RAG
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involves nicking at the junction between the RSS and the coding sequence, followed by
transesterification to produce a blunt, 5’-phosphorylated signal end and a coding end that
terminates in a hairpin. Under physiologic conditions cleavage requires the pairing of a 12-
RSS with a 23-RSS, so that recombination between like segments is suppressed (Schatz and
Swanson, 2011).

V(D)J recombination acts in an ordered, locus-specific fashion during lymphoid
development. In the B lineage, for example, the immunoglobulin heavy chain (IgH) locus is
rearranged before the light chain loci and assembly of an Ig heavy chain gene proceeds by
sequential D-to-Jy and Vy-to-DJy joining (Alt et al., 1984). Productive rearrangement
suppresses further recombination at the IgH locus, thereby enforcing monoallelic expression
of 1g heavy chain (Jung et al., 2006). The ability of gene segments to undergo V(D)J
recombination is positively correlated with histone modifications characteristic of active
chromatin, including hypermethylation of histone H3 at lysine 4 (Chakraborty et al., 2007;
Goldmit et al., 2005; Liu et al., 2007; Matthews et al., 2007; Morshead et al., 2003;
Subrahmanyam et al., 2012).

RAG-1 and RAG-2 are 1040 and 527 amino acid residues long, respectively. Although the
canonical non-core region of RAG-2, comprising residues 387 through 527, is dispensable
for DNA cleavage in vitro, removal of this region is associated with decreased
recombination frequency (Steen et al., 1999) and increased aberrant recombination in vivo
(Sekiguchi, 2001; Talukder et al., 2004). Interpretation of these effects is complicated by the
presence of domains within the RAG-2 non-core region that support destruction at the G1-S
transition (Jiang et al., 2005; Lee and Desiderio, 1999; Li et al., 1996; Zhang et al., 2011),
nuclear import (Ross et al., 2003) and binding to H3K4me3 (Liu et al., 2007; Matthews et
al., 2007; Ramon-Maiques et al., 2007). This last function is served by a plant homeodomain
(PHD) finger spanning residues 415 through 487 (Callebaut and Mornon, 1998; Ramon-
Maiques et al., 2007). Binding of H3K4me3 by the PHD finger promotes recombination in
vivo (Liu et al., 2007; Matthews et al., 2007) and H3K4me3-bearing peptides stimulate
DNA cleavage by RAG in vitro (Grundy et al., 2010; Shimazaki et al., 2009), suggesting
that H3K4me3 is an allosteric activator of the VV(D)J recombinase.

Paradoxically, removal of the RAG-2 non-core region impairs VV(D)J recombination less
severely than does selective mutation of the PHD finger (Cuomo and Oettinger, 1994;
Sadofsky et al., 1994). Moreover, core RAG-2 supports D-to-Jy joining in vivo (Akamatsu
et al., 2003; Kirch et al., 1998; Liang, 2002), while the full-length RAG-2(W453A) mutant,
which is unable to bind H3K4me3, does so only weakly (Liu et al., 2007). These
observations suggested the presence within RAG-2 of an autoinhibitory domain that is
absent from the core fragment. We now uncover an autoregulatory region within RAG-2
that imposes allosteric control on V(D)J recombination. Disruption of autoinhibition mimics
engagement of H3K4me3. Our observations support a model in which epigenetic control of
RAG is enforced by an autoinhibitory domain whose action is relieved by active chromatin.
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RESULTS

Identification of an autoinhibitory domain within the RAG-2 non-core region

We reasoned that an autoinhibitory domain would be identifiable by second site mutations
that rescue the activity of RAG-2(W453A). We therefore scanned the entire canonical non-
core region of RAG-2(W453A) with clustered alanine substitutions of 9 or 10 amino acid
residues each. In a preliminary screen two contiguous secondary mutations, 388/396Ag and
397/405Ag, rescued RAG-2(W435A) in an assay for V(D)J recombination (data not shown).
We therefore constructed RAG-2 mutants bearing a clustered alanine substitution spanning
residues 388 through 405 alone [RAG-2(388/405A1g)] or in the presence of W453A
[RAG-2(388/405A 15, W453A)] (Fig. S1A). The activity of RAG-2(W453A) in an assay for
signal joining was impaired relative to wild-type, as reported (Liu et al., 2007). In contrast,
the RAG-2(388/405A1g, W453A) double mutant exhibited no such reduction (Fig. 1A).
Moreover, the RAG-2(388/405A1g) single mutant was significantly more active than wild-
type (Fig. 1A). Differences in protein accumulation did not account for the effects of the
388/405A1g and W453A mutations (Fig. S1B). The gain of function associated with the
388/405A1g mutation was consistently observed in separate assays for signal joining (Fig.
1A, B and Fig. S1D, E), in an assay for coding joining (Fig. S1F) and in combination with a
mutation (T490A) that uncouples RAG-2 accumulation from the cell cycle (Fig. S1G),
suggesting that stimulation is independent of cell cycle-dependent control. The 388/405Ag
mutation had no apparent effect on the precision of signal joining (Fig. S1H, I).

To define the amino-terminal boundary of the autoinhibitory domain we extended alanine
scanning mutagenesis into the canonical core region of RAG-2 (Fig. S1A).
RAG-2(370/387A13g) exhibited a gain-of-function phenotype similar to that of
RAG-2(388/405A13g), while RAG-2(352/369Ag) was similar to wild-type and
RAG-2(334/351A1g) did not support recombination (Fig. 1B). Mutations carboxy-terminal
to residue 405 failed to confer a gain of function (Fig. 1B). The 370/387Ag mutation was
not associated with increased accumulation of RAG-2 (Fig. S1C). These results are
consistent with the presence of an autoinhibitory domain between amino acid residues 370
and 405 of RAG-2. The stimulatory effects of the 370/387Ag and 388/405A g mutations
were similar, and we performed subsequent assays with the latter.

Disruption of autoinhibition uncouples recombination of endogenous gene segments from
H3K4me3 recognition

We employed a qualitative assay to determine whether disruption of the putative RAG-2
autoinhibitory domain could bypass the dependence of endogenous D-to-Jy joining on
H3K4me3 recognition. To do so we expressed wild-type RAG-2, RAG-2(388/405A1g),
RAG-2(W453A) or RAG-2(388/405A1g, W453A) in a RAG-2-deficient pro-B cell line
using a retroviral vector that confers puromycin resistance. At 25 days of selection DSP2-to-
Jy joining was assayed (Liu et al., 2007). Rearrangements were detected in cells transduced
with core RAG-2, wild-type RAG-2 or RAG-2(388/405A13) (Figure 1C, lanes 3-5).
Rearrangements were profoundly reduced in cells transduced with RAG-2(W453A) (Figure
1C, lane 6). The debilitating effect of the W453A mutation was reversed, however, by
mutation of residues 388-405 (Figure 1C, lane 7), consistent with the interpretation that
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relief of autoinhibition bypasses the dependence of endogenous V(D)J recombination on
recognition of H3K4me3 by RAG-2. Similar results were observed in two additional,
independent transduction experiments (Fig. S1J, K).

Robust stimulation of RAG activity by exogenous H3K4me3 upon removal of endogenous

H3K4me3

Although exogenous H3K4me3 has been shown to stimulate DNA cleavage by RAG, the
responsiveness of standard RAG preparations has been inconsistent, suggesting variable
contamination with endogenous H3K4me3. Indeed, standard amylose affinity preparations
of MBP-tagged RAG fusion proteins (Fig. 1D, E) contained H3K4me3 (Fig. S2A, lanes 7
and 8). When we performed sonication before amylose affinity chromatography (Raval et
al., 2008), contaminating H3K4me3 was removed (Fig. S2A, lanes 1 — 3). All RAG
preparations employed hereafter were depleted of endogenous H3K4me3 in this way.

We assessed the effect of exogenous H3K4me3 on DNA cleavage by RAG in the absence of
endogenous H3K4me3. Here we employed a version of RAG-1 lacking the amino-terminal
non-core region but retaining the carboxy-terminal non-core region (cR1ct-MH, Fig. 1D)
because RAG complexes containing cR1ct-MH are more robustly stimulated by H3K4me3
than complexes containing canonical core RAG-1 (Grundy et al., 2010), and because we
obtained complexes containing cR1ct-MH in at least 20-fold greater yield than complexes
containing full-length RAG-1. Full-length RAG-2 (fR2-MH, Fig. 1E) and cR1ct-MH fusion
proteins were coexpressed and copurified (Fig. S2B) free of detectable endogenous
H3K4me3 (Fig. S2A, lanes 4 — 6). This RAG complex was assayed for coupled cleavage of
a radiolabeled 12-RSS substrate in the presence of unlabeled 23-RSS substrate and
increasing amounts of a histone H3-derived peptide containing trimethylated lysine 4
(H3K4me3) or unmethylated lysine 4 (H3K4me0). Accumulation of nicked and hairpin
products was stimulated in a dose-dependent fashion by H3K4me3, but not by H3K4me0
(Fig. 1F, G, upper panel). The yield of hairpin end-products showed about 4.5-fold maximal
stimulation with half-maximal stimulation occurring at 0.6 — 1.25 uM H3K4me3. The yield
of nicked intermediates was also stimulated by addition of H3K4me3 (Fig. 1G, lower panel);
because these intermediates are obligatory, irreversible precursors of hairpins we deduce
that H3K4me3 stimulates nicking. A reciprocal coupled cleavage assay using radiolabeled
23-RSS substrate and an unlabeled 12-RSS partner showed similar stimulation by H3K4me3
(Fig. S2C, D). Thus, soluble H3K4me3 robustly stimulates DNA cleavage by RAG that has
been depleted of endogenous H3K4me3.

RAG-2(388/405A1g) exhibits increased basal activity but remains responsive to H3K4me3

The ability of the 388/405A,g mutation to rescue activity of a PHD finger mutant was
consistent with (1) disruption of an autoinhibitory domain whose action in the wild-type
protein is relieved by H3K4me3 or (2) disruption of a separate mode of autoinhibition
whose action is independent of H3K4me3 binding. To test these possibilities, we assayed
wild-type RAG-2, RAG-2(W453A), RAG-2(388/405A1g) and RAG-2(388/405A1g,
WA453A) (Fig. 1E) for responsiveness to H3K4me3 in a coupled cleavage assay.
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Equivalent amounts of active RAG tetramer, as determined by burst kinetic analysis (Fig.
S3), were assayed for coupled cleavage of a radiolabeled 12-RSS in the presence of
increasing concentrations of H3K4me0 or H3K4me3 (Fig. 2A). As expected, H3K4me3
stimulated hairpin formation by wild-type RAG: at 4 uM H3K4me3 the yield of hairpin
product was more than 10 fold greater than in the absence of peptide (Fig. 2B, right panel).
Stimulation was specific, as H3K4me0 had no effect (Fig. 2B, left panel). RAG-2(W453A)
exhibited basal activity similar to that of wild-type (Fig. 2B, left panel), but was
unresponsive to H3K4me3 (Fig. 2B, right panel), indicating that an intact PHD finger is
required for stimulation. Consistent with its ability to rescue the recombination activity of
RAG-2(W453A) in vivo, the 388/405A1g mutation was associated with increased basal
cleavage activity, either alone or in combination with W453A (Fig. 2B, left panel). Despite
this increase in basal activity, RAG-2(388/405A1g) was stimulable by H3K4me3 (Fig. 2B);
responsiveness required an intact PHD finger, as RAG-2(388/405A1g, W453A) was not
stimulated (Fig. 2B, right panel). Consistent with these observations, RAG-2 fragments
bearing the W453A and the 388/405A1g, W453A double mutation failed to bind H3K4me3,
while a fragment bearing the 388/405Ag mutation retained the ability to bind (Fig. S4A, B).
Taken together, these observations indicate: (1) that the 388/405Ag gain-of-function
mutation confers increased basal cleavage activity in vitro but (2) that this mutation provides
partial relief of autoinhibition, sparing one or more additional inhibitory functions that can
be relieved by H3K4me3 binding.

Tetramers composed of full-length RAG-1 and full-length RAG-2 are largely insoluble. For
this reason quantitative studies of RAG activity have generally employed the more soluble
truncated forms of RAG-1, RAG-2 or both. Nonetheless, we were able to purify sufficient
full-length protein to determine that full-length RAG-1 (fIR1-MH; Fig. 1D), in complex
with RAG-2(388/405A1g) or RAG-2(388/405A1g, W453A), exhibits increased basal nicking
activity relative to a complex with RAG-2(W453A) (Fig. S4C). Moreover, full-length
RAG-1, in complex with RAG-2(388/405A1g), is stimulable by H3K4me3 in a PHD-
dependent manner (Fig. S4C). The elevated basal activity of the 388/405A1g mutant and its
responsiveness to H3K4me3 are consistent with the results of Fig. 2B.

Stimulatory effect of H3K4me3 on substrate binding

The stimulatory effect of the 388/405A g mutation could result from increased affinity for
substrate, increased catalytic activity or both. To distinguish these possibilities we assessed
substrate binding and catalysis. To measure affinity for DNA substrate, a 12-RSS fragment
was incubated with increasing concentrations of wild-type RAG in the presence of 4 uM
H3K4me0 or H3K4me3 peptide. Incubation was carried out in the presence of Ca**, which
supports the binding of RAG to substrate in the absence of DNA cleavage. The fraction of
total substrate remaining in the unbound state was determined (Fig. 3A) and expressed as a
function of active RAG concentration (Fig. 3C), as defined by burst kinetics under the
assumption that the active unit is a heterotetramer of composition (RAG-1),(RAG-2), (Yu
and Lieber, 2000). Dissociation constants, Kp, were determined (see Experimental
Procedures). The addition of H3K4me3 was accompanied by an increase in the affinity of
wild-type RAG for substrate DNA, relative to control; in contrast, the affinity of
RAG-2(388/405Ag) for a 12-RSS substrate was similar in the presence of H3K4me0 or
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H3K4me3 (Fig. 3B, D). We also performed direct comparisons of substrate binding by each
RAG species in the presence of H3K4me0 (Fig. 3E) or H3K4me3 (Fig. 3F). In the presence
of control peptide the affinities (Kp) of RAG-2(388/405A1g) and wild-type RAG for
substrate were estimated at 88 nM and 242 nM, respectively (Fig. 3G and Table S1). In the
presence of H3K4me3, wild-type RAG and RAG-2(388/405Ag) bound substrate with an
estimated Kp of 76 nM and 84 nM, respectively (Fig. 3H), similar to the affinity of
RAG-2(388/405A3g) for substrate in the presence of H3K4me0. Thus the 388/405A1g
mutation confers a constitutive increase in substrate binding affinity by RAG independent of
the presence of H3K4me3.

H3K4me3 and the RAG-2 388/405A1g mutation stimulate catalysis of DNA cleavage

Because the 388/405A,g mutation uncoupled the high affinity state from H3K4me3 binding,
we were able to assess the effect of H3K4me3 on k¢ in the absence of its effect on Kp. We
assayed nicking of a 12-RSS substrate at concentrations of 10 nM to 60 nM by
RAG-2(388/405A1g) in complex with cR1ct-MH. Reactions were carried out at an active
RAG tetramer concentration of 1.5 nM in the presence of 4 pM H3K4me0 or H3K4me3
peptide (Fig. 4A). Following determination of Vs« (Fig. 4B and C), kca Was estimated
(Experimental Procedures). In the presence of H3K4me0, RAG-2(388/405A1g) supported
nicking with an apparent kg of 4.95 min~1, which increased to 7.06 min~2 in the presence
of H3K4me3 (Fig 4C and Table S1). In comparison, we observed turnover rates of 0.83
min~1 and 3.76 min~1 for wild-type RAG-2 in the presence of H3K4me0 or H3K4me3,
respectively (Fig. S4D, E and Table S1), consistent with previous estimates (Shimazaki et
al., 2009). Thus the 388/405A1g mutation is associated not only with increased affinity for
substrate but also with a 6-fold increase in the basal kqg; for DNA nicking; the basal k¢q
observed for RAG-2(388/405A1g) is similar to that observed for wild-type RAG-2 in the
presence of H3K4me3. Nonetheless, RAG-2(388/405A1g) remains able to respond to
H3K4me3 with an increase in catalytic rate. Taken together these results are consistent with
a model in which the RAG-2 autoinhibitory domain suppresses substrate binding and
catalysis through separable effects which are overcome by binding of H3K4me3.

DISCUSSION

The accessibility of antigen receptor loci to RAG is associated with epigenetic modifications
characteristic of active chromatin, such as H3K4me3, whose recognition by RAG-2
promotes VV(D)J recombination. The ability of H3K4me3 to stimulate cleavage of naked
DNA by RAG has suggested that H3K4me3 relieves autoinhibition exerted by some feature
of the RAG complex.

One hint as to the nature of this autoinhibitory function was provided by the ability of the
RAG-2 core to support V(D)J recombination despite its inability to bind H3K4me3. We now
reconcile these properties by showing that the basal activity of RAG is suppressed by an
autoinhibitory domain that spans the boundary between the canonical core and non-core
regions of RAG-2. Disruption of this autoinhibitory region uncouples V(D)J recombination
from the requirement for H3K4me3 binding by RAG-2. Moreover, mutation of the
autoinhibitory domain mimics the binding of H3K4me3 by increasing the affinity of RAG
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for substrate and enhancing its catalytic rate. Our observations support a model in which the
responsiveness of RAG to epigenetic stimulation is conferred by an autoinhibitory domain
whose action is relieved upon binding of H3K4me3.

The ability of exogenous H3K4me3 to stimulate the coupled cleavage activity of wild-type
RAG was dependent, as expected, on binding of H3K4me3 to the PHD finger of RAG-2.
When autoinhibition was relieved by the 388/405A1g mutation, basal cleavage activity in the
absence of H3K4me3 was similar to that observed for wild-type RAG in the presence of
saturating H3K4me3 peptide. H3K4me3 binding exerts at least two effects that contribute to
enhanced RSS cleavage activity in vitro: increased affinity of RAG for substrate and faster
catalysis. If the autoinhibitory domain confers allosteric activation by H3K4me3, then
disruption of this domain would mimic the effects of H3K4me3 on substrate binding and
catalysis. Indeed, the apparent Kp and k., for RAG-2(388/405A13) in the absence of
H3K4me3 were similar to those of wild-type RAG-2 in the presence of saturating
H3K4me3. These observations indicate the presence of a functional element between
residues 370 and 405 of RAG-2 that suppresses substrate binding and catalysis in the
absence of H3K4me3. Our results are consistent with a model in which this autoinhibitory
element maintains RAG in a state of low affinity for the RSSs until nearby transcriptional
activation promotes allosteric activation through the deposition of H3K4me3.

The basal catalytic rate supported by RAG-2(388/405A1g) is similar to the maximally
induced rate observed for wild-type RAG but is further increased in response to H3K4me3.
While RAG-2(388/405A1g) supports a basal affinity for substrate that is also similar to the
maximal induced affinity of wild-type RAG, H3K4me3 induces no further increase in
affinity. Thus the effects of H3K4me3 on substrate affinity and catalysis are separable. We
imagine several possible reasons that the 388/405A1g mutant may remain responsive to
H3K4me3 with respect to catalytic rate. First, because the boundaries of the autoinhibitory
domain, as defined genetically, extend beyond the limits of the 388/405A1g mutation,
RAG-2(388/405A1g) may retain residual autoinhibitory activity. Second, there may exist
additional suppressive elements within the RAG complex that dampen the catalytic rate for
DNA cleavage in the absence of H3K4me3. Third, the 388/405A1g mutation may exert a
gain-of-function effect separate from or in addition to its ability to mimic H3K4me3
binding. In any event, the 388/405A1g mutation permits RAG to bypass recognition of
H3K4me3 in vivo and mimics the stimulatory effects of H3K4me3 on substrate binding and
turnover rate in vitro.

Available data do not provide structural insight into autoinhibition or its relief by H3K4me3.
One model would invoke direct competition between the inhibitory domain and H3K4me3
for binding to the PHD finger. This seems unlikely because the W453A mutation, which
disrupts the H3K4me3 binding site, fails to relieve inhibition. Our results remain consistent
with the possibility that the inhibitory domain exerts its suppressive effect through
interactions with one or more regions of RAG distinct from the PHD finger. In this view,
engagement of the PHD finger by H3K4me3 would relieve inhibition indirectly, perhaps
through propagation of a conformational alteration within RAG.

Cell Rep. Author manuscript; available in PMC 2016 January 06.
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The boundaries of the autoinhibitory domain lie within an acidic region of RAG-2,
comprising residues 350 through 410. Neutralization of charge in this interval is associated
with aberrant repair of RAG-mediated DNA breaks, decreased stability of RAG-signal end
complexes (SECs) and genomic instability (Coussens et al., 2013). While these effects
appear to reflect events occurring after RSS recognition and DNA cleavage, they may be
explained in part by our results. An increase in genomic instability, for example, would be
consistent with the uncoupling of substrate recognition and cleavage from H3K4me3
binding that we observe upon mutation of this region. A unifying hypothesis would suggest
that the destabilization of SECs, and relaxation of repair pathway choice, are consequences
of the structural alterations that uncouple RAG activity from H3K4me3 binding upon
mutation of the autoinhibitory domain. For example, if formation of a stable SEC were to
require disengagement of RAG from H3K4me3, then mutations that mimic the effect of
H3K4me3 engagement, such as RAG-2 388/405A4g, could compromise SEC stability and
appropriate repair of DNA ends.

EXPERIMENTAL PROCEDURES

Cell culture

Antibodies

NIH3T3 and HEK 293T cells were propagated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were maintained at 37°C
in 5% CO».

Antibodies against the following proteins were used in this study: histone H3K4me3
(Millipore CMA-304); MBP (Santa Cruz sc-808); actin (Santa Cruz, sc-8432); and c-myc
(Millipore CBL-430).

Oligonucleotide substrates

Two pairs of duplex oligonucleotides were used in RSS cleavage and binding assays:
DAR39/40 (12-RSS) and DAR61/62 (23-RSS) (McBlane et al., 1995) or HL44/45 (12-RSS)
and HL46/47 (23-RSS) (Shimazaki et al., 2012). Oligonucleotides were purified by gel
electrophoresis and 5’ end-labeled where indicated with 32P by T4 DNA polynucleotide
kinase (New England Biolabs). Complementary oligonucleotides were annealed as
described (Lu et al., 2008).

DNA binding assays

Varying amounts of RAG tetramer up to 0.3 pM were combined with 1 nM radiolabeled
HL44/45 in binding buffer [25mM 3-(4-Morpholino)propane sulfonic acid-KOH pH7.0, 30
mM KCI, 30mM potassium glutamate, 6% glycerol, 0.1 mg/mL BSA, 4 mM CaCl,, 1 mM
DTT] at a reaction volume of 10 pl. After 20 min at 37°C, 4 pl of 50% glycerol were added
and reactions were resolved on a composite 4%/8% non-denaturing gel as described (Zhao
et al., 2009). Radiolabeled species were detected on a phosphorimager and the percent of
total radioactivity present as free substrate at each RAG concentration was determined using
ImageQuantNL (GE Healthcare). To determine the dissociation constant Kp, data were
fitted by nonlinear regression to the equation
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K
K"+[RAG]"

where F is the fraction of substrate that is unbound, Kp is the dissociation constant and n is
the Hill coefficient. Nonlinear regression analysis was performed using GraphPad Prism v.
5.0 (GraphPad Software).

Determination of catalytic rate constants

Wild-type or mutant RAG complexes (1.5 nM active tetramer, as determined by burst
kinetic analysis) was combined with HL44/45 at concentrations varying from 10 nM to 60
nM) in a buffer containing 25 mM 3-(4-Morpholino)propane sulfonic acid-KOH pH 7.0, 30
mM KCI, 30 mM potassium glutamate, 5 mM MgCl,, 1 mM DTT, 1% glycerol and 0.1
mg/ml BSA in reaction volumes of 20 pl at 37°C. Aliquots (2 pl) were withdrawn at varying
times up to 3 min and reactions were stopped by addition of 1 volume 90% formamide-TBE.
Products were quantified as above. Vyax Was estimated by curve fitting to a Michaelis-
Menton model (GraphPad Prism v. 5.0, GraphPad Software) and k., was determined from
the relationship:

‘/m azT

km,,zi-
T [RAG]

Expression constructs, Protein purification, Recombination assays, Burst kinetic analysis,
Assays for coupled cleavage and Surface plasmon resonance are described under
Supplemental experimental procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Autoinhibition of RAG in vivo and stimulation of chromatin-depleted RAG by H3K4me3 in

vitro. (A) Rescue of an inactivating PHD finger mutation. Recombination (%), frequency of
signal joining in cells transfected with pJH200 (Hesse et al., 1987), full-length RAG-1 and
vector (V), full-length wild-type RAG-2 (wt) or full-length RAG-2 mutants as indicated
(mean + S.E.M., n = 3 independent biological replicates, representing = 500 ampicillin
(amp)-resistant colonies per RAG-2 variant and = 200 amp-resistant colonies for vector
alone) Significant differences were determined by ANOVA: *** P < 0.001; **, P < 0.01.
(B) Mapping of the autoinhibitory domain. Signal joining (mean + S.E.M., n=3
independent biological replicates, representing = 100 amp-resistant colonies per RAG-2
variant) was assayed using full-length RAG constructs and analyzed as in (A); ***, P <
0.001; *, P < 0.05. (C) Rescue of W453A by 388/405A1g in an assay for endogenous
recombination. Top panel, assay for Dgpo-t0-Jy joints in genomic DNA from uninfected
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cells (Un) or cells transduced with the following: vector alone (V), core RAG-2 (C), full-
length wild-type RAG-2 (wt) or full-length RAG-2 mutants. Positions of Dgp,-to-Jy
recombinants are indicated at left. Middle and bottom panels, detection of myc-tagged
RAG-2 species and actin, respectively, by immunoblotting. (D) Diagrams of wild-type
RAG-1 (top), full-length RAG-1-MH (fIR1-MH, middle) and core RAG-1ct-MH (cR1ct-
MH, bottom). Amino acid residues at domain boundaries are numbered. The core is
designated in dark gray. The RING-type zinc-finger domain (RING/ZFD) and the nonamer-
binding domain (NBD) are indicated. Arrowheads, catalytic residues. MBP, Myc and His
denote the maltose-binding protein, c-myc epitope and polyhistidine tags, respectively. (E)
RAG-2 constructs for in vitro assays. Above, wild-type RAG-2. Below, full-length RAG-2
fusion protein. Amino acid residues at domain boundaries are numbered. The core is shown
in dark gray. Kelch-like domains (KL), the PHD finger (PHD) and the degradation signal
(D) are indicated. MBP, Myc and His are as defined in (D). Positions of mutations are
marked below. (F) Stimulation of H3K4me3-depleted RAG by exogenous H3K4me3.
Coupled cleavage reactions contained radiolabeled 12-RSS and unlabeled 23-RSS.
Additions of RAG and H3K4me0 or H3K4me3 are indicated above. Positions of hairpin
(HP) and nicked (N) products are indicated by arrows. M, 10 bp marker ladder. Uncleaved
substrate migrates as a doublet, likely as a result of incompletely melted secondary structure.
(G) Accumulation of hairpin product (upper panel) or nicked intermediates (lower panel) at
1 hr is plotted in nM as a function of H3K4me0 (gray diamonds) or H3K4me3 (black
squares) concentration. Data in (F) and (G) are representative of more than three
experiments.

Cell Rep. Author manuscript; available in PMC 2016 January 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Luetal.

A

Page 14

WT W453A 388/405A g W453A, 388/405A g

K4meO K4me3 K4meO K4me3 K4meO K4me3 K4meO K4me3

CL DL LT DL L b
0.25 0.25
“WT
s “#-\W453A 55
’ ~*=388/405A18 i

~®-W453A, 388/405A18

o
-
(&)
o
s
w

nM product
o

nM product
o

0.05 0.05
0 0 \ ,
0 1 2 3 4 0 1 2 3 4
H3K4me0 H3K4me3
uM peptide
Figure 2.

Mutation of the RAG-2 autoinhibitory domain increases coupled cleavage activity. (A)
Coupled cleavage reactions contained radiolabeled 12-RSS, unlabeled 23-RSS and wild-
type (wt) RAG-2 or RAG-2 mutants as defined at top. K4me0 and K4me3, reactions
supplemented with 0.5, 1, 2 or 4 uM H3K4me0 or H3K4me3 peptide; -, reactions lacking
peptide. Positions of hairpin (HP) and nicked (N) products are indicated by arrows. (B)
Accumulation of hairpin product at 1 hr (nM product) is plotted as a function of the
concentration of H3K4me0 (left) or H3K4me3 (right). Blue diamonds, wild-type RAG-2;
gray squares, RAG-2(W453A); red triangles, RAG-2(388/405Ag); green circles,
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RAG-2(W453A, 388/405A1g). Data in (A) and (B) are representative of more than three
experiments.
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The RAG-2 388/405A,g mutation mimics the stimulatory effect of H3K4me3 on RAG-RSS
binding. (A) Electrophoretic mobility shift assay (EMSA) for binding of wild-type RAG to a
consensus 12-RSS in the presence of H3K4me0 or H3K4me3 peptide as indicated at top.
Probe, 12 RSS incubated in the absence of RAG. The concentration, in pM, of active RAG

in each binding reaction is indicated above the lane. (B) EMSA as in (A) except that

RAG-2(388/405Ag) was substituted for wild-type RAG-2. (C) H3K4me3 reduces the Kp of
RAG-RSS binding. The fraction of free probe (fraction DNA unbound) in each binding
reaction of panel (A) was plotted as a function of active RAG concentration. Data from

reactions containing H3K4me0 and H3K4me3 are indicated by blue squares and red

triangles, respectively. (D) The RAG-2 388/405A1g mutation relieves responsiveness of
RAG-RSS binding to H3K4me3. The fraction of free probe (fraction DNA unbound) in each
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binding reaction of panel (B) is plotted as in (C). (E) EMSA for binding of wild-type RAG
(left) or RAG-2(388/405A1g) (right) to a consensus 12-RSS in the presence of H3K4me.
Probe, 12 RSS incubated in the absence of RAG. The concentration of active RAG in each
reaction is indicated above the lane. (F) EMSA as in (E) except that H3K4me3 was
substituted for H3K4me0. (G) The RAG-2 388/405A1g mutation increases basal affinity of
RAG for RSS in the absence of H3K4me3. The fraction of free probe (fraction DNA
unbound) in each binding reaction of panel (E) was plotted as a function of active RAG
concentration. Data from reactions containing RAG-2(388/405A1g) and wild-type RAG-2
are indicated by blue squares and red triangles, respectively. Kp estimates for wild-type (wt)
and mutant (mut) proteins are indicated. (H) The fraction of free probe (fraction DNA
unbound) in each binding reaction of panel (F) is plotted as in (G). Data in (A), (B), (E) and
(F) are representative of three experiments.
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Disruption of the RAG-2 autoinhibitory domain mimics the stimulatory effect of H3K4me3
on catalytic rate. (A) Assay for RSS nicking. Reactions contained 1.5 nM
RAG-2(388/405Ag) and 12-RSS substrate HL44/45 at 10, 20, 40 or 60 nM. Reactions were
supplemented with 4 uM H3K4me0 or H3K4me3 peptide as indicated at top. Accumulation
of nicked product (arrow) was assayed at times ranging from 0 to 2.5 min. (B) Concentration
of nicked product as determined in (A) is plotted against time for each substrate
concentration. Blue, 10 nM; orange, 20 nM; gray, 40 nM; and yellow, 60 nM. Left, reactions
containing H3K4meO; right, reactions containing H3K4me3. (C) Reaction velocity (V) is
plotted in nM/min as a function of substrate concentration ([S]). Vmax Was determined by

non-linear regression analysis (Experimental Procedures); Keat = Vmax/[RAG]T, where

[RAG]r is the total concentration of active RAG tetramer. Data are representative of two

experiments.

Cell Rep. Author manuscript; available in PMC 2016 January 06.



