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recognizes histone H3 methylated at
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Recombination activating gene (RAG) 1 and RAG2 together cata-
lyze V(D)J gene rearrangement in lymphocytes as the first step in
the assembly and maturation of antigen receptors. RAG2 contains
a plant homeodomain (PHD) near its C terminus (RAG2-PHD) that
recognizes histone H3 methylated at lysine 4 (H3K4me) and influ-
ences V(D)J recombination. We report here crystal structures of
RAG2-PHD alone and complexed with five modified H3 peptides.
Two aspects of RAG2-PHD are unique. First, in the absence of the
modified peptide, a peptide N-terminal to RAG2-PHD occupies the
substrate-binding site, which may reflect an autoregulatory mech-
anism. Second, in contrast to other H3K4me3-binding PHD do-
mains, RAG2-PHD substitutes a carboxylate that interacts with
arginine 2 (R2) with a Tyr, resulting in binding to H3K4me3 that is
enhanced rather than inhibited by dimethylation of R2. Five resi-
dues involved in histone H3 recognition were found mutated in
severe combined immunodeficiency (SCID) patients. Disruption of
the RAG2-PHD structure appears to lead to the absence of T and B
lymphocytes, whereas failure to bind H3K4me3 is linked to Omenn
Syndrome. This work provides a molecular basis for chromatin-
dependent gene recombination and presents a single protein
domain that simultaneously recognizes two distinct histone mod-
ifications, revealing added complexity in the read-out of combi-
natorial histone modifications.
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(D)J recombination is the site-specific DNA rearrangement

that assembles antigen receptor genes from dispersed arrays of
V, D, and J gene segments. Recombination is initiated by the
lymphoid-specific recombination activating gene (RAG) 1 and
RAG?2 recombinase, which recognizes and cleaves the recombina-
tion signal sequences (1). V(D)J recombination is tightly regulated,
occurring in a preferred temporal order and only in specific cell
types and developmental stages. Ig heavy chain rearrangement
precedes light chain rearrangement and Ig heavy-chain D to J
joining precedes V to DJ recombination. In addition, Ig genes are
fully rearranged only in B cells (not T cells), and T cell receptor
genes are assembled in T but not B cells (1). Overexpression of
RAG1 and RAG2 in nonlymphoid cells is sufficient to induce
recombination of an artificial extrachromosomal substrate but does
not support V(D)J recombination of endogenous loci (2). There-
fore, the accessibility of these loci to the recombinase must be
regulated (3). A large body of evidence suggests that the regulation
of chromatin structure is involved in the regulation of V(D)J
recombination (4-6).

Posttranslational modifications of histone tails, including meth-
ylation, acetylation, phosphorylation, ubiquitylation, sumoylation,
and ADP ribosylation, have been found to play an important role
in regulating chromatin structure and gene accessibility (7-10).
Histone acetylation leads to transcription activation in general, and
specific histone methylations have been implicated in either up- or
down-regulation of associated genes. For example, trimethylation
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of lysine-4 on histone H3 (H3K4me3) is associated with transcrip-
tion activation, whereas H3K9me3 is linked to transcription sup-
pression (11). Histone methylation at antigen receptor loci has been
reported at particular developmental stages, indicating that it may
play a role in regulating recombination (12). Recognition of acety-
lated and methylated histone lysines thus becomes an essential part
of chromatin-based gene regulation. Bromodomains have been
shown to recognize acetylated lysine (13-15), and chromodomains
of HP1 and Polycomb bind to methylated H3K9 and H3K27,
respectively (16—19). More recently, a double chromodomain of
CHDI1 (20), double Tudor domains of JMID2A (21), and the plant
homeodomain (PHD) fingers in an array of proteins (22), including
BPTF (23), ING2 (24), and Yngl (25), have each been reported to
recognize H3K4me3 with micromolar dissociation constants.

The observation that a single histone modification, H3K4me3, is
recognized by multiple protein modules each with tens of homo-
logues in one organism (7, 26, 27) raises the question of how specific
targeting to distinctly modified chromatin is achieved. It has been
proposed that additional modifications of adjacent or distal residues
may influence histone recognition and that a combination of
histone modifications may have synergistic or antagonistic effects
(7, 26, 28). Asymmetric dimethylation of R2 or phosphorylation of
T3 was reported to decrease binding of the double chromodomains
of CHD1 to H3K4me3 (20). Similarly, binding of HP1 chromodo-
main to H3K9me is prevented by phosphorylation of the adjacent
S10 (29). Although the homodimeric chromodomain of CMT3
preferably binds histone H3 methylated at both K9 and K27, the two
modified methyl-lysines appear to bind to different subunits (28). A
single protein domain that has increased affinity for a histone with
more than one modification has yet to be identified.

RAGI1 and RAG2 are large proteins with 500 to >1,000 residues,
but only core regions of each are necessary and sufficient for DNA
cleavage in vitro and recombination of extrachromosomal plasmid
substrates in vivo (1). Outside of the core region, the C terminus of
RAG?2 contains a PHD finger, which is required for efficient V to
DJ assembly of endogenous antigen receptor genes (30-32). When
endogenous RAG?2 in mice is replaced by the RAG2 core region
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Table 1. Data collection and SAD phasing

Wavelength, A 1.2818
Space group P24
Unit cell
a b, c A 54.8, 46.8, 57.0
@B v° 90, 101.5, 90

Resolution range, A 50-2.4 (2.49-2.4)

Rmerges ™ 0.126 (0.329)
Unique reflections 10,187
Redundancy 3.2(1.8)
Completeness, % 88.9 (57.2)
Ho(l) 10.2 (2.2)
Figure of merit 0.23
Phasing power score® 17.71

Data of the highest-resolution shell are shown in parentheses.

*Rmerge = 2h2illni — (IN|/Z(In), where Ip;is the intensity of the ith observation of
reflection h and (/p) is the average intensity of redundant measurements of
the h reflections.

"Determined by SOLVE.

only, V(D)J recombination occurs, but the numbers of mature B
and T cells are substantially reduced (30, 32). Furthermore, five
missense mutations in the RAG2-PHD finger have been identified
in patients with severe combined immunodeficiency (SCID), in-
cluding Omenn syndrome, which is characterized by restricted
V(D)J recombination, oligoclonal T cells, and few or no B cells

central
a-helix

(33-35). Apparently, the full-length RAG2 with a mutation in the
PHD finger can be more defective for in vivo recombination activity
than the RAG2 core alone (36, 37). These observations suggest that
RAG2-PHD may negatively regulate the RAG1 and RAG?2 re-
combinase activity and restrict recombination to particular loci.

Recently, the RAG2-PHD finger has been shown to interact with
H3K4me3 and not with trimethylated K9, K23, K27, K36, or K79
of histone H3 (37). To gain additional insight into the molecular
mechanisms that govern histone recognition and chromatin acces-
sibility in V(D)J recombination, we have determined the crystal
structures of RAG2-PHD alone and in complex with differently
modified histone H3 N-terminal peptides. Our results provide the
structural basis for recognition of the first six residues of H3K4me3
by RAG2-PHD. The structural results, together with pull-down
assays and binding affinity measurements, demonstrate that con-
trary to what has been observed for other H3K4me3 binding
domains, methylation of the adjacent arginine-2 does not inhibit but
rather enhances the binding of RAG2-PHD to H3K4me3.

Results and Discussion

Structure of RAG2-PHD Complexed with an H3K4me3 Peptide. We
determined the crystal structure of RAG2-PHD (residues 414487
of 527) in the presence of H3K4me3 peptides at 2.4 A (Table 1 and
Fig. 1). In each asymmetric unit, there were three RAG2-PHD
molecules, two bound to H3K4me3 and one free of the peptide. The
structures of RAG2-PHD with or without the H3 peptide are
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Fig. 1.  Crystal structure of RAG2-PHD bound to H3K4me3. (A) Ribbon diagram of the RAG2-PHD structure. The Zn1 and Zn2 fingers are shown in green and blue.
The Zn2* ions (orange spheres) are coordinated by His (yellow-blue) and Cys (yellow—purple) shown as balls and sticks. The hairpin loops (hl1 and hl2), 31¢ a-helices (a1
and « 2), and all secondary structures are labeled. The interdigitating nature of the zinc fingers is illustrated in the linear diagram below it. (B) Binding of the H3K4me3
peptide to RAG2-PHD. The RAG2-PHD is shown as a green ribbon diagram encased in purple molecular surface, and the H3 peptide is highlighted in yellow. Four amino
acids essential for the peptide binding are shown in magenta balls and sticks. (C) Stereoview of the detailed intermolecular contacts between RAG2-PHD and H3K4me3
peptide. The black dashed lines represent hydrogen bonds. The red boxes highlight those residues mutated in severe combined immunodeficiency (SCID) patients.
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RAG2-PHD + peptide
RAG2-PHD apo

Fig. 2.  Structural comparison of RAG2-PHD with and without the H3 pep-
tide. (A) Superposition of the RAG2-PHD crystal structures in the absence
(magenta) and presence of H3K4me3 (green). Residues 471-473 are disor-
deredinthe apo form and represented by a dashed lane. The N terminus of the
polypeptide chain is indicated. (B) The N-terminal peptide of RAG2-PHD
partially occupies the H3-binding groove in the absence of H3 peptide. The
molecular surface presentation of RAG2-PHD is shown with the bound
H3K4me3 peptide (yellow wire), and superimposed on it is the N-terminal
peptide of RAG2-PHD (pink wire) observed in the apo-structure. A proline
residue, three residues N-terminal to the first residue of RAG2-PHD (G414),
occupies the trimethyl ammonium-binding site.

superimposable with an rmsd of 0.6 A over 66 pairs of C* atoms
(Fig. 24). Despite the apparent differences from the NMR models
(36) [supporting information (SI) Fig. 6], our crystal structures are
fully compatible with the distance restraints measured by NMR
spectroscopy (D. Ivanov, personal communication). As predicted
by sequence analysis (38), RAG2-PHD is distinct from the zinc-
binding RING finger and LIM domain. Like other PHD fingers (26,
39) (Fig. 34 and B), RAG2-PHD consists of two nonconventional
zinc fingers (36). Each Zn?" ion is coordinated by a combination of
four Cys and His residues, two from a distorted B-hairpin and two
from the N terminus of a short a-helix (Fig. 14). The two zinc
fingers are interleaved, with residues 414-442 and 455-462 belong-
ing to the first (Zn1) and residues 446452 and 472-487 to the
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B RAG2-PHD ING2-PHD

BPTF-PHD

Fig. 3. Comparison of RAG2-PHD with PHD fingers of ING2 and BPTF. (A)
Sequence alignment of the three PHD fingers of RAG2, ING2, and BPTF. Zinc
ligands (C or H) are highlighted in yellow on green (Zn1) or blue (Zn2)
background; residues interacting with K4 are shown in magenta, and residues
interacting with R2 are shown in red (native) or purple (methylated) on gray
background. The tyrosine residue that closes the top of the aromatic cage in
ING2 and BPTFand is absentin RAG2-PHD isshown in light pink. These residues
are shown in the same color scheme in B. (B and C) Ribbon diagrams (B) and
surface representation (C) of PHD fingers of RAG2, ING2 (PDB entry 2G6Q), and
BPTF (PDB entry 2F6J) bound to H3K4me3 peptide. RAG2-PHD has an open
aromatic channel and does not possess a negatively charged residue equiva-
lent to E237 in ING2 or D27 in BPTF to interact with R2 of the H3 peptide.
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second (Zn2). A pair of antiparallel B-strands (B1: 443-446, B2:
452-455) and a central a-helix (463-471) linking the two zinc
fingers form the core of RAG2-PHD and the binding site for the
H3 peptide (Fig. 1).

The first six residues of the H3 peptide fit snugly in a sharply bent
and branched binding groove on the surface of RAG2-PHD (Fig.
1B). The N-terminal amino group of the H3 peptide is hydrogen
bonded with three carbonyl oxygens of RAG2-PHD, and the side
chain of trimethylated K4 fits in a hydrophobic channel delimited
by Y415 and W453 on the two sides and M443 in the back (Fig. 1
B and C). Residues R2-T3-K4me3 of the H3 peptide form a third
B-strand adjacent to B1 and B2 of RAG2-PHD in a three-stranded
antiparallel B-sheet. The H3 peptide is sharply kinked at Q5 like a
saddle straddling the central helix of RAG2-PHD. The kinked H3
peptide is stabilized by the hydrogen bond between T3 and T6
within it. In addition, Q5 forms five direct or water-mediated
hydrogen bonds with RAG2-PHD, including Y415 and T436 and
the 1.438-N439-K440 loop (Fig. 1C).

The trimethyl ammonium group of K4 is sandwiched between
the aromatic side chains of Y415 and W453, which is reminiscent
of the “aromatic cage” common among methyl-lysine-binding
domains (8, 16, 17, 20, 21, 23-26, 40). Pull-down assays carried out
with the RAG2-PHD-CT (residues 414-527) or with full-length
RAG?2 show that each of the three residues surrounding the K4me3
is essential for the H3 binding. Single substitution of Y415 or M443
with alanine, or W453 with alanine or arginine abolishes binding to
H3K4me3 (Fig. 4 A and B).

Comparison of PHD-H3K4me3 Structures. Different proteins have
evolved toward the same structural solution for binding di- or
trimethylated lysine: the formation of a rigid cleft by a number of
aromatic residues that stabilizes the methyl ammonium group by
cation- interactions. PHD fingers that bind methylated lysine all
share a conserved tryptophan at the position equivalent to W453
(26) (Fig. 34). This “aromatic cage” in BPTF-PHD is formed by
four aromatic residues that interact with H3K4me3 from both sides,
the back and the top (Fig. 3 B Right and C Right). ING2-PHD, on
the other hand, lacks one aromatic residue on the side and has a
methionine replacement in the back of the cage (Fig. 3 B Center and
C Center). The aromatic cage of RAG2-PHD differs from all other
structurally known methylated lysine-binding proteins in lacking a
residue to close the cage beyond the tip of K4me3. Instead of a cage,
the K4me3-binding site in RAG2-PHD is a channel that is open on
the top and front (Fig. 3 B Left and C Left).

RAG2-PHD also differs from other H3K4me3-binding PHDs in
its interactions with R2 of the H3 peptide. When complexed with
the PHD finger of ING2 (24), BPTF (23), and Yngl (25), the
extended side chains of R2 and K4me3 of the H3 peptide occupy
two adjacent parallel grooves separated by the conserved trypto-
phan equivalent to W453 of RAG2 (Fig. 3), and the guanidinium
group of R2 forms salt bridges with a carboxylate, either Asp or Glu.
Both the R2 binding groove and interacting carboxylate are absent
in RAG2-PHD, and in their place is Y445. As predicted (26), the
side chain of R2 extends toward solvent with no interaction with the
RAG2-PHD (Fig. 3 B and C).

In total, 475 A2 of the RAG2-PHD surface is buried upon the H3
peptide binding. This protein—peptide interface is ~30% larger
than those observed for ING2-PHD and BPTF-PHD (Fig. 3C).
This difference is mainly due to an insertion of 10 residues in
RAG2-PHD (depicted in wheat color in Fig. 3 A and B), which
contains the 1.438-N439-K440 loop and interacts extensively with
Q5 and T6 of the H3 peptide. As a result, the H3 peptide is sharply
kinked at Q5 when bound to RAG2-PHD, whereas it is in an
extended straight conformation in the complex with ING2 or BPTF
(Fig. 3B). The H3-binding site of RAG2-PHD can thus be described
as the crossroads of two grooves, one embracing the main chain of
residues 1-4 and side chain of Q5, and the other holding the side
chain of K4me3 and the main chain after Q5 (Fig. 3C).
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Fig. 4. RAG2-PHD prefers to bind H3 with the R2Zme2s and K4me3 double

modification. (A-C) Pull-down assays of biotinylated native, singly (K4me3)
and doubly modified (R2me2s/K4me3) H3 peptides by RAG2-PHD-CT fingers
(residues 414-527) and mutations in the hydrophobic channel (A), full-length
RAG2 (B), and RAG2-PHD-CT with the Y445 mutations (C). Mutations in the
hydrophobic channel and of residue Y445 of RAG2 diminish the H3R2me2s/
K4me3 binding. (D) Pull-down assay shows that methylation of R2 enhances
binding of RAG2-PHD but decreases binding of various ING-PHD fingers. (E)
Fluorescence anisotropy-based binding analysis of RAG2-PHD (414-487) and
six differently modified H3 peptides (each with fluorescein label). The error
bars represent deviations of triple measurements. The binding constants of
wild-type, Y445D, Y445A, and Y445F mutant RAG2-PHD for the six H3 pep-
tides are summarized in the table below the figure.

RAG2-PHD Binds a "Cis-Peptide” in the Absence of H3 Peptide. In the
crystal structure of RAG2-PHD without the H3 peptide, the
N-terminal eight residues carried over from the expression vector
(SI Methods) occupy the K4Me3-binding site (Fig. 2). This “cis-
peptide” enters the hydrophobic channel from the open end, and
a proline residue mimics the trimethyl ammonium by interacting
with Y415, W453, and M443 (Fig. 2). Binding of a proline between
a tyrosine and tryptophan is commonly observed (41-43). The
particular conformation of the cis-peptide may be stabilized by
crystal lattice contacts because the same cis-peptide in the NMR
model appeared to be disordered (36). However, several Pro
residues in the RAG2 core are predicted to be on flexible loops, one
of which may mimic the introduced proline and occupy the hydro-
phobic channel in solution. Mutations of R229 next to P230 on one

18996 | www.pnas.org/cgi/doi/10.1073/pnas.0709170104

such flexible loop have been widely observed in patients with
Omenn syndrome (44).

The fact that a full-length RAG2 with mutations in the PHD
finger is more deficient in V(D)J recombination than the RAG2
core without the zinc finger (30, 33-36), and the observations of an
open K4me3 binding channel and its accommodation of a cis-
peptide in the absence of H3K4me3 prompt us to postulate a
potential mechanism for RAG2 auto-regulation. Binding of a
self-peptide by RAG2-PHD may inhibit the RAG1/2 recombinase
activity, and replacement of the self-peptide by the histone H3
methylated at lysine-4 may relieve such repression (see further
discussion below).

RAG2-PHD Recognizes Symmetrically Dimethylated R2 of Histone
H3K4me2/3. The absence of a carboxylate in RAG2-PHD to form
salt bridges with R2 leads us to hypothesize that the Y445, which
replaces it, may interact with methylated R2. H3 peptides with
monomethylation or dimethylation on the same (asymmetric,
R2me2a) or different (symmetric, R2me2s) o-N atoms of R2 and
di- or trimethylation at K4 were synthesized (SI Table 2). Binding
of H3 peptide with methylated lysine-4 and with doubly methylated
R2 and K4 was first examined by pull-down assay. Both RAG2 and
RAG2-PHD-CT appear to bind the H3K4me3/R2me2s slightly
better than H3K4me3 (Fig. 4 A-D). The same assays showed that
monomethylated arginine did not increase binding of RAG2-
PHD-CT to H3K4me3 peptides (data not shown). The binding
constants of these peptides to RAG2-PHD were then measured by
two different fluorescence-based methods, the internal Trp fluo-
rescence of W453 or fluorescence anisotropy of fluorescein at-
tached to the H3 peptides (Fig. 4F and SI Fig. 7). Based on the
fluorescence anisotropy, which gives stronger signals and higher
precision, the lowest K and hence the tightest binding was achieved
with H3R2me2s/K4me3 (25.1 = 3.5 uM), whereas H3K4me3 and
H3R2me2a/K4me3 had slightly higher Kp (both ~34 uM). Such
preference for H3 peptide methylated at both R2 and K4 is
corroborated by the internal Trp fluorescence-based Kp measure-
ment, 31.0 £ 3.6 uM for H3R2me2s/K4me3 and 54.4 + 7.3 uM for
H3K4me3 (SI Fig. 7).

Because the difference in binding between singly and doubly
modified peptides was <2-fold, the measurements were repeated
multiple times to ascertain that the small differences are statistically
significant relative to the experimental errors, deviations of mea-
surements, and uncertainty of the curve fitting. The difference of
Kp due to symmetrically methylated R2 was increased to 2-fold
when H3 contains K4me2, which binds RAG2-PHD less well than
does K4me3 (Fig. 4E). It appears that the contribution of symmet-
rically methylated R2 to RAG2-PHD binding depends on the
methylation state of K4. Both di- and trimethylated K4 of histone
H3 have been detected at antigen receptor loci (12, 37). Recogni-
tion of R2 methylation by RAG2-PHD may enhance its weak
association with H3K4me2 and allow it to compete against other
H3K4me binding proteins, whose association with histone H3 is
reduced by R2 methylation.

The Kp of RAG2-PHD (25-50 uM) for the most preferred H3
peptide is ~10-fold higher than that of the ING2-PHD and
BPTF-PHD for the H3K4me3 peptide (2-5 uM) (23, 24). Because
the number and chemical nature of interactions between the
RAG2-PHD and H3 peptide are comparable if not greater than
those made by ING2-PHD and BPTF-PHD (Fig. 3B), the relatively
high Kp is surprising. We suspect that the lack of a salt bridge
between a carboxylate and H3R2 may account for the apparent
high Kp of RAG2-PHD. Disruption of the interaction with R2 in
ING2-PHD or BPTF-PHD by replacing the carboxylate with Ala
(D230A and D27A, respectively) reduced the affinity for H3K4m3
by ~30-fold (23, 24). Similarly, when R2 is dimethylated, the affinity
of ING2-PHD for H3K4me3 decreases ~10-fold (SI Fig. 8).
Competition by binding of the “cis-peptide” to RAG2-PHD may be
another reason for the apparent low affinity. Furthermore, regions
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Fig.5. Interactions of RAG2-PHD with different R2 and K4 doubly modified
H3 peptides. (A) H3R2me1/K4me3. (B) H3R2me2a/K4me3 (alternate confor-
mations of R2 shown in yellow and orange). (C) H3R2me2s/K4me3. (D)
H3R2me2s/K4me2. The RAG2-PHD is shown as green ribbons, and the four key
binding residues are shown as magenta ball-and-sticks. The H3 peptide in
yellow ball-and-stick is shown with the corresponding 2F, — F. omit electron
density map contoured at 1 o.

outside of the PHD finger may enhance binding of RAG2 to
chromatin. As reported, a patch of acidic amino acids preceding the
PHD finger is important for the interactions with histones, and
point mutations in this region reduce endogenous V(D)J recom-
bination (45).

Crystal Structures of RAG2-PHD Complexed with R2 and K4 Doubly
Methylated H3. To investigate the role of methylated R2, crystal
structures of RAG2-PHD complexed with H3K4me3 peptides
carrying monomethylated (H3R2mel/K4me3), asymmetric
(H3R2me2a/K4me3), and symmetric dimethylated R2
(H3R2me2s/K4me3) and H3K4me2 with symmetric dimethylated
R2 (H3R2me2s/K4me2) were determined at 2.0 A or higher
resolution (SI Table 3). By increasing the molar ratio of peptide to
RAG2-PHD, the resulting crystals contain protein—peptide com-
plexes only and no peptide-free proteins (see Materials and
Methods).

All of the structures are essentially identical except for the
position of R2 on the H3 peptide. Monomethylated R2 behaves like
unmethylated R2 and does not interact with RAG2 (Fig. 54).
Dimethylation of R2, whether symmetric or asymmetric, leads to
interactions with Y445. In the H3R2me2a/K4me3 structure, the
methylated guanidinium has to be modeled in two alternative
conformations to best fit the diffuse electron density, which is within
van der Waals contact distance of Y445 (Fig. 5SB). The flexibility of
R2me?2a is interpreted as unstable association with RAG2-PHD.
With R2me2s, the electron density defines a stable and discrete
conformation for the methylated guanidinium (Fig. 5C). Identical
interactions between Y445 and R2me2s are also observed in the
complex of H3R2me?2s/K4me?2 (Fig. 5D). These structures together
with the Kp measurements suggest that RAG2-PHD prefers sym-
metrically dimethylated R2 and binds the R2me2s and K4me3
doubly modified H3 peptide the best. This is in clear contrast to the
double chromodomains of CHD1 (20) and the ING2-PHD (Fig. 34
and SI Fig. 8), each of which binds the singly modified H3 peptide
(K4me3) 4- to 5-fold better than H3 methylated at both R2 and K4.
RAG2-PHD is an example of a single protein domain recognizing
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a doubly modified histone and preferred binding of H3 peptide with
methylation at both R2 and K4. This is also the first example of a
single protein domain recognizing a doubly modified histone.

Mutational Analysis of H3K4me3/R2me2s Recognition. The role of
Y445 in R2me2s recognition by RAG2-PHD was further analyzed
by mutagenesis. Y445 was replaced by either Asp (Y445D) or Ala
(Y445A). Because Y445 is closely packed against W453 (Fig. 1C)
and likely stabilizes W453 and the whole PHD finger, the Y445
mutant proteins may not fold properly. Nevertheless, we were able
to express and purify well behaved mutant forms of RAG2-PHD
and RAG2-PHD-CT. The Y445D and Y445A mutant proteins still
bind R2 and K4 methylated H3 peptides but do so with reduced
affinity across the board (Fig. 4 C and E), which may be attributed
to the destabilized W453 and PHD structure. In contrast to the wild
type, the Y445D protein prefers to bind the singly modified
(K4me3) over doubly modified (K4me3/R2me2) H3 peptide by 3-
to 4-fold (Fig. 4 C and E). This result was further confirmed by
pull-down assays using Y445D substituted full-length RAG2 (Fig.
4B). The Asp substitution may favor the native R2 perhaps by
forming salt bridges with it as observed in other PHD fingers.
However, the Y445A mutant proteins still prefer doubly methylated
H3 peptide (Fig. 4 C and E). This preference may be explained by
the similar hydrophobic nature of Y445 and Y445A that comple-
ments doubly methylated R2.

Y445 is not absolutely conserved among RAG?2 proteins and is
substituted by phenylalanine in low vertebrate species. In our
pull-down and fluorescence-based binding assays, the Y445F mu-
tant protein binds H3K4me3 peptide slightly less well than wild
type, but the Y445F RAG2-PHD binds doubly modified H3
peptide better than H3K4me3 like the wild-type protein (Fig. 4 C
and E).

Disease-Associated Mutations in RAG2-PHD. Of the five severe com-
bined immunodeficiency (SCID) mutations found in RAG2-PHD
(33-35), the C478Y and H481P mutations directly alter Zn?*
coordination (Fig. 14) and most likely disrupt the PHD structure,
which in turn may lead to degradation of RAG2 in vivo (46). SCID
patients carrying these two mutations have no T or B lymphocytes.
The remaining three mutations, W453R, which eliminates the
interaction with K4me3, and W416L and K440N, which affect
either the hydrogen bond network with the H3 peptide or the
stability of Y415 in the hydrophobic channel for K4me3 binding
(Fig. 1C), are likely not to change the PHD finger structure.
Coincidentally, the latter three mutations lead to Omenn syndrome
with oligoclonal T cells, indicating that these mutant proteins retain
abnormal V(D)J recombination activity at restricted loci. The
correlation of these mutations and their structural and functional
involvement in methylated histone H3 binding supports our hy-
pothesis that RAG2-PHD may play an important regulatory role in
V(D)J recombination.

Concluding Remarks. The structure of RAG2-PHD illustrates the
versatility of a histone-binding module like the PHD fingers and
explains how diverse modifications in histones might be recognized.
For instance, a single substitution of an aspartate/glutamate with
tyrosine (Y445) allows RAG2-PHD to recognize R2me?2 in addi-
tion to K4me3; the absence of another tyrosine in RAG2-PHD
transforms the “aromatic cage” into a channel that may enable
RAG?2 a self-regulatory mechanism.

Recent studies indicate that methylation of arginine in
histones by protein arginine methyltransferases (PRMTs)
plays an important role in gene regulation (10, 47). Identifi-
cation of PRMTs, their histone targets, and the downstream
consequences of arginine methylation are an emerging field.
So far, in mammalians, CARM1 and PRMT1 have been shown
to methylate arginine asymmetrically, and PRMTS catalyzes
the symmetric dimethylation of arginine. H3R2 is a substrate
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of CARML, but it has not yet been observed that H3R2 can
undergo symmetric dimethylation. The physiological relevance
of doubly methylated H3 (R2me2s/K4me3) in V(D)J recom-
bination and PRMTs that methylate H3R2 symmetrically in
the absence or presence of K4me3 awaits identification.

Materials and Methods

Crystallization and Structure Determination. Details of protein and
peptide preparation, crystallization, and structure determination
can be found in SI Methods. Briefly, the first crystal structure was
solved from a single crystal of RAG2-PHD-H3K4me3 complex by
the SAD method. The subsequent structures were solved by Mo-
lecular Replacement.

All of the structural figures were generated by using PyYMOL
(http://pymol.sourceforge.net).

Mutagenesis and Pull-Down Assays. Point mutations were intro-
duced by using QuikChange (Stratagene) and verified by sequenc-
ing. Biotinylated histone peptides (1 ug each) (SI Table 2) were
incubated with 1 ug of GST-fused PHD fingers or Flag-tagged
RAG?2 in the binding buffer [S0 mM Tris-HC], (pH 7.5), 300 mM
NaCl, 0.1% Nonidet P-40] overnight at 4°C. After a 1-h incubation
with streptavidin beads (Amersham), beads were washed three
times with the binding buffer, and bound proteins were analyzed by
Western blotting using an anti-GST antibody (Santa Cruz Biotech-
nology) or anti-Flag antibody (Sigma). GST-RAG2-PHD (414-
487) and GST-RAG2-PHD (414-527), and full-length RAG2 were
expressed and purified as described in ref. 36. Expression and
purification of the GST-PHD fingers of hING1 (200-279), hING2
(200-281), hING3 (347-418), and hING4 (184-249) was carried
out as reported in refs. 48 and 49.

Measurement of Kp by Fluorescent Anisotropy. The binding affinities
between six fluorescein-labeled H3 peptides and RAG2-PHD
(residues 414-487) without the GST tag were determined by
fluorescence anisotropy as described in ref. 50. Briefly, serial 2-fold
dilutions of RAG2-PHD in the binding buffer [20 mM Hepes (pH
7), 0.15 M NaCl, 1.4 mM 2-mercaptoethanol, 1 uM ZnSO4] were
made to result in concentrations ranging from 150 uM to 1.2 uM.
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Each fluorescein-labeled peptide was added to the range of RAG2-
PHD samples to a final concentration of 0.1-1 uM. After incuba-
tion at 22°C for 2 h, fluorescence anisotropy was measured by using
the Photon Technology International Model C700 PTI-C700 at
22°C. The data were plotted as anisotropy versus the concentration
of protein and fitted by using the program GraphPad Prism to the
equationA4 = A¢ + (Ap — Ag)[X/(Kp + X)), where A4 is the measured
anisotropy, Ar the anisotropy of the peptide-free state, Ay, is the
anisotropy of the bound state, and X is the protein concentration.
Measurements for each H3 peptide were repeated at least three
times, and Kp values were averaged over multiple independent
experiments.

Measurement of Kp by Tryptophan Fluorescence. Association of
RAG2-PHD and the H3 peptides used in crystallization was
measured based on the internal fluorescence of W453 (RAG2-
PHD) on a PTI-C700 at 22°C. Samples containing 10 uM RAG2-
PHD in 20 mM Tris (pH 7.5), 0.15 M NaCl, 5% glycerol, 50 uM
ZnSOy4, and 1 mM DTT were mixed with increasing concentrations
of each H3 peptide. After an incubation of 10—15 min, the fluo-
rescence of W453 was measured with the incident wavelength of 295
nm, and the emission spectrum was collected at between 300 and
400 nm with a 0.5-nm step size and 0.3-s integration time, and
averaged over three scans. The data were fitted by using GraphPad
Prism, and Kp values were averaged over three independent sets of
data.
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