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Applications of genetic code expansion in the study of lysine acylation
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Abstract Lysine acylation is a ubiquitous protein modification that controls various aspects of protein function.
However, it can be challenging to decipher the biological function of site-specific acylation modifications in liv-
ing cells. The recently developed genetic code expansion (GCE) technology has enabled site-specific incorpora-
tion of unnatural amino acids (UAAs) that are structurally consistent with the natural acylation modifications in
vivo through orthogonal aminoacyl-tRNA synthetase/tRNA pairs, thus facilitating the study of physicochemical
properties and biological behaviors of homogeneously acylated proteins. Besides, GCE technology allows for
the targeted introduction of UAAs that mimic acylation modifications but cannot be recognized by deacylases,
which improves the stability of lysine acylation modification products. Moreover, the insertion of photo-cross-
linked UAAs at specific sites of the target protein has been used to elucidate the reciprocal proteome of acylated
modified proteins. Based on the introduction of different structural and functional acylation modifications, we

described the novel design of GCE technology combined with three types of UAAs, and their application in study-
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ing the functional effects of protein acylation modifications on the enzyme activity, protein stability, cellular

localization, protein-DNA interactions and protein-protein interactions of target proteins, with a description of

the limitations and prospects of GCE technology in studying protein acylation modification.
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Figure 1 Scheme for the genetic code expansion(GCE) and its applications in studying lysine acylation
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Figure 2 Cyclic immonium ion of lactyllysine reveals lactylation on K147 reduces enzymatic activity of fructose-bisphosphate aldolase A (ALDOA)

A: Production pathway of the CycIm immonium ions from lysine lactylated peptides; B: Illustration of lactylated ALDOA regulates a negative feedback

loop in glycolysis
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Figure 3 Schematic illustration of the workflow for proteomic mapping of histone post-translational modification(hPTM )interactors via the genetically

encoded histone mark and APEX2-mediated proximity labeling in vivo
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Figure 4 Structures of acylated unnatural amino acids and their analogs

A: Structures of AcK and its non-deacetylatable analogs, including TFAcK and ThioAcK; B: Structures of butyryllysine (BuK) and its analogs BmK
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Figure 5 Schematic overview of the site-link toolkit design strategy
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Table 1 An index of genetic incorporation systems for lysine acylation modification

Lysine acylation type Unnatural amino acid (aaRSs derived from) Reference
Lactylation (Kla) Lactyllysine (PyIRS) [23]
Acetylation (Kac) Acetyllysine (PyIRS) [24-32, 37, 40]

Trifluoro-acetyllysine (PyIRS) [34]

Thio-acetyllysine (PyIRS) [35]
Butyrylation (Kbu) Butyrylation-mimic lysine (PyIRS) [36]

Butyryllysine (PyIRS) [37, 40]
Crotonylation (Ker) Crotonyllysine (PyIRS) (33,37, 40]
Propionylation (Kpr) Propionyllysine (PyIRS) [37.,40]
2-Hydroxyisobutyrylation (Khib) 2-Hydroxyisobutyryllysine (PyIRS) [37]
B-Hydroxybutyrylation (Kbhb) B-Hydroxybutyryllysine (PyIRS) [37]
Benzoylation (Kbz) Benzoyllysine (PyIRS) [41]

" aaRS: Aminoacyl-tRNA synthetase; PyIRS: Pyrrolysyl-tRNA synthetase
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) UAA i 356 A= ) 1F 3¢ 19 24 19 tRNA & BB /LRNA
X, DLSEELAE A W) 2R GE 6 UAA AT 3L A, X0}
FARFVE KB PTM 1] BEAF7E—E W IRXE . GCE 4%
ARAAKHS T 2 51 UAA BESEIE A A I A AR
it 43 fift 3K T LT BB A PR R R UAA HEAT 4544
B, DA s e AN RE S . Bz Wit —
AAAL GCEBOR | 48 m B BEAL A1 (1) UAA 19476
AR N G SL 0 A DI Re i e SR IO b . it
Ab BT B ER 1 R A AR AR TE 2 A R AR b )
FEPUME TG PTMs, B BE , 368 VI 75 22T & TR i 22
ASPTM 5| AH5 2 8 1 GCE £ AR, LAE— 48 8
PTM 548X 85 [ 5 9 5 ) A T80 A 04 3 3 %of
GCE 5 AR AR Wi B8 5 8 4548 UAA 194 1, 3 1F
Xof 4 1 IEA B4 T 25 PTMs 19 1 -5 10

References

[1]  Conibear AC. Deciphering protein post-translational modifica-
tions using chemical biology tools|J]. Nat Rev Chem, 2020, 4
(12): 674-695.

2] Macek B, Forchhammer K, Hardouin J, et al. Protein post-

translational modifications in bacteria[J]. Nat Rev Microbiol,

2019, 17(11): 651-664.

[3] Barber KW, Rinehart J. The ABCs of PTMs[J]. Nat Chem Biol,
2018, 14(3): 188-192.

[4] Millar AH, Heazlewood JL, Giglione C, et al. The scope, func-
tions, and dynamics of posttranslational protein modifications
[J]. Annu Rev Plant Biol, 2019, 70: 119-151.

[5] Millan-Zambrano G, Burton A, Bannister AJ, et al. Histone
post-translational modifications - cause and consequence of
genome function|J]. Nat Rev Genet, 2022, 23(9): 563-580.

6] Moen JM, Mohler K, Rogulina S, et al. Enhanced access to the
human phosphoproteome with genetically encoded phos-
phothreoninelJ]. Nat Commun, 2022, 13(1): 7226.

[7]  Yang NF, Wang YX, Tian Q, et al. Blockage of PPARy T166
phosphorylation enhances the inducibility of beige adipocytes
and improves metabolic dysfunctions[J]. Cell Death Differ,
2023, 30(3): 766-778.

[8] Aebersold R, Agar N, Amster 1], et al. How many human pro-
teoforms are there[J]? Nat Chem Biol, 2018, 14(3): 206-214.

[9]  Tan MJ, Luo H, Lee S, et al. Identification of 67 histone marks
and histone lysine crotonylation as a new type of histone modifi-
cation[J]. Cell, 2011, 146(6): 1016-1028.

[10]  Yan KZ, Rousseau J, Machol K, et al. Deficient histone H3 pro-
pionylation by BRPF1-KAT6 complexes in neurodevelopmental
disorders and cancer|J]. Sci Adv, 2020, 6(4): eaax0021.

[11] Wang HL, Chen Y, Wang YQ, et al. Sirtuin5 protects colorectal
cancer from DNA damage by keeping nucleotide availability[J].
Nat Commun, 2022, 13(1): 6121.

[12] Takada S, Maekawa S, Furihata T, et al. Succinyl-CoA-based



526

‘? @ B # x # ¥ 2 Journal of China Pharmaceutical University 2023,54(5):519 - 526

54 4

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

energy metabolism dysfunction in chronic heart failure[J]. Proc
Natl Acad Sci U S A, 2022, 119(41): €2203628119.

Bao XC, Liu Z, Zhang W, et al. Glutarylation of histone H4
lysine 91 regulates chromatin dynamics|J]. Mol Cell, 2019, 76
(4): 660-675.€9.

Huang H, Zhang D, Weng Y], et al. The regulatory enzymes and
protein substrates for the lysine B-hydroxybutyrylation pathway
[J1. Sci Adv, 2021, 7(9): eabe2771.

Liao L, He Y, Li SJ, et al. Lysine 2-hydroxyisobutyrylation of
NAT10 promotes cancer metastasis in an ac4C-dependent man-
ner{J]. Cell Res, 2023, 33(5): 355-371.

Huang H, Zhang D, Wang Y, et al. Lysine benzoylation is a his-
tone mark regulated by SIRT2[J]. Nat Commun, 2018, 9(1):
3374.

Zhang D, Tang ZY, Huang H, et al. Metabolic regulation of gene
expression by histone lactylation[J]. Nature, 2019, 574(7779):
575-580.

Huang DL, Montigny C, Zheng Y, et al. Chemical synthesis of
native S-palmitoylated membrane proteins through removable-
backbone-modification-assisted Ser/thr ligation[J]. Angew Chem
Int Ed, 2020, 59(13): 5178-5184.

Xie YS, Du SB, Liu ZY, et al. Chemical biology tools for protein
lysine acylation[J]. Angew Chem Imt Ed, 2022, 61(21):
€202200303.

Fischer EC, Hashimoto K, Zhang Y, et al. New codons for effi-
cient production of unnatural proteins in a semisynthetic organ-
ism[J]. Nat Chem Biol, 2020, 16(5): 570-576.

Sun W, Wang NX, Liu HJ, et al. Genetically encoded chemical
crosslinking of RNA in vivolJ]. Nat Chem, 2023, 15(1): 21-32.
Yang ZJ, Yan C, Ma JQ, et al. Lactylome analysis suggests
lactylation-dependent mechanisms of metabolic adaptation in
hepatocellular carcinomalJ]. Nat Metab, 2023, 5(1): 61-79.

Wan N, Wang N, Yu SQ, et al. Cyclic immonium ion of lactylly-
sine reveals widespread lactylation in the human proteomel[J].
Nat Methods, 2022, 19(7): 854-864.

Venkat S, Chen H, Stahman A, et al. Characterizing lysine
acetylation of isocitrate dehydrogenase in Escherichia colilJ]. J
Mol Biol, 2018, 430(13): 1901-1911.

Chen G, Luo Y, Warncke K, et al. Acetylation regulates ribo-
nucleotide reductase activity and cancer cell growth[J]. Nat
Commun, 2019, 10(1): 3213.

Parsa S, Ortega-Molina A, Ying HY, et al. The serine hydroxy-
methyltransferase-2 (SHMT2) initiates lymphoma development
through epigenetic tumor suppressor silencing[J]. Nat Cancer,
2020, 1: 653-664.

Wei Z, Song JL, Wang GH, et al. Deacetylation of serine
hydroxymethyl-transferase 2 by SIRT3 promotes colorectal car-
cinogenesis|J]. Nat Commun, 2018, 9(1): 4468.

Wang C, Wan XY, Yu T, et al. Acetylation stabilizes phospho-

[29]

[30]

[31]

(321

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

glycerate dehydrogenase by disrupting the interaction of E3
ligase RNF; to promote breast tumorigenesis|J]. Cell Rep, 2020,
32(6): 108021.

Zhang SH, Chen QH, Liu QX, et al. Hippo signaling suppresses
cell ploidy and tumorigenesis through Skp2[J]. Cancer Cell,
2017, 31(5): 669-684.e7.

Knyphausen P, Kuhlmann N, de Boor S, et al. Lysine-
acetylation as a fundamental regulator of Ran function: implica-
tions for signaling of proteins of the Ras-superfamily[J]. Small
GTPases, 2015, 6(4): 189-195.

Thao S, Chen CS, Zhu H, ez al. Ne-lysine acetylation of a bacte-
rial transcription factor inhibits its DNA-binding activity[J].
PLoS One, 2010, 5(12): e15123.

Boyes J, Byfield P, Nakatani Y, et al. Regulation of activity of
the transcription factor GATA-1 by acetylation[J]. Nature,
1998, 396(6711): 594-598.

Huang YP, Zhai GJ, Li YN, et al. Deciphering the interactome
of histone marks in living cells via genetic code expansion com-
bined with proximity labeling[J]. Anal Chem, 2022, 94(30):
10705-10714.

Zhang F, Zhou Q, Yang GW, et al. A genetically encoded “F
NMR probe for lysine acetylation[J]. Chem Commun, 2018, 54
(31): 3879-3882.

Xiong H, Reynolds NM, Fan CG, et al. Dual genetic encoding of
acetyl-lysine and non-deacetylatable thioacetyl-lysine mediated
by flexizymelJ]. Angew Chem Int Ed, 2016, 55(12): 4083-4086.
Zhang 7], Pedicord VA, Peng T, et al. Site-specific acylation of
a bacterial virulence regulator attenuates infection[J]. Nat
Chem Biol, 2020, 16(1): 95-103.

Qin FF, Li BY, Wang H, et al. Linking chromatin acylation
mark-defined proteome and genome in living cells[J]. Cell,
2023, 186(5): 1066-1085.¢36.

Sudhamalla B, Dey D, Breski M, et al. Site-specific azide-
acetyllysine photochemistry on epigenetic readers for interac-
tome profiling|J]. Chem Sci, 2017, 8(6): 4250-4256.

Lopez JE, Haynes SE, Majmudar JD, et al. HDACS8 substrates
identified by genetically encoded active site photocrosslinking
[JI. J Am Chem Soc, 2017, 139(45): 16222-16227.

Wilkins BJ, Hahn LE, Heitmiiller S, et al. Genetically encoding
lysine modifications on histone H4[J]. ACS Chem Biol, 2015, 10
(4): 939-944.

Cao L, Liu J, Ghelichkhani F, et al. Genetic incorporation of
€ -N-benzoyllysine by engineering Methanomethylophilus alvus
pyrrolysyl-tRNA synthetase[J]. ChemBioChem, 2021, 22(15):
2530-2534.

Venkat S, Sturges J, Stahman A, et al. Genetically incorporating
two distinet post-translational modifications into one protein

simultaneously[J]. ACS Synth Biol, 2018, 7(2): 689-695.



