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Abstract

Acetylation of lysine residues is an important post-translational protein modification. Lysine
acetylation in histones and its crosstalk with other post-translational modifications in histone and
non-histone proteins are crucial to DNA replication, DNA repair, and transcriptional regulation.
We incorporated acetyl-lysine (AcK) and the non-hydrolyzable thioacetyl-lysine (ThioAcK) into
full-length proteins in vitro, mediated by flexizyme. ThioAcK and AcK were site-specifically
incorporated at different lysine positions into human histone H3 either individually or in pairs. We
demonstrate that the thioacetyl group in histone H3 could not be removed by the histone
deacetylase sirtuin type 1. This method provides a powerful tool to study protein acetylation and
its role in crosstalk between posttranslational modifications.

Graphical abstract

Scheme represents the NH2 and COOH termini of the core histone, and its residue-specific
epigenetic modifications.
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Posttranslational modifications (PTMs) of the N-terminal “tails” of histones serve as |
epigenetic indicators of chromatin structure associated with genome regulation, DNA repair,
and transcriptional silencing[]. Lysine acetylation of histones is correlated with dynamic
transitions in chromatin structure and function, transcriptional activation, and DNA
replication[1a 1cl. Crosstalk between lysine acetylation of histones and other PTMs is crucial
in chromatin-based control and shaping inheritable epigenetic programs: 2. As histone
acetyltransferases (HATS) and histone deacetylases (HDACSs) modify several lysine residues
and multiple enzymes target common sites in histones, it is thought that function and
regulation of histone acetylation is obtained through the cumulative effects of HATs and
HDACsEI. Studies on the role of PTMs use non-hydrolysable analogs, which are novel tools
in the analysis of enzymes that modulate modification in vivo. Né-thioacetyl-lysine is a
single-atom substituted acetyl-lysine derivative with the most similar chemical properties to
AcK among the known analogstl. To date, solid-phase peptide synthesis was used to
incorporate ThioAcK into short peptides derived p53 and a-tubulin. Such peptides were
effective human sirtuin inhibitors and served as multifunctional probes owing to the high
stability of ThioAcK[4-3]. However, ThioAcK has not been incorporated into a full-length
protein, limiting its use in studies of histone modification.

Incorporation of non-canonical amino acids (ncAAS) into peptides and proteins was
achieved by various methods, including protein semi-synthesis combined with chemical
ligation, and by genetic code expansion using orthogonal aminoacyl-tRNA synthetase
(aaRS)*tRNA pairsl®l. A combination of two pairs, pyrrolysyl-tRNA synthetasestRNAPY!
and M. jannaschii tyrosyl-tRNA synthetasestRNATY" allowed the suppression of UAG and
UGA codons simultaneously, while suppression of quadruplet codons was also utilized to
incorporate different ncAAs into a single proteinl7l.

Acylation of tRNAs with ncAAs can be performed by orthogonal aaRS<tRNA pairs or
through chemical aminoacylation of a dinucleotide and subsequent ligation to the tRNA
body; however, both require multistep experiments involving substantial labor and
materials[8l. An attractive, general method to form aminoacyl-tRNA was developed by Suga
and collaborators®l; a catalytic RNA (Flexizyme) recognizes and aminoacylates tRNA
using an amino acid cyanomethyl ester with an aromatic side-chain as the amino acid donor.
Further improvement led to dinitro-flexizyme (dFx), which utilizes amino acid 3,5-
dinitrobenzyl esters (DBE) as the aminoacyl-donor without dependence on the amino acid
side-chain[®al. Flexizyme was used to produce N-terminal peptides of histone H3 containing
methyl-lysine and acetyl-lysine residues; however, to date this has not been reported for full-
length histone proteins!90].

To generate full-length H3 histones containing the non-deacylatable ThioAcK, we used dFx
to acylate tRNA with the 3,5-dinitrobenzyl esters of N¢-acetyl-lysine (AcK-DBE, 3), Né-
thioacetyl-lysine (ThioAcK-DBE, 4), and Né-selenoacetyl lysine (SeAcK-DBE, 5) (Figure
1). SeAcK was synthesized to show the effectiveness and general usefulness of our methods
as AcK, ThioAck, and SeAck contain oxygen, sulfur, and selenium respectively; all of them
belong to the same group of elements in the periodic table. The novel compounds ThioAcK-
DBE and SeAcK-DBE were synthesized and further characterized by IH-NMR, 13C-NMR
and HPLC-MS (Supporting Information (SI)). As controls for dFx aminoacylation, Val-
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DBE (1), Tyr-DBE (2) and AcK-DBE (3) were synthesized as previously described with
minor changesl®al.

The flexizyme and its derivatives recognize the 3’ end of tRNA, using the RCCA-3’ on the
tRNA, where R is G or A at position 73. To match the 3’-end of dFx with ACCA-3’ in the
dFx-based acylation system with our tRNA, we designed a stable U73A-tRNASEPja
derived from tRNASEP ;o (UCCA-3’ end) by mutating the nucleotide in position 73 (Figure
S1). We tested aminoacylation efficiency of tRNASEP- 4 or the U73A-tRNASEP 4 variant
with compounds 1 and 2 with the dFx system and all combinations showed charging in the
36-45% range (Figure S2). As previous investigations using the flexizyme system had
utilized tRNAAST tRNAFMEE and Mj-tRNATY A, e tested the aminoacylation efficiency
of the dFx system using these tRNAs as controls to ensure aminoacylation activity with our
synthesized amino acid benzy! esters (Figure S2).

To investigate the effect of altering anticodons on dFx activity, the U73A-tRNASEP A
anticodon was mutated to match UAA and UGA as well as quadruplet codons in coding
sequences. All combinations of tRNASEP mutants and amino acids resulted in significant
charging, with efficiencies in the 26-38% range (Figure S2). Using the PUREXxpress (NEB)
in vitro translation system lacking release factor 1 (PURE ARF1), we tested the ability of
dFx aminoacylated U73A-tRNASEP 4 to direct incorporation of AcK, ThioAcK, and
SeAcK into proteins by UAG suppression. Suppression of UAG at position 151 of
superfolder-GFP (GFP-Y151TAG) resulted in incorporation efficiencies of 15% for Val,
32% for Tyr, 41% for Ack, 37% for ThioAcK, and 26% for SeAcK compared to wild-type
sfGFP when measured by fluorescence intensity (Figure S3-5 and Table S1-2).

To study the incorporation of AcK and ThioAcK modifications in histone proteins, we
directed AcK, ThioAcK, and SeAcK to positions K9 and K56 in the human histone H3
protein by UAG suppression with dFx aminoacylated U73A-tRNASEP: A in the PURE
ARF1 system. Detection of incorporation by site-specific anti-acetyl histone H3K9 and
H3K56 antibodies showed high efficiency of ThioAcK incorporation at K9, and K56 (Figure
2A). Further experiments showed that AcK and ThioAcK have similar intensities against
AcK-specific antibodies (Figure S14). Incorporation of AcK and ThioAcK at position K56
was confirmed by MS/MS (Figure 2B and 2C). However, we were unable to detect peptides
from H3 that contained AcK or ThioAcK at position 9. Position 9 is in a lysine rich
sequence that gives rise to short, polar peptides after trypsin digestion; such peptides would
not be detectable by MSI®0]. Furthermore, we did not detect peptides containing SeAcK, but
found that the corresponding SeAcK modifications were chemically changed into AcK.
While we found good incorporation of ThioAcK in response to UAG and UGA codons,
incorporation of ThioAcK at position K56 in response to the UAA codon was unsuccessful
(Figure 2A). This is in agreement with incorporation of ThioAcK at other positions, which
shows incorporation at UAA codons to be context dependent and weak overall.

Peptides prepared by SPPS that contain ThioAcK have been used as a mimetic of p53 in a
HDAC assay, inhibiting human SIRT1-catalyzed deacetylation!4 10]: however, few HDAC
studies have been successfully performed directly on full-length proteins containing ncAAs
due to the difficulty in synthesis of full-length proteins. Furthermore, although chemically
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modified peptides have been used as mimetic histones, so far only weak interactions have
been detected between PTM and PTM reading domains[*1]. Having incorporated both AcK
and ThioAcK into the H3 protein, we sought to examine the ability of HDACSs to act on
AcK residues in full-length proteins. Here we chose human SIRTL, a class 111 enzyme that
catalyzes the NAD* dependent conversation of acetyl-lysine residues. We compared the
activity of SIRT1 on full-length H3 containing the ThioAcK at position K56 (K56 ThioAcK)
and with that of H3 containing AcK at position K56 (K56AcK). Analysis of a 90-minute
time course at 37°C showed that treatment with SIRT1 resulted in a 70% loss in AcK at
position K56, while SIRT1 treatment of K56 ThioAcK containing H3 resulted in
insignificant loss in histone K56 ThioAcK (Figure 2D). These results demonstrate that the
new K56ThioAcK madified H3 at position K56 afforded H3 the ability to resist SIRT1
deacetylation.

A comparison of the effects of directing ThioAcK insertion into H3 with differing stop
codons and positions (K9, K14, K36, K56) was undertaken and western blots performed
with a histone H3 antibody. ThioAcK was most efficiently incorporated in response to an
UAG codon at position K14 and an UGA codon at K56 (Figure 3A, S7 and S8). Further
validation of AcK and ThioAcK incorporation was performed by western blotting with
position-specific anti-AcK histone H3K14 and H3K56 antibodies (Figure 3A and S9). To
incorporate simultaneously AcKs or ThioAcKs into H3 we tested insertion of AcK and
ThioAcK at positions K14/K56 and K36/K56. We found that incorporation of the same
ncAA into multiple positions of a single protein was highest when using UGA codons as
opposed to UAG codons (Figure 3 and Figure S7). Analysis by MS/MS showed the correct
multiple incorporation of ThioAcK at K36/K56 or K14/K56 (Figure S12-13 and Table S5-
6).

After successful incorporation of multiple AcKs and ThioAcKs into full-length H3, we
attempted to simultaneously incorporate both AcK and ThioAcK. Because insertion
efficiency at K14 was higher than that at K36 (Figure S7), we chose K14/K56 in histone H3
to incorporate AcK and ThioAcK simultaneously by a combination of UAG and UGA
codon suppression (Figure 3A). We randomized stop codons and positions for AcK/
ThioAcK incorporation into full-length histone H3: ThioAcK with UGA at position K14 and
AcK with UAG at position K56 (K14ThioAcK(UGA)/K56AcK(UAG)), AcK with UGA at
position K14 and ThioAcK with UAG at position K56 (K14AcK(UGA)/
K56ThioAcK(UAG)), ThioAcK with UAG at position K14 and AcK with UGA at position
K56 (K14ThioAcK(UAG)/K56AcK(UGA)), AcK with UAG at position K14 and ThioAcK
with UGA at position K56 (K14AcK(UAG)/K56ThioAcK(UGA)). Western blots showed
observable signals in nearly all of the above samples (Figure 3A and S8-9). MS/MS
analyses gave the correct mass spectra for two digested peptides containing ThioAcK at K14
and AcK at the site of K56 of histone H3K14ThioAcK/K56AcK, respectively (Figure 3B).

The work presented here is the first example of lysine modifications in full-length human
histone H3 with combinations of ThioAcK and AcK. The use of these and similar histone
variants should lead to a deeper understanding of the important processes of histone
acetylation and deacetylation[4 9. 12],
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of valine 3,5-dinitrobenzyl ester (Val-DBE, 1), tyrosine 3,5-dinitrobenzyl ester

(Tyr-DBE, 2), acetyl-lysine 3,5-dinitrobenzyl ester (AcK-DBE, 3), thioacetyl-lysine 3,5-
dinitrobenzyl ester (ThioAcK-DBE, 4), and selenoacetyl-lysine 3,5-dinitrobenzyl ester
(SeAcK-DBE, 5).
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Figure 2.

Ingorporation of ncAAs into human histone H3 (A) western blots of H3K9AcK and
H3K56AcK variants with anti-histone H3K9AcK and H3K56AcK antibodies. 2.5 pl of the
corresponding PURE reaction, or 1 pug of commercial H3, was loaded into each lane.
MS/MS spectrum of the (B) H3K56 AcK(YQ(ACK)STELLIR) and
(C)H3K56ThioAcK(YQ(ThioAcK)STELLIR) tryptic peptides. (D) HDAC assays
performed on histone H3K56AcK and H3K56ThioAcK. Deacetylation and de(thio)-
acetylation reactions were quantified by western blots of histone H3 with anti-acetyl histone
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H3K56 antibody. Non-enzymatic reactions were used as time zero. Data points are the
average of three experiments, with error bars representing +1 SD.
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Figure 3.

Incorporation of single or multiple ThioAcK residues into histone H3K14 or H3K14/K56.
(A) Western blots of single or multiple ThioAcKs on H3 with anti-histone H3 antibodies. 5
ul of the corresponding PURE reaction was loaded into each lane. Lanes 1 and 12,

commercial histone H3 (1 pg) as antibiody control. (B) MS/MS spectra of two tryptic

peptides STGG(ThioAcK)APR at the site of K14 and YQ(ACK)STELLIR at K56 of the

K14ThioAcK/K56AcK digestion.
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