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BRIEF COMMUNICATIONS

Genetically encoding
N&-acetyllysine in
recombinant proteins

Heinz Neumann, Sew Y Peak-Chew & Jason W Chin

N¢-acetylation of lysine (1) is a reversible post-translational
modification with a regulatory role that rivals that of
phosphorylation in eukaryotes. No general methods exist to
synthesize proteins containing Nf-acetyllysine (2) at defined
sites. Here we demonstrate the site-specific incorporation
of N¢-acetyllysine in recombinant proteins produced in
Escherichia coli via the evolution of an orthogonal
N¢-acetyllysyl-tRNA synthetase/tRNAcy pair. This

strategy should find wide applications in defining the
cellular role of this modification.

Ne-acetylation of lysine is a dynamic, reversible post-translational
modification first described on histones. Acetylation and deacetylation
are mediated by histone acetyltransferases (HATs) and histone deace-
tylases (HDAC:s), respectively. The acetylation of lysine residues on
several histones modulates chromatin condensation' and may be an
epigenetic mark as part of the histone code?. In recent years it has
emerged that hundreds of eukaryotic proteins (beyond histones) are
acetylated®. Over 60 transcription factors and coactivators are acety-
lated, including the tumor suppressor p53, and numerous enzymes
including MDM2, acetyl coenzyme A synthase, HATs, HDACs, kinases
and phosphatases are acetylated®>*. Acetylation regulates diverse cel-
lular processes including DNA replication, DNA repair, DNA recom-
bination, maintenance of genomic stability, cytoskeletal dynamics,
metabolism, cytokine-activated signal transduction, protein folding
and trafficking, and apoptosis>*. Acetylation is also emerging as a key
regulator in mitochondrial processes, with over 20% of mitochondrial
proteins subject to acetylation®. Overall it is emerging that
Ne-acetylation is a modification with a diversity of roles and a
functional importance that rivals that of phosphorylation®®.

Despite the huge importance of lysine acetylation there is no general
method of producing homogeneous recombinant proteins that con-
tain N®-acetyllysine at defined sites. Semisynthetic methods to install
Ne-acetyllysine using native chemical ligation were crucial in demon-
strating the role of acetylation of Lys16 in histone H4 on chromatin
decompaction!. These experiments give a hint of the impact that a
general method to produce homogeneously acetylated proteins (that
is, one that does not require the synthesis of large quantities of
modified peptide thioester and is not limited to terminal residues)
would have in defining the molecular and cellular role of lysine
acetylation. Researchers have used purified HAT complexes to
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acetylate recombinant proteins, but this is often an unsatisfactory
solution because (i) HATs for particular modifications are unknown,
(ii) tour de force efforts are often required to prepare active HAT
complexes, (iii) HAT-mediated reactions are often difficult to drive to
completion, leading to a heterogeneous sample and (iv) HATs may
acetylate several sites, making it difficult to interrogate the molecular
consequences of acetylation at any one site. To address these deficits
we envisioned genetically encoding the incorporation of Nt-acetyl-
lysine into recombinant proteins with high translational fidelity and
efficiency in response to the amber codon, via the generation of an
orthogonal Ne-acetyllysyl-tRNA synthetase/tRNA pair.

Certain methanogenic bacteria, including Methanosarcina barkeri
MS, incorporate pyrrolysine (3) in response to the UAG codons
present in several methyltransferase genes”®. The incorporation of
pyrrolysine in M. barkeri MS is directed by a pyrrolysyl-tRNA syn-
thetase (MDbPyIRS) and its cognate amber suppressor, MbtRNAcyj,,
in response to an amber codon®. Previous work demonstrates that the
MbPyIRS/MbtRNAy4 pair functions in E. coli and that MbtRNAcya
is not an efficient substrate for endogenous aminoacyl-tRNA synthe-
tases in E. coli®!0. The MbPyIRS/MbtRNAcy, pair therefore appears
to satisfy two of the three criteria for orthogonality with respect
to endogenous aminoacyl-tRNA synthetases and tRNAs'l. These
observations, in combination with the realization that acetyllysine is
a substructure of pyrrolysine (but not a substrate for PylRS'?), led us
to investigate the evolution of the MbPyIRS/MbtRNAy, pair into an
Ne-acetyllysyl-tRNA synthetase/tRNAcya pair for the genetic incor-
poration of acetyllysine into proteins expressed in E. coli.

We confirmed the activity of the MbPyIRS/MbtRNAy, pair (the
sequences of all genes and proteins used are available in the Supple-
mentary Methods online) in E. coli by using this pair to incorporate
the pyrrolysine analog N®-cyclopentyloxycarbonyl-1-lysine (Cyc, 4;
previously demonstrated to be an efficient substrate of MbPylRS!?)
in response to an amber codon at position 4 of a modified sperm
whale myoglobin-Hisg gene (Myo-his6(4TAG)). The purified yield of
myoglobin-Hisg (2 mg I"! of culture) was comparable to that obtained
when we used the Methanococcus jannaschii tyrosyl-tRNA synthetase/
tRNAcua (MjTyrRS/MjtRNAcya) pair to insert tyrosine (5) in
response to the amber codon in Myo-his6(4TAG) (Fig. 1), which
demonstrates that the MbPyIRS/MbtRNAcya pair directs Cyc incor-
poration with an efficiency comparable to that of a pair used
successfully for genetic code expansion. Electrospray ionization mass
spectra of purified myoglobin-Hiss from cells containing Cyc,
MDbPyIRS/tRNAcya and Myo-his6(4TAG) demonstrates the incorpora-
tion of a single Cyc residue into myoglobin-Hiss (Fig. 1). This
demonstrates that Cyc is not measurably incorporated in response
to sense codons (that is, MbPyIRS is orthogonal with respect to
cellular tRNAs) and confirms that natural amino acids are not
measurably incorporated in response to the amber codon in the
presence of Cyc.
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We detected only a trace of full-length myoglobin-Hisgs by Coo-
massie stain when Cyc or MbPyIRS was withheld from cells containing
Myo-his6(4TAG), which suggests that there is a very low level of
aminoacylation of MbtRNAcys by endogenous aminoacyl-tRNA
synthetases and further demonstrates that MbtRNAcy, is orthogonal
to endogenous aminoacyl-tRNA synthetases. The specificity of
the MbPyIRS/MbtRNAcy, pair was further confirmed by pheno-
typic assays (data not shown). Overall, phenotypic data, protein
expression data and mass spectrometry data demonstrate that the
MbPyIRS/MbtRNA( 4 pair is a highly active, specific and orthogonal
pair in E. coli.

To begin to evolve the MbPylRS/MbtRNAcy, orthogonal pair for
the incorporation of N®-acetyllysine in response to the amber codon,
we created a library of 108 MbPyIRS mutants in which six residues
(Leu266, Leu270, Tyr271, Leu274, Cys313 and Trp383) are rando-
mized (Fig. 2). These residues were chosen on the basis of the
structure of Methanosarcina mazei PylRS in complex with pyrro-
lysine'?, and they are within 6 A of the bound pyrroline ring of
pyrrolysine. To select mutant MbPyIRS/MbtRNAy, pairs that direct
the genetic incorporation of Ne®-acetyllysine, we performed three
rounds of selection (positive, negative, positive), as described in the
Supplementary Methods.

Aminoacyl-tRNA synthetase clones that survived the selection were
isolated and transformed with pREP-pylT (which contains the pyIT
gene and confers green fluorescent protein (GFP) fluorescence and
chloramphenicol resistance on cells bearing functional amber
suppressors). 22 clones out of the 96 we screened conferred

Figure 2 Design and evolution of an MbPyIRS/tRNAcya pair for the genetic
incorporation of Ne-acetyllysine. (a) Structure of lysine (1), Ne-acetyllysine
(2) and pyrrolysine (3). (b) Structure of the active site of M. mazei PyIRS
bound to pyrrolysine. The active site residues shown are conserved between
M. mazei PyIRS and M. barkeri PyIRS. These residues form the hydrophobic
binding pocket of pyrrolysine and are mutated in the library to each of the
common 20 amino acids. The image was created using PyMol v0.99 (http:/
pymol.sourceforge.net/) and Protein Data Bank accession code 2Q7H.

(c) Myoglobin-Hisg produced in the presence of MjTyrRS/MjtRNAcya (lane 1)
or in the presence of AcKRS-1 without or with 1 mM Nf-acetyllysine

(AcK, lanes 2 and 3, respectively), or in the presence of 1 mM acetyllysine
and 50 mM NAM (lane 4). Proteins were purified by Ni2*+ affinity
chromatography, separated by SDS-PAGE and either stained with Coomassie
or transferred to nitrocellulose and detected with antibodies to the Hisg tag
or acetyllysine. (d) ESI-MS analysis of the purified acetylated myoglobin-
Hisg. Myoglobin-Hisg expressed in the absence of NAM (green) produced
two peaks of masses 18,397.6 Da (ii) and 18,439.2 Da (i), which
correspond to deacetylated and acetylated myoglobin-Hisg (predicted
masses 18,396.2 Da and 18,438.2 Da, respectively). When myoglobin-Hisg
was expressed in the presence of 50 mM NAM (blue), only the peak for the
acetylated protein was observed (iii).
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Figure 1 The MbPyIRS/MbtRNAcya pair efficiently and specifically
incorporates Cyc in response to an amber stop codon in the gene for
myoglobin. (a) Production of myoglobin-Hisg from Myo-his6(4TAG) in
Myo4TAGPyIT depends on the presence of Cyc in the growth medium.
Myoglobin is produced from Myo-his6(4TAG) in the presence of MjTyrRS/
MjtRNAcya (lane 1) or in the presence of MbPyIRS/MbtRNAcya with or
without 1 mM Cyc (lanes 2 and 3, respectively). Myoglobin was purified
by Ni2+ affinity chromatography, analyzed by SDS-PAGE and stained with
Coomassie. (b) ESI-MS analysis of myoglobin produced by MjTyrRS/
MjtRNAcua (Tyr) revealed a mass of 18,433.2 Da (calcd. 18,431.2 Da),
whereas the myoglobin produced by MbPyIRS/MbtRNAcya (Cyc) had a mass
of 18,510.7 Da. The expected mass difference (m(Cyc) — m(Tyr) = 258.3
Da - 181.2 Da = 77.1 Da) corresponds well to the mass difference
observed (77.5 Da).

chloramphenicol resistance on E. coli up to 150 pg ml™' and 20—
30 pg ml™! chloramphenicol in the presence and absence of 2 mM
Ne-acetyllysine, respectively; these clones also showed amino
acid—dependent GFP fluorescence. The large difference in chloram-
phenicol resistance in the presence and absence of N®-acetyllysine
suggests that the selected synthetases have a substantial in vivo
specificity for the insertion of N®-acetyllysine over all 20 common
amino acids found in the cell, in response to the amber codon.
Sequencing revealed that the clones have two distinct sequences, which
we designated AcKRS-1 and AcKRS-2. AcKRS-1 has six mutations
(L266V, L2701, Y271F, 1274A, C313F and the nonprogrammed
mutant D76G), whereas AcKRS-2 has four mutations (L2701,
Y271L, L274A and C313F) with respect to MbPyIRS. It is likely that
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the hydrophobic cavity that binds the pyrroline ring in MbPyIRS is
rearranged to bind the acetyl group, and that the difference in volume
between the pyrrolysine and N®-acetyllysine is compensated for by the
larger volume of the mutant amino acids in the evolved synthetases.

To explicitly examine the fidelity and yield of acetyllysine incor-
poration in response to the amber codon, we used cells containing
Mpyo-his6(4TAG), AcKRS-1 and 1 mM N&-acetyllysine to produce full-
length myoglobin-Hiss. The protein was purified with a yield of
1.5 mg I of culture (Fig. 2), which is comparable to yields reported
for the incorporation of unnatural amino acids using the most active
variants of the MjTyrRS/MjtRNAcya pair!!. Only trace amounts of
myoglobin-Hiss were detected by Coomassie stain or western blot
against the Hisg tag when NE-acetyllysine was withheld from cells.
Western blots against N¢-acetyllysine further confirmed the incorpora-
tion of the amino acid into myoglobin-Hiss and demonstrated
that the evolved aminoacyl-tRNA synthetases are very selective for
Ne-acetyllysine.

Electrospray ionization mass spectra of myoglobin-Hisg purified
from cells incorporating Né-acetyllysine show two peaks (Fig. 2): one
peak corresponds to the incorporation of Nf-acetyllysine, and the
second peak has a mass of 42 Da less. We assigned the second peak to
myoglobin-Hisg bearing lysine derived from post-translational deace-
tylation in E. coli. E. coli has a single characterized deacetylase—CobB,
which is a sirtuin family nicotinamide adenine dinucleotide—
dependent enzyme!“. Since the sirtuin family of enzymes are known
to be potently inhibited by nicotinamide (NAM, 6), we performed
protein expression in the presence of this inhibitor. Electrospray
ionization spectra of myoglobin produced from cells containing
NAM (Fig. 2) gave a single peak corresponding to the acetylated
protein, with no peak observed for deacetylated protein. We conclude
that NAM completely inhibits the post-translational deacetylation of
genetically incorporated Né-acetyllysine in E. coli.

To begin to demonstrate the utility of our strategy for the synthesis
of a protein that is naturally acetylated, we produced recombinant
acetylated manganese superoxide dismutase (MnSOD). MnSOD is
a tumor suppressor gene and is the principle antioxidant and
superoxide scavenger in the mitochondrial matrix. A recent mass
spectrometry—based proteomics study demonstrated that Lys44 of
MnSOD is subject to acetylation in the mitochondria of HeLa cells®.
We produced and purified rat mitochondrial Hiss-MnSOD, contain-
ing N®-acetyllysine at position 44, from E. coli (Supplementary Fig. 1
online). Electrospray ionization mass spectrometry demonstrates that
the protein is homogeneously acetylated (Supplementary Fig. 2
online), and MS/MS fragmentation of the relevant tryptic peptide
confirms that the site of incorporation is as genetically encoded
(Supplementary Fig. 3 online). We find that recombinant purified
Hisg-MnSOD and Hisg-MnSOD(K44AcK) have comparable activities
(Supplementary Fig. 4 online), which suggests that the role of
acetylation may be to regulate another aspect of SOD function.

In conclusion, we have confirmed the orthogonality and efficiency
of the MbPyIRS/MbtRNA(y, pair in E. coli. We have evolved this pair

to direct the incorporation of N®-acetyllysine, with high translational
fidelity and efficiency, into proteins expressed in E. coli, and we have
developed an inhibitor-based strategy to eradicate the initially
observed post-translational deacetylation of cotranslationally incorpo-
rated Net-acetyllysine in E. coli. Finally, we have used our method to
produce recombinant rat Hiss-MnSOD bearing N°t-acetyllysine at a
site defined by mass spectrometry.

We are currently using our strategy for producing other site-
specifically acetylated recombinant proteins to decipher the role of
this modification in biology. We are addressing the synthesis of
nucleosomes and chromatin bearing N®-acetyllysine at defined sites
on particular histones, with the goal of determining the effect of
defined modifications on nucleosome and chromatin structure and
function!. It should be possible to further evolve the MbPylRS/
MbtRNAcys pair for the genetic incorporation of other modified
lysines with roles in regulating chromatin structure, function and
epigenetic inheritance®. Moreover, it should be possible to extend our
method to genetically incorporate lysine residues derivatized with
diverse functional groups and biophysical probes into proteins.
Because MbPyIRS does not recognize the anticodon of MbtRNAcys
(ref. 10), it may be possible to combine evolved MbPyIRS/MbtRNA
pairs with other evolved orthogonal aminoacyl-tRNA synthetase/
tRNAcya pairs and with orthogonal ribosomes possessing evolved
decoding properties'” to direct the efficient incorporation of multiple
distinct useful unnatural amino acids in a single protein.

Note: Supplementary information and chemical compound information is available on
the Nature Chemical Biology website.
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