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Abstract

Protein post-translational modifications regulate protein structure and function. Lysine
benzoylation is a new type of histone mark with unique physiological relevance. To

construct proteins with this modification site-specifically introduced, here we generated
orthogonal tRNAPYI-MaBzKRS pairs by engineering Methanomethylophilus alvus pyrrolysyl-
tRNA synthetase, allowing the genetic incorporation of e-A-benzoyllysine (BzK) into proteins
with high efficiency in £. coliand mammalian cells. Two types of MaBzKRS were identified to
incorporate BzK using mutations located at different positions of the amino acid binding pocket.
These MaBzKRS are small in size and highly expressed, which will afford broad utilities in
studying the biological effects of lysine benzoylation.

Graphical Abstract

Two M. alvus PyIRS mutants were engineered to genetically encode e-A-benzoyllysine, a newly
discovered histone posttranslational modification, into proteins in £. co/iand mammalian cells
with high efficiency. Mutations at different locations in M. alvus PyIRS active site (pink and
yellow) were able to achieve high specificity for the same amino acid substrate (grey).
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Protein post-translational modifications (PTMs) expand the functional diversity of the
proteome and play important roles in regulating protein activity, structure, and function.

(1] The ability to prepare proteins with the desired PTM site-specifically introduced at the
target sites is critical for the understanding of the principles, types, and effects of protein
PTMs on biological processes as well as for the prevention and treatment of associated
diseases. Aside from various chemical and semisynthetic methods, [2-5] genetically encoding
noncanonical amino acids (ncAAs) using orthogonal tRNA-synthetase pairs in live cells

[6.7] has been extensively employed to introduce various PTMs and mimetics into proteins.
Representative examples include glycosylation, [8:°] phosphorylation, [10-12] alkylation or
acylation, [131 [14-19] gyIfation, [20.211 [22] and so on. Knockout of release factor further

allows the simultaneous incorporation of PTM-bearing ncAAs at multiple sites into proteins.
[23]

Lysine benzoylation has been discovered and characterized as a histone mark, [24]

which is associated with gene expression and has physiological relevance distinct from
lysine acetylation. More interestingly, sodium benzoate, a widely used food preservative,
can generate benzoyl CoA and thus stimulate lysine benzoylation, raising concerns

for its safety. Whether lysine benzoylation spreads throughout the proteome and how

it exerts physiological effect awaits further studies. Recently, Ji et al. reported the

genetic incorporation of e-A-benzoyllysine (BzK) using a mutant synthetase derived from
Methanosarcina barkeri pyrrolysyl-tRNA synthetase (MbPyIRS), which contains a Y349W
mutation and is poly-specific for multiple ncAAs. [25] Here we independently evolved
BzK-specific synthetases from Methanomethylophilus alvus pyrrolysyl-tRNA synthetase
(MaPyIRS), which incorporate BzK into proteins in £. co/f and mammalian cells in excellent
fidelity and enhanced efficiency, as verified with mass spectrometry and BzK-specific
antibodies. These enhanced BzK-specific MaPyIRS mutants would facilitate the study of
lysine benzoylation both /n vitroand in live cells. In addition, our identification of two
different types of BzK-specific MaPyIRS mutants suggests that PyIRS could be engineered
to recognize a ncAA using potentially dissimilar mechanisms.

In comparison with MbPyIRS and Methanosarcina mazei pyrrolysyl-tRNA synthetase
(MmPyYIRS), the recently discovered MaPyIRS is much smaller in size (MaPyIRS 275 aa
vs. MbPyIRS 419 aa and MmPyIRS 454 aa) due to the lack of the N-terminal noncatalytic
domain. [26.27] The smaller size of MaPyIRS makes it more amenable to delivery via

viral vectors with limited capacity and easier to construct gene libraries for directed
evolution. MaPyIRS is also more stable and has higher expression level in E. coli cells.

[28] Transplantation of mutations identified in the active sites of MmPyIRS or MbPyIRS
into the MaPyIRS often lead to improved ncAA incorporation efficiency in £. coli. [29:30]
MaPyIRS protein can also be concentrated several fold higher without aggregation /n vitro,
which greatly facilitates cell-free genetic code expansion as well. [28]
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We therefore decided to use MaPyIRS as the parental synthetase to engineer BzK-specific
mutants. On the basis of the crystal structure of MaPyIRS (Figure 1b), [28] we randomized
Tyrl26, Met129, and Val168 in the active site and fixed His227 to lle and Tyr228 to Pro.
The H2271/Y228P mutations are at the second layer of the amino acid-binding pocket and
have been shown to improve ncAA incorporation efficiency in £. coli. [28]. The resultant
mutant library JL1.3 was subjected to selections using procedures described previously.
[31,32] After selection, hits exhibiting best BzK-dependent phenotype converged on the
following mutations Y126 T/M129R/V168H/H2271/Y228P, which was named as MaBzKRS.

To evaluate the incorporation of BzK into proteins in £. coli, we expressed the ubiquitin
(Ub) gene containing a TAG codon at the permissive site 6 (Ub-6 TAG) with the Ma-
tRNAPY/MaBzKRS pair (encoded by plasmid pEvol-MaBzKRS) in £ coli. The cells were
grown with 2 mM of BzK added in growth media. After purification through nickel affinity
chromatography, the protein was analyzed with SDS-PAGE and full-length Ub(6BzK)

was produced in the yield of 4.5 mg/L (Fig. 1c). To determine the identity, the purified
protein was then analyzed with electrospray ionization time-of-flight mass spectrometry
(ESI-TOF MS) (Fig. 1d). A peak was observed at 9491.4 Da, corresponding to intact

Ub containing BzK at site 6 (expected 9491.8 Da). We manually searched for a peak at
9387.7 Da, corresponding to debenzoylation of BzK to Lys, and found that the peak was
at the noise level, suggesting that the endogenous CobB, the only sirtuin identified in £.
coli, has low debenzoylation activity in the DH10p strain used. No peaks corresponding

to mis-incorporation of other natural amino acids at site 6 were detected. These results
demonstrated that the evolved Ma-tRNAPY!/MaBzKRS pair was able to incorporate BzK
into proteins in high fidelity in E. coli.

To further determine the incorporation specificity of BzK, we incorporated it into GFP
and detected with an antibody specific for benzoyllysine. We first expressed the super-fold
GFP (sfGFP) gene containing a TAG codon at permissive site 151 with the Ma-tRNAPY!/
MaBzKRS pair in £. coli. After purification, full-length sSfGFP(151BzK) protein was
produced in the yield of 35 mg/L (Figure 2a), indicating that BzK was incorporated in
sfGFP by the Ma-tRNAPY//MaBzKRS pair in high efficiency. The purified proteins were
immunoblotted with an anti-GFP mAb or an anti-benzoyllysine mAb (Figure 2b). Only
sfGFP(151BzK) showed clear and strong signal for anti-benzoyllysine mAb. We also
expressed the enhanced GFP gene containing a TAG codon at the permissive site 182

with the Ma-tRNAPY//MaBzKRS pair in £. coli. The purified EGFP(182BzK) (yielding
6.6 mg/L) ran at the similar position with the WT EGFP on SDS-PAGE (Figure 2c), and
only EGFP(182BzK) showed robust signal when immunoblotted by the anti-benzoyllysine
mADb (Figure 2d). These results demonstrate the efficient incorporation of BzK by the
Ma-tRNAPY/MaBzKRS pair in £. coliand BzK specificity verification with the anti-
benzoyllysine mAb.

To enable the generation of BzK-containing proteins in mammalian cells, we tested BzK
incorporation into EGFP in HEK-293T cells. We transfected HEK-293T cells with plasmid
pcDNA3.1-EGFP(182TAG) expressing EGFP gene containing a TAG codon at permissive
site 182 and plasmid pNEU-BzKRS expressing the Ma-tRNAPY/MaBzKRS pair. Cells were
cultured in the presence or absence of 2 mM BzK, followed with flow cytometric analysis.
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Suppression of the 182TAG codon of the EGFP gene would produce full-length EGFP,
rendering cells fluorescent. As showed in Figure 3a, strong green fluorescence of EGFP
were detected from cells cultured in the presence of BzK, and no green fluorescence was
detected from cells without BzK added. Compared with 24 h incubation, more cells became
green fluorescent after incubating for 48 h. Confocal fluorescence microscopy of these cells
confirmed the above results (Figure 3b). In the presence of BzK, strong EGFP fluorescence
was observed inside the cells, and cell morphology were normal, suggesting no obvious
cytotoxicity of BzK to HEK-293T cells. No fluorescence signal was detected when BzK
was not added. The successful incorporation of BzK into EGFP in HEK-293T cells was
also demonstrated by Western blot analysis of cell lysate (Figure 3c). Immunoblot with an
anti-GFP antibody showed that full-length EGFP was produced only when BzK was added.
Immunoblot with the anti-benzoyllysine antibody confirmed that BzK was incorporated into
the full-length EGFP, showing a clear band at the same position with the EGFP band.
Together, these results indicate that the Ma-tRNAPY/MaBzKRS pair was able to incorporate
BzK into proteins in HEK-293T cells with high specificity.

During the preparation of this work, Ji ef a/. reported that MbPyIRS(Y349W) incorporates
BzK into proteins in £, coliand mammalian cells. [25] We thus compared MaBzKRS

with MbPyIRS(Y349W) using the same expression plasmid pEvol to express corresponding
tRNAPYI/PYIRS and the reporter plasmid pBAD-sfGFP(151TAG) to express EGFP gene
containing a TAG codon at the permissive 151 site. The pEvol and pBAD-sfGFP(151TAG)
plasmids were co-transformed in £. coli, and the cells were grown with or without 2

mM BzK. EGFP fluorescence intensity of cells were measured and normalized to cell
optical density at 600 nm (ODgqg). Judging from normalized fluorescence intensity in the
presence of BzK, MaBzKRS showed similar incorporation efficiency to MbPyIRS(Y349W)
(Figure 4a), but as for the normalized fluorescence intensity ratio of +BzK over —-BzK,
MaBzKRS was 2.2 fold of MbPyIRS(Y349W), suggesting that MaBzKRS has a higher BzK
fidelity. Since the active sites of MaPyIRS, MbPyIRS, and MmPyIRS are well conserved,
and transplanting mutations from MbPyIRS or MmPYIRS to MaPyIRS often leads to
higher incorporation efficiency, we therefore made the corresponding mutation in MaPyIRS
to generate MaPyIRS(Y206W). Gratifyingly, MaPyIRS(YY206W) was not only able to
incorporate BzK, but also showed a 3-fold increase of efficiency over MbPyIRS(Y349W)
and MaBzKRS. We thus named MaPyIRS(Y206W) as MaBzKRS2. The second layer
mutation H2271/Y228P of MaPyIRS has been shown to increase ncAA incorporation
efficiency, [28] but adding these two mutations to MaBzkRS2 reduced the incorporation
efficiency to 27%. We also wondered if mutations of MaBzKRS could synergize with that
of MaBzKRS2. However, introducing of Y206W into MaBzKRS reduced the incorporation
efficiency to 22% instead.

These mutation results suggest that MaBzKRS2 and MaBzKRS may have dissimilar
mechanism in recognizing BzK. In fact, the five mutations in MaBzKRS are located in

the active site pocket, with Y126 T/M129R/V168H in the first layer directly contacting BzK
side chain, and H2271/Y228P in the second layer beyond the first layer residues (Figure
4b). That is, these mutations are more likely to shape the amino acid binding pocket to
accommodate the ncAA side chain. The Y206W mutation in MaBzKRS2, in contrast, is
located on the tip of the B5- f6 hairpin (Figure 4b), which is in a dynamic equilibrium
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of open and closed conformation, affecting the opening/closing of the amino acid binding
tunnel. [28] It is intriguing to observe that two sets of mutations at different locations of the
active site of MaPyIRS can achieve the same specificity for BzK, but the detailed molecular
mechanism awaits further studies.

In summary, we generated two different MaPyIRS mutants for genetic incorporation of
BzK into proteins with high efficiency and fidelity in £. co/iand mammalian cells. Sharing
the small size, excellent stability, and high expression level with the parental MaPyIRS,
these BzK-specific synthetases will prove useful in introducing lysine benzoylation site-
specifically into proteins both in cell-free translation systems and in live cells, facilitating
the research of this PTM. In addition, MbPyYIRS (Y349W) has been shown to incorporate
many other ncAAs, and the transplanted MaPyIRS (Y206W) may also enhance the
incorporation efficiency of these ncAAs.
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Figure 1.
Genetic incorporation of BzK into proteins in £, co/i using the evolved Ma-tRNAPY!/

MaBzKRS. (a) Structure of BzK. (b) Structure of M. a/vus PyIRS amino acid binding pocket
with residues mutated in the library shown in stick. To illustrate the position of the bound
Pyl, M. alvus PyIRS apo form (PDB 6JP2) was superimposed on M. mazei PyIRSc bound
with Pyl (PDB 2ZCE). (c) SDS-PAGE analysis of WT Ub and Ub(6BzK) expressed and
purified from E. coli. (d) ESI-TOF MS spectrum of the intact Ub(6BzK).
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Genetic incorporation of BzK into GFP and verification with anti-benzoyllysine mAb. (a)
SDS-PAGE analysis of WT sfGFP and sfGFP(151BzK). (b) Western blots of WT sfGFP and
sfGFP(151BzK) detected by an anti-GFP antibody (left) and an anti-benzoyllysine antibody
(right). (c) SDS-PAGE analysis of WT EGFP and EGFP(182BzK). (d) Western blot of WT
EGFP and EGFP(182Bzk) detected by an anti-benzoyllysine antibody.
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Figure 3.
Genetic incorporation of BzK into proteins in mammalian cells. (a) Flow cytometric analysis

of BzK incorporation into EGFP(182TAG) in HEK-293T cells. Cells were co-transfected
with pNEU-BzKRS and pcDNA3.1-EGFP(182TAG) and cultured with or without BzK

for 24-48 h. (b) Fluorescence confocal microscopic analysis of BzK incorporation into
EGFP(182TAG) in HEK-293T cells. (c) Western blot analysis of BzK incorporation into
EGFP(182TAG) in HEK-293T cells. An anti-GFP antibody was used to detect EGFP, and an
anti-benzoyllysine antibody was used to detect BzK incorporated into EGFP protein.
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Two different types of MaBzKRS for BzK incorporation. (a) Comparison of the BzK
incorporation efficiency of different MaBzKRS mutants. Measured sfGFP fluorescence
intensity was normalized to cell optical density. Normalized fluorescence ratio for +/— BzK
was indicated for each mutant. Error bars represent s.d., n = 3 independent experiments.

(b) Structure of MaPyIRS showing the different locations of mutated amino acid residues
in MaBzKRS (pink and cyan) and in MaBzKRS2 (yellow). To illustrate the position of the
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bound Pyl, M. alvus PyIRS apo form (PDB 6JP2) is superimposed on M. mazei PylRSc
bound with Pyl (PDB 2ZCE).
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