


Molecular Cell

Regulation of G9a by Methylation of a Histone Mimic
or whether they in fact represent a particular instance of

a potentially more universal ‘‘protein code’’ (Margueron

et al., 2005).

Here we demonstrate that the essential H3K9 methyl-

transferase G9a is lysine methylated on multiple H3K9-

like sites in vivo. We further show that methylation of

one of these sites recapitulates many aspects of H3K9

regulation, including methylation to multiple valencies,

structural recognition and binding by modification-

specific effector proteins, and reversibility of effector bind-

ing by concomitant phosphorylation. These findings re-

veal that both the modification and recognition systems

governing the methyl-H3K9 epigenetic mark are con-

served in a nonhistone protein, constituting one instance

of a phenomenon that we refer to as ‘‘histone mimicry.’’

On the basis of these data, we suggest that the core tenets

of the histone code hypothesis are of much broader rele-

vance than previously appreciated and are in fact applica-

ble to nonhistone proteins as well.

RESULTS

The Histone Methyltransferase G9a Is Lysine

Methylated In Vivo

G9a is a member of the Suvar(3–9) family of SET domain

HMTases, all members of which methylate lysine 9 of H3

(Dillon et al., 2005; Rea et al., 2000). In addition to G9a,

this family also includes a G9a-like protein known as

GLP or EuHMTase-1 (Ogawa et al., 2002). Alignment of

the amino termini of murine G9a and GLP identified an

identical stretch of eight amino acids that strongly resem-

bled the H3K9 methylation site targeted by both G9a and

GLP (Figure 1A). This sequence was conserved in the G9a

homolog from Xenopus, and the core motif was also found

in Drosophila G9a (Figure 1A).

We hypothesized that the similar sequence context of

G9a K165 and H3K9 could allow G9a K165 lysine methyl-

ation in vivo. Indeed, we found that a ‘‘multimethyl’’ lysine-

specific antibody originally raised against a branched-

peptide H3K9 me2 antigen (a4xH3K9me2; Perez-Burgos

et al., 2004) recognized both a chemically methylated

G9a K165 peptide (Figure 1B) as well as endogenous

G9a immunoprecipitated using an affinity-purified N-

terminal G9a antibody (aG9a-N; Figure 1C and see Fig-

ure S1 in the Supplemental Data available with this article

online). Furthermore, an antibody raised specifically

against dimethylated G9a K165 (Figure 1D) recognized

both full-length endogenous G9a and an alternatively tran-

scribed G9a isoform (Figure 1E, asterisk; Tachibana et al.,

2002), demonstrating that G9a is dimethylated on K165 in

vivo. In addition to G9a, the aK165 me2 antibody also rec-

ognized an �200 kD protein (Figure 1E, arrowhead). Anal-

ysis of this protein by mass spectrometry (MS) identified it

as the human homolog of mAM, a critical component of

the ESET H3K9 methyltransferase complex (Wang et al.,

2003; Figure S2A, see the Discussion).
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Digestion of immunoprecipitated G9a (Figure S3A, as-

terisk) with trypsin, followed by MS, revealed that dime-

thylated K165 represents just one of several methylated

G9a species in vivo (Figure S3B). One MS peak not corre-

sponding to predicted G9a peptides represented a G9a

fragment carrying trimethyl K165, as shown by the charac-

teristic loss of 59 Da upon fragmentation (Figure 2A, left).

Trimethylation on K165 was further confirmed by MS/MS/

MS analysis of the modified peptide (Figure S4A). In addi-

tion to K165, we also identified two MS peaks represent-

ing a G9a peptide bearing di- and trimethylation of an

additional lysine, K94 (Figure 2A, right, and Figure S4B).

Strikingly, as with G9a K165, G9a K94 exists in a sequence

context resembling H3K9 (Figure 2B). Although both G9a

K165 and K94 are sites of endogenous di- and trimethyla-

tion, only the K165 site is recognized by the a4xH3K9me2

and aK165me2 antibodies (Figure 2C).

G9a Is a Self-Methylating Lysine Methyltransferase

The sequence similarity between H3K9 and G9a K165

raised the possibility of G9a self-methylation. Indeed, we

found that G9a was capable of methylating an unmodified

G9a K165 peptide in vitro (Figure S5), while the related

H3K9 methyltransferase Suv39H1 could not (data not

shown). To test whether G9a catalyzes its own methyla-

tion, we created G9a-deficient cells reconstituted with ei-

ther catalytically active or inactive G9a, as only the catalyt-

ically active protein would be expected to undergo

K165 methylation upon expression in cells otherwise

lacking G9a.

G9a-deficient cells were created by conditional inacti-

vation of murine G9a using Cre-loxP technology. Gene tar-

geting was used to produce embryonic stem (ES) cells and

mice bearing a G9a allele with a portion of the SET domain

flanked by loxP sites (G9afl/fl; Figure 3A, left, and Fig-

ure S6A). G9a-deficient cells (G9aD/D) were derived from

G9afl/fl primary mouse embryonic fibroblasts (MEFs) and

were subsequently reconstituted with retroviruses en-

coding either empty vector (G9aD), FLAG-G9a (G9aWT),

FLAG-G9a K165A (G9aK165A), or FLAG-G9a carrying an

inactivating point mutation in the catalytic SET domain

(G9aH1093K; all cell lines are hereafter referred to as

‘‘reconstituted MEFs,’’ see Figure 3A, right, for summary).

PCR genotyping excluded the presence of residual G9afl/fl

cells (Figure S6B).

As expected, both G9aD cells and those expressing cat-

alytically inactive G9a (G9aH1093K) showed a dramatic re-

duction in the overall level of H3K9 dimethylation

(Figure 3B). Although both G9aWT and G9aH1093K were ex-

pressed at equal levels (Figure 3B), only the wild-type, but

not the catalytically inactive G9a, was endogenously

methylated as determined by western blot using the

a4xH3K9 me2 antibody (Figure 3C). We conclude that

G9a activity is required for G9a’s own methylation on

K165. Preliminary data from mixing experiments using

catalytically active and inactive G9a indicate that this re-

action occurs predominantly in cis (data not shown).
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Figure 1. The Histone Methyltransferase G9a Is Lysine Methylated In Vivo

(A) An H3K9-like sequence is located in the noncatalytic N terminus of the G9a protein. (Top) Schematic representation of human G9a. (Bottom) Partial

protein sequence alignment of G9a and GLP homologs from Homo sapiens (h), Mus musculus (m), Xenopus laevis (x), and Drosophila melanogaster

(d), together with a portion of the human H3 amino-terminal tail. Residues identical in at least four of six sequences are highlighted in red, and the

region used in G9a K165 peptides is indicated by a solid line. Residue numbers are indicated where known.

(B) Western blot analysis of G9a K165 and H3(1–20) peptides using a multimethyl a4xH3K9me2 antibody. Loading was monitored by Ponceau S stain-

ing, which preferentially stains the G9a peptide due to sequence effects (data not shown; Sarma et al. [2004]). Un, unmodified peptide; Me, peptide

dimethylated at K165 (G9a) or K9 (H3); KA, G9a K165A mutant peptide.

(C) Endogenous G9a was immunoprecipitated from 293T cells using either control nonimmune antibody (aIgG) or an antibody raised against the G9a

N terminus (aG9a-N; see Figure S1), followed by western blot using the antibodies indicated. a-tubulin blot was used to control for protein loading.

(D) The specificity of antibodies raised against dimethyl G9a K165 peptide (aK165me2) was assessed by dot blot analysis of 3-fold dilutions of the

indicated peptides. Ponceau S staining control is shown above the corresponding dot blots.

(E) Western blot analysis of 293T cell cytosolic (Cy) and nuclear (Nu) extracts using either aK165me2 preimmune (left) or immune (right) serum. The

molecular weight of endogenous hG9a is indicated with an asterisk, and the band corresponding to endogenous human mAM (hAM) is indicated with

an arrowhead (see Figure S2 and the Discussion).
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Figure 2. G9a Is Methylated In Vivo on Multiple H3K9-like Sites

(A) FLAG-G9a was purified from transiently transfected 293T cells, digested with trypsin, and analyzed by MS (see Figure S3). Ion peaks not assigned

to tryptic G9a fragments were further analyzed by MS/MS. (Left) MALDI MS/MS spectrum of the tryptic peptide at m/z 1736.9

(KTMSKPGNGQPPVPEK), demonstrating the loss of 59 Da characteristic of trimethylation (Zhang et al., 2004). (Right) MS/MS spectrum of the pep-

tides at m/z 1697.9 (ILLGHATKSFPSSPSK), representing dimethylation on K94.

(B) Sequence alignment of the region surrounding the human G9a K165 and K94 methylation sites, the corresponding sites in human GLP, and the

sequence surrounding human H3K9 and H3K27. Residues identical in all sequences are shown in red and aligned putative phosphoacceptor sites in

yellow.

(C) Wild-type FLAG-G9a or the indicated G9a mutants were expressed in 293T cells and immunoprecipitated, and G9a methylation was examined by

western blot using the a4xH3K9me2 and aK165me2 antibodies. a-FLAG and a-lamin B blots were used to control for protein loading; input signal is

visible in the a-FLAG blot on longer exposure (data not shown). EV, empty vector; WT, wild-type FLAG-G9a; K94A, FLAG-G9a K94A mutant; K165A,

FLAG-G9a K165A mutant.
G9a K165 Methylation Creates a Binding Site for HP1

G9a was previously shown to interact with HP1 and was

found to exist in an in vivo complex containing the euchro-

matic HP1 isoform HP1g (Ogawa et al., 2002; Roopra

et al., 2004). Given the ability of HP1 to interact with meth-

ylated H3K9, we tested whether a similar mechanism

might underlie the G9a-HP1 interaction. Incubation of im-

mobilized unmodified, methylated, or K165A peptides

with in vitro-translated HP1 isoforms demonstrated a spe-

cific role for G9a K165 methylation in promoting interac-

tion with HP1 (Figure 4A). The K165 me2 peptide likewise

interacted strongly with endogenous HP1g and HP1a,

whereas unmodified K165 peptide interacted only weakly

(Figure 4B). The weak interaction observed with the un-

modified peptide likely represents de novo methylation

of K165, as it was completely blocked by mutation of

K165 to alanine (Figure 4B). These results demonstrate
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that G9a-HP1 interaction can be mediated in a methyla-

tion-dependent manner by a minimal region encompass-

ing the K165 methylation site.

To test whether K165 methylation is required for G9a-

HP1 interaction in vivo, wild-type G9a or the G9a K165A

mutant was expressed in 293T cells and assayed for their

ability to associate with endogenous HP1. Immunoprecip-

itation of wild-type G9a led to coprecipitation of endoge-

nous HP1g, but this interaction was completely abolished

by the G9a K165A mutation (Figure 4C). The effect of the

K165A mutation on G9a-HP1g interaction was specific,

as the previously reported interaction between G9a and

GLP was not affected by this mutation (data not shown).

G9a K165 methylation is therefore both necessary and suf-

ficient to mediate in vivo interaction between G9a and HP1.

The finding that HP1 specifically interacts with methyl-

ated G9a K165 raised the possibility that other proteins
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