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Synthesis of e-N-propionyl-, e-N-butyryl-, and
e-N-crotonyl-lysine containing histone H3 using
the pyrrolysine system†

Michael J. Gattner, Milan Vrabel and Thomas Carell*

Recently new lysine modifications were detected in histones and

other proteins. Using the pyrrolysine amber suppression system

we genetically inserted three of the new amino acids e-N-propionyl-,

e-N-butyryl-, and e-N-crotonyl-lysine site specifically into histone H3.

The lysine at position 9 (H3 K9), which is known to be highly

modified in chromatin, was replaced by these unnatural

amino acids.

The histone code is based on the post-translational modification
of critical amino acid residues in different histones. Among
these, lysine acetylations and methylations are the most abun-
dant and affect the transcriptional status of the genes associated
with the corresponding histones.1–3 The role of these modifica-
tions is sequence dependent. Typically acetylation is associated
with transcriptionally active genes, while methylation induces
transcriptional silencing.4,5 Recently Zhao and co-workers
discovered a number of new modified amino acids in histones.6–8

Some of these were also detected in proteins other than histones,
raising the possibility that they are of more widespread impor-
tance.9–11 The new post-translational modifications (PTMs) are
acylated derivatives of lysine at the e-amino position. The acylation
partners are propionic acid, butyric acid, malonic acid, succinic acid,
crotonic acid or fatty acids. A common characteristic of these
compounds is that they are key metabolic intermediates that
typically exist as CoA activated thioester species in the cell.12 It is
currently not clear how these newly discovered PTMs are biosynthe-
tically established within the histones and we do not fully under-
stand if and how they influence genetic processes.

So far no specific deacylases for e-N-propionyl- or e-N-
butyryl-lysine have been identified. However Sirt5, a member
of NAD-dependent sirtuins is able to specifically deacylate e-N-

malonyl- and e-N-succinyllysine.11 Recently it was discovered
that HDAC3 exhibits decrotonylase activity in vitro13 and it was
found that lysine crotonylation activates genes even in a
globally repressive environment.7,14

In order to enable investigation of the new lysine derivatives in
histones it is essential to generate histones that contain these
amino acids site specifically.15 In this direction semi-synthetic
chemical ligation based methods16,17 were utilized and chemical
methods were employed to generate acetyllysine (Kac) and methyl-
ated-lysines or derivatives thereof.18–21 Chin and co-workers
reported the introduction of Kac into H3 K5622 using the pyrro-
lysine system. This system was also employed for the synthesis of
monomethyl- and dimethyl-lysine containing histones.23,24 Schultz
et al. recently described the synthesis of histone H2B containing e-
N-crotonyllysine at position K11 using an evolved pyrrolysyl-tRNA
synthetase from Methanosarcina barkeri.25

Here we show that the pyrrolysine system can be used to
insert e-N-propionyl-(Kpr, 1), e-N-butyryl-(Kbu, 2), and e-N-
crotonyl-lysine (Kcr, 3) into histones at critical positions such
as H3 K9 using the wild type pyrrolysyl-tRNA synthetase. The
synthesis of the three modified amino acids 1–3 is shown in
Scheme 1. All three amino acids were obtained using the
depicted procedure in multi-gram quantities starting from
commercially available materials without the need for chroma-
tographic purification (for synthetic details see ESI†).

The amber suppression technology was used extensively for
the incorporation of various unnatural amino acids into
proteins.26 Recently we reported the development of an E. coli
based assay that allows examination of how efficiently the
pyrrolysine system from Methanosarcina mazei works.27 E. coli
cells containing a plasmid with an YFP reporter gene bearing
an amber stop codon at position K114 were generated. The
plasmid also contains the genes of the pyrrolysine tRNA (pylT)
and the corresponding synthetase (pylS) or of pylS mutants,
respectively, that were previously shown to improve the amber
suppression efficiency of bulkier pyrrolysine analogues.28,29

Upon addition of an unnatural amino acid to the expression
medium that is accepted by the tRNA–pyrrolysyl-tRNA synthetase
pair (tRNAPyl–PylRS), full-length fluorescent YFP is produced.
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Testing the three amino acids Kpr, Kbu and Kcr with this
reporter system, the best results were obtained in the presence
of wild type PylRS (see ESI†).

To further determine the efficiency of the incorporation we
transformed E. coli cells with a plasmid containing the gene of
thioredoxin A (trxA) with a C-terminal Strep-Tag and an amber
codon at position N56 as a model protein. A second plasmid
carrying the genes pylT and pylS was transformed. The cells
were grown in the presence of 5 mM Kcr and the protein
expression was induced by the addition of 1 mM IPTG at an
OD600 of 0.6. After an overnight expression at 30 1C the cells
were lysed and purified by Strep-Tag affinity chromatography.
We obtained 2 mg of the Kcr containing TrxA from 1 L cell
culture. The purified intact protein was analyzed by mass
spectrometry. The observed protein molecular weight of
13 014 Da (calculated: 13 016 Da) confirmed the presence of
the Kcr moiety in the protein. In addition tryptic digest was
performed followed by HPLC-MS/MS analysis, which further
showed that the modification was in the desired position
within the protein structure (see ESI†).

We next investigated if the system is able to provide histone
proteins containing one of the three modified lysine amino
acids. To this end we used a first plasmid containing pylS and
three copies of pylT under the control of a constitutive glutamine
promoter. A second plasmid was generated containing an
N-terminally His-tagged H3 gene with the amber stop codon at
position K9 under the control of an IPTG-inducible T7 promoter.
Both plasmids were transformed into E. coli BL21(DE3). We
individually added the three amino acids Kpr, Kbu, and Kcr to
the medium at concentrations of 5 mM for Kbu and Kcr and
10 mM for Kpr. The E. coli cells were grown until an OD600 of 0.6
and then gene expression was induced by the addition of 1 mM
IPTG. After 16 h at 30 1C we harvested and lysed the cells and
isolated the H3 proteins under denaturing conditions (7 M Urea)
using Ni–NTA column chromatography. The purified histones
containing the modifications in position 9 were refolded using
standard procedures (see ESI†). In all three cases we isolated
0.5–1.0 mg of modified histone H3 per L of cell culture (for
comparison we obtained 5 mg of unmodified histone H3).

In order to prove the presence of the unnatural lysine amino
acids and in particular to investigate potential deacylation
processes during protein expression and purification we
performed HPLC-MS/MS studies. When we analyzed the tryptic
digests of the H3 proteins by HPLC-MS/MS, peptides containing
K9 (or the corresponding modifications) were not detected due
to the position of this amino acid in a lysine rich sequence giving
rise to polar and in particular too short peptides for subsequent
analysis. We hence modified a method first described by Hunt
et al.30 The H3 proteins containing Kbu and Kcr were reacted
with propionic acid anhydride (4) directly in the gel. For H3
proteins containing the expected Kpr we used butyric acid
anhydride (5) instead. This chemical treatment blocks all free
lysine e-amino groups leading to longer and more hydrophobic
tryptic peptides (e.g. KSTGGKAPR instead of STGGK for the K9
containing peptide). After in-gel tryptic digest we repeated the
chemical treatment to cap also the N-terminal amino groups of
the generated peptides. The peptides were then eluted from the
gel and analyzed by HPLC-MS/MS. The obtained data are
depicted in Fig. 1 (for MS/MS data see ESI†). For wild type
histone H3, the positions K9 and K14 are either propionyl-
(K9Kpr K14Kpr, as shown in Fig. 1) or butyryl-capped. The MS
analyses of the corresponding modified histone H3 peptides
gave the correct mass spectra for K9Kpr K14Kbu, K9Kbu K14Kpr
and K9Kcr K14pr, respectively, showing the correct incorpora-
tion of the three lysine derivatives. We noted that the
MS-analyzed peptides were contaminated in all three cases with

Scheme 1 (A) Synthesis of the three amino acids e-N-propionyl-(Kpr, 1), e-N-
butyryl-(Kbu, 2), and e-N-crotonyl-lysine (Kcr, 3): (1) Na-Boc-Lys-OH, propionyl-,
butyryl or crotonyl chloride, 1 M NaOH/THF = 1/1, 0 1C to r.t., overnight; (2) DCM/
TFA = 5/1, r.t., 1.5 h. (B) Depiction of histone H3 and of the position K9 in the tail
where the modifications were incorporated (protein representation generated
from PDB 1KX5).

Fig. 1 (A) Schematic overview of the workflow: expression of the four histone H3
variants followed by in-gel capping of the purified proteins with propionic
anhydride (4) or butyric anhydride (5), tryptic digestion, repeated in-gel capping
and HPLC-MS/MS analysis. (B) MS spectra and illustrations of the capped K9
containing tryptic peptides (MS/MS spectra are shown in ESI†). The capping
modifications are shown in grey while the incorporated PTMs are shown in red.
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peptides in which the e-N-modified lysines were replaced by
lysine. These peptides gave MS-signals for all-propionylated or
all-buturylated peptides, showing that the acyl groups were
missing at H3 K9 already before the peptides were analyzed by
mass spectrometry. This discovery excludes the possibility that
the acyl groups were cleaved during MS-measurement.

We can also exclude that unmodified lysine was inserted
during amber suppression by potentially lysine-mischarged
tRNAPyl. When we performed the protein expressions in
medium lacking the unnatural amino acids, no YFP or histone
H3 was produced, showing that successful amber suppression
depends on the presence of these amino acid derivatives. We
consequently speculate that E. coli contains one or more
proteins (such as the bacterial sirtuin CobB) able to unspecifi-
cally deacylate Kpr- and Kbu-modified histone tails as
previously observed for Kac31 and Kcr.25 In order to test this
hypothesis we repeated the expression experiment in the
presence of 20 mM nicotine amide (NAM), a known inhibitor
of sirtuins.32 After careful MS analysis we indeed found a
strongly reduced amount of peptides containing natural lysine
before the capping. We could reduce the deacylation of Kpr,
Kbu and Kcr containing histones from about 20% to below 5%
after addition of NAM.

To further verify the presence of the incorporated PTMs
we performed a western blot analysis using polyclonal anti-
bodies (PTM BioLabs) against the three amino acids Kpr, Kbu
and Kcr. As shown in Fig. 2 the desired modifications were
selectively detected by the corresponding antibodies while the
unmodified histone H3 was not recognized. The antibodies
show compromised selectivities in cross labeling experiments
(see ESI†).

In summary, we show that by using the pyrrolysine system
the newly discovered lysine derivatives e-N-propionyl-, e-N-
butyryl-, and e-N-crotonyl-lysine can be inserted into histones
(here H3) at critical positions (here K9) using the wild type
pyrrolysyl-tRNA synthetase. The observed deacylation in E. coli
can be reduced by the addition of nicotine amide and thus
homogenous proteins bearing these PTMs are now available.
Histones containing defined lysine modifications will enable us
to further study the biochemistry behind the acylation and
deacylation processes in order to learn how the modification
chemistry influences gene activity.
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thanks the LMU Munich for postdoctoral fellowship.
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Fig. 2 Western blot analysis of the three synthetic histone variants H3 K9Kpr, H3
K9Kbu and H3 K9Kcr compared to unmodified histone H3 using the
corresponding anti-Kpr, -Kbu and -Kcr antibodies.
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