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Post-translational protein modifications are used by cells to
dynamically regulate protein structure and function. This regulation
is particularly pronounced on histone proteins, the scaffolding
proteins around which DNA is wrapped in chromatin. Phosphoryl-
ation, acetylation, and methylation of the N-terminal tails of histone
proteins strongly influence transcription of neighboring genes by
altering steric access to DNA and by introducing or removing
protein docking site$.Despite the importance of these modifica-
tions, few methods exist for detecting them, and none are effective
in intact, living cells. Here, we describe a new class of fluorescent
reporters that can be used in single, living cells to track histone
methylation with high spatial and temporal resolution.

The general reporter design is shown in Figure 1a. A peptide
substrate corresponding to the methylation site of interest within
histone protein H2A, H2B, H3, or H4 is joined via a flexible linker
to a methyllysine binding domain known as a chromodomain.
Recently discovered, chromodomains are smali§ amino acid),
monomeric domains found in a variety of nuclear signaling proteins
that bind with 2-200uM Kg to lysine-methylated peptides but not
to their unmethylated counterpaftsThis fusion construct is
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sandwiched between a pair of fluorescence resonance energy-igure 1. (a) General histone methylation reporter design. (b) Domain

transfer (FRET)-capable green fluorescent protein (GFP) mutants,

cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP). On enzymatic methylation of the histone-derived peptide,
the chromodomain forms an intramolecular complex with the
methyllysine side chain, altering the spatial relationship between
the flanking CFP and YFP units, and changing the FRET level.

structures of two methylation reporters. The K9 reporter, top, uses the HP1
chromodomain for recognition of methylated K9 from the histone H3
N-terminus. An alternative methylation site at K4 in the original substrate
has been mutated to alanine (italicized). The K27 reporter, bottom, uses
the Polycomb (Pc) chromodomain for recognition of methylated K27 from
histone H3.

Reversal of this FRET change would be evidence for a conjectured Substrates for histone methyltransferase enzymes and retain binding
but so far undetected histone demethylase activity. This generalaffinity for chromodomains. We estimated from cocrystal struc-

design, in which a conformationally sensitive natural or engineered

protein is sandwiched between two GFP mutants capable of FRET,

tured—10 that 15- and 21-residue linkers for the K9 and K27
reporters, respectively, would suffice to allow intramolecular

has been successfully used to detect a range of intracellularcomplexation between the two linked domains.

molecules and biochemical events, including?CaGMP, Ras
activity, protease activity, and phosphorylatfo@ur reporters are
the first for detecting protein methylation.

We constructed methylation reporters for two lysine positions
in histone H3 (K9 and K27) known to be involved in transcriptional
repressiort,X-inactivation? and cellular differentatioAThe genes
for the two reporters (domain structures shown in Figure 1b) were

Both reporters were overexpressedEncoli and purified by
nickel affinity chromatography. Reporter responsivity was assessed
in vitro through measurement of the YFP/CFP emission ratio
(Is27 ndl476 nmy i response to methylation by vSET, a histone H3
methyltransferase fronParamecium bursariachlorella virustt
Figure 2a shows that both K9 and K27 reporters give emission
ratio increases (60% and 28%, respectively) that depend on the

assembled by standard cloning methods (GenBank accession nospresence of both enzyme and methyl doieagdenosyl methionine

AY422822 and AY422823; see Supporting Information for details).
The K9 reporter uses the HP1 chromodomain (residues/g) to
recognize lysine 9 methylation in the context of residue43 of
histone H37® while the K27 reporter uses the Polycomb (Pc)
chromodomain (residues 278) to recognize lysine 27 methylation
in the context of residues 285 of histone H3:'© When H3

(SAM). To confirm a correlation between reporter FRET level and
methylation state, and to examine the specificity of enzymatic
methylation, we digested reporter protein from each reaction shown
in Figure 2a with the protease Glu-C and analyzed the peptide
fragments by MALDI-TOF (data in Supporting Information). The
K9 reporter from thetvSETH-SAM reaction was cleanly trim-

peptides spanning both lysines are incorporated, each chromo-ethylated at lysine 9 after 10 h (no mono- or dimethylation detected),

domain shows some crossover binding (Ting and Lin, unpublished

while the —SAM negative control contained only unmodified

observations); therefore, these shorter substrate sequences must lreporter protein. The K27 reporter was di- and trimethylated in the

used. Crystallographic ddtd® and peptide modification experi-

+VvSETH-SAM reaction, while the corresponding negative controls

mentd! suggest that these shorter sequences are still specificcontained only unmodified protein.
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Figure 2. (a) Time-course graphs showing the emission ratio responses o
the K9 and K27 reporters to enzymatic methylation by vSET (excitation at
433 nm). (b) Maximal emission ratio changes observed in vSET methylation
reactions with various reporter mutants.

f

Site-directed mutagenesis was also used to examine the specifici

ties and FRET response mechanisms of the two reporters (Figure

2b). Mutation of lysine 9 of the K9 reporter to a methylation-
incompetent leucine (K9L) abolished the FRET response to vVSET
methylation. Similarly, mutation of lysine 27 of the K27 reporter
(K27L) eliminated that reporter's response. The chromodomains
of each reporter were also modified to eliminate affinity for
methylated lysine (W45&for the K9 reporter, and Y26K for the

K27 reporter). Both chromodomain mutants were unresponsive to

enzymatic methylation, consistent with a FRET increase mechanism

based on complexation between methyllysine side chain and
chromodomain.

To test the K9 reporter in living cells, we appended a nuclear
localization sequence (PKKKRK) to the C-terminal end of the

reporter gene. The plasmid containing the reporter gene was then

introduced by lipofection into both wild-type mouse embryonic
fibroblasts (MEFs) and sister cells lacking the major K9-H3-specific
methyltransferases Suv39h1l and Suv39h2 (Suv39RPievious

studies have shown that these cells exhibit drastically reduced levels

of K9-H3 methylation in comparison to wild-type MEFThe
reporter was efficiently expressed in both cell lines after 12 h.

Figure 3. Basal YFP/CFP emission ratios of the K9 reporter expressed in
wild-type mouse embryonic fibroblasts (MEFs) and sister cells lacking the
K9-H3 methyltransferases Suv39h1 and Suv39h2. The bar on the right shows
the correlation between YFP/CFP emission ratio and cell pseudocolor.

cells. By permitting investigators to record information nondestruc-
tively over time, our methodology should complement traditional
techniques for detecting protein methylation, such as immuno-
fluorescence or immunoprecipitatidhAlthough not demonstrated
here, the spatial resolution could be greatly improved if the reporter
were targeted through genetic fusion to specific intranuclear sites,
such as transcription factor complexes or chromatin itself. Particu-
larly in light of recent reports that histone methylation can be quite
dynamic}4 these reporters should find application in studies of
gene silencing, X-inactivation, and cell differentiation, as well as
in screening for the conjectured histone demethylase activity and
for small-molecule inhibitors of methyltransferase activity.
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