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The Nε-methylation status of specific lysine residues on histone
proteins in chromatin controls heterochromatin formation, X-
chromosome inactivation, genome imprinting, DNA repair; regu-
lates transcription; and may define epigenetic status.1-3 The
reversible post-translational methylation of lysine residues in
histones is mediated by methylases and demethylases, and lysine
residues are found in mono-, di-, and trimethylated states. The state
and site of modification correlate with the functional outcome in
ways that are beginning to be deciphered.4

A molecular understanding of the organismal phenomena
orchestrated by lysine Nε-methylation is impeded by the challenge
of producing site-specifically and quantitatively methylated histones.
Researchers have used methyltransferases to methylate histones,5

but in many cases this is unsatisfactory because it is difficult to
control the site, extent, or degree of methylation using these
enzymes in Vitro. And in many cases the specific methyltransferase
is simply unknown. Native chemical ligation has been used to
construct histones with modified N-terminal tails,6-8 and this
approach has been extended, Via multiple ligations, to address
ubiquitylation outside the tail of a histone.9 These experiments are
often challenging and require synthesis of large quantites of peptide
thioesters. Thioether analogues of Nε-methyl-L-lysine in which
the γ-methylene unit of lysine is replaced with a sulfur atom can
be installed in proteins.10,11 While these analogues are simple to
employ, they are longer than the native amino acids by 0.3 Å,12

decrease the pKa of the ammonium protons by 1.1 unit,13 and have
more degrees of freedom, which may lead to altered specificity or
affinity in binding interactions.12 Moreover, one method of creating
the linkage may also lead to racemization at the R carbon of the
amino acid.10 Taken together these differences may lead to
unpredictable effects on the properties of the analogues. Since these
analogues are created for the purpose of discovering unknown
properties of the natural system, or explaining known phenomena
in molecular detail, differences between the analogues and the
natural modification are potentially problematic.

To understand the native system one would ideally install the
natural modification via a scalable method that quantitatively
introduces the modification at any defined site. We recently
demonstrated that another important post-translationally modified
amino acid, Nε-acetyl-L-lysine, can be quantitatively and site-
specifically genetically encoded in recombinant proteins in response
to the amber codon using an evolved pyrrolysyl-tRNA synthetase/
tRNACUA pair that is orthogonal in E. coli.14 This approach is
facilitating a molecular understanding of the role of lysine acety-
lation.15 In principle, it is possible to use a similar approach to
evolve an orthogonal tRNA-synthetase/tRNACUA pair that specif-
ically recognizes methyl-L-lysine (3) and directs its incorporation
into recombinant proteins. However, creating a synthetase that will
use methyl-L-lysine, but discriminate against L-lysine (4, a smaller
amino acid which cannot be sterically excluded from the active
site, differs by only a single methyl group and is abundant in the
cell) by a factor of 103 to 104 as required for translation, is

thermodynamically challenging in the absence of an amino acid
editing site.16,17 Indeed the pyrrolysyl-tRNA synthetase does not
accept methyl-lysine as a substrate,18 and our efforts to evolve a
pyrrolysyl-tRNA synthetase/tRNACUA pair for the direct genetic
encoding of methyl-L-lysine, essentially as previously described,
did not yield specific enzymes (data not shown).

We realized that we might be able to encode Nε-methyl-L-
lysine (3) indirectly by providing the synthetase enzyme with a
substrate that was significantly different from both Nε-methyl-
L-lysine and L-lysine if we were able to subsequently effect the
facile, quantitative, and specific post-translational conversion of
this precursor to Nε-methyl-L-lysine on the synthesized protein.
Since Nε-tert-butyl-oxycarbonyl-L-lysine (1) is an efficient
substrate for the pyrrolysyl-tRNA synthetase/tRNACUA pair,19

we asked whether Nε-methyl-L-lysine (3) could be incorporated
into proteins in a two-step process in which Nε-tert-butyl-
oxycarbonyl-Nε-methyl-L-lysine (2) is genetically incorporated
into proteins and the tert-butyl-oxycarbonyl group is removed
post-translationally to reveal Nε-methyl-L-lysine (Figure 1).

To investigate whether 2 can be incorporated using the pyrroly-
syl-tRNA synthetase/tRNACUA pair we prepared the amino acid in
95% yield by deprotection of commercially available NR-Fmoc-
Nε-tert-butyl-oxycarbonyl-Nε-methyl-L-lysine 5. In addition we
directly synthesized 2 from 3 in 77% yield (Supplementary Schemes
1 and 2, Supplementary methods, and Supplementary Figure 1).
We transformed E. coli with pBKPylS (which encodes the
Methanosarcina barkeri pyrrolysyl-tRNA synthetase, MbPylRS)
and pMyo4TAGPylT-his6 (which encodes MbtRNACUA and a
C-terminally hexahistidine tagged sperm whale myoglobin gene
with an amber codon at position 4)14 and induced protein expression
with and without the addition of 2 to midlog phase cells. Full-
length myoglobin was only produced and purified in good yield in
the presence of 2 (Figure 2). To demonstrate that 2 can be
incorporated with high fidelity into recombinant proteins and is not
subjected to in ViVo modification,14 we performed electrospray
ionization mass spectrometry (ESI-MS) on the purified protein. The
ESI-MS spectra of myoglobin-His6 demonstrates the quantitative
incorporation of 2 (Supplementary Figure 2A). These data dem-
onstrate that 2 can be genetically encoded in proteins in good yield
and with high fidelity using the MbPylRS/MbtRNACUA pair.

Figure 1. Strategies for encoding lysine methylation. (A) Amino acids
used. (B) Schemes for encoding 3 in recombinant proteins.
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To specifically and efficiently introduce 2 in a histone at a
physiologically relevant site, we transformed E. coli BL21(DE3)
with pBKPylS and pCDF-PylT-H3K9TAG (a vector which encodes
MbtRNACUA and a N-terminally hexahistidine tagged histone H3
gene in which the codon for lysine 9 is replaced with an amber
codon).15 We grew the cells in the presence of 2 mM 2 and
expressed and purified the recombinant histone in good yield
(2 mg per liter of culture). ESI-MS analysis of the purified histone
confirms the incorporation of 2 into histone H3 (Supplementary
Figure 2B).

To demonstrate that the tert-butyl-oxycarbonyl group can be
quantitatively removed from the histone under mild conditions, the
purified H3K9-2 was treated with a solution of 2% trifluoroacetic
acid (TFA) for 4 h at 37 °C. Western blots with an anti-H3K9me1
antibody against unmodified H3, H3 bearing 2 at position 9 (H3K9-
2), and the TFA treated H3K9-2 confirmed the presence of methyl-
L-lysine at position 9 in the deprotected sample (Figure 2B, lane
3). The ESI-MS spectra of the deprotected H3K9-2 sample
(Supplementary Figure 2C) demonstrates that the auxiliary is
quantitatively removed under these conditions to reveal Nε-methyl-
L-lysine. MS/MS protein sequencing (Supplementary Figure 2D)
further confirms that the site of lysine methylation is as genetically
encoded. H3K9me1 can be assembled into nucleosomes in vitro
with a comparable efficiency to unmodified H3 (Supplementary
Figure 3).

To demonstrate the biochemical activity of the methylated histone
generated by our approach, we performed immunoprecipitations
with heterochromatin protein 1 (HP1) (Figure 2C), a chromodomain
protein20 that does not bind to unmethylated H3 but is known to
specifically bind to short peptides based on a histone H3 tail bearing
mono-, di-, or trimethylated K9 (with a preference for di- and
trimethylated H3 K9).21 HP1 immunoprecipitation of full-length
H3K9me1, synthesized by our approach, and full length H3 allows
us to demonstrate that HP1 binds specifically to full-length
H3K9me1 over unmethylated H3.

In conclusion, we have created a general method for the
quantitative, site-specific incorporation of Nε-methyl-L-lysine in
recombinant proteins. The method has two steps: first, an amino
acid containing an auxiliary group is used to differentiate Nε-methyl-
L-lysine from L-lysine and to provide a good substrate for the
pyrrolysyl synthetase; second, the auxiliary group is removed to
reveal Nε-methyl-L-lysine. We have demonstrated the utility of the
method by site-specifically installing Nε-methyl-L-lysine into full-
length histone H3 and demonstrated that the modified H3 specif-
ically recruits HP1.21 We are currently extending our approach to
installing other modifications implicated in the histone code and
epigenetic inheritance to understand how combinations of post-
translational modifications program cellular outcomes.
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Figure 2. 2 can be site-specifically incorporated into recombinant proteins
in response to an amber codon and quantitatively, post-translationally
converted to 3. (A) Myoglobin-His6 is purified from E. coli containing
pMyo4TAGPylT-his6, and pBKPylS in the presence of amino acids 1 or 2.
(B) Synthesis of H3K9me1, lane 3, His6 H3 incorporating 2 in place of K9
and deprotected with 2% TFA, lanes 4 and 5 are postcleavage of the
N-terminal His6 tag with TEV protease. (C) HP1 specifically recognizes
H3K9me1. HP1 was used to immunoprecipitate H3 or H3K9me1. The
immunoprecipitation was probed for H3 using an anti H3 antibody. Input:
2% of total Histone H3. PD “pull down”. Mock: no HP1 added.
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