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Lysine acylation is a ubiquitous post-translational modification (PTM) that
plays pivotal roles in various cellular processes, such as transcription, meta-
bolism, protein localization and folding. Thousands of lysine acylation sites
have been identified based on advances in antibody enrichment strategies,
highly sensitive analysis by mass spectrometry (MS), and bioinformatics.
However, only 27 lysine methacrylation (Kmea) sites have been identified
exclusively in histone proteins. It is hard to separate, purify and differentiate
the Kmea modification from its structural isomer lysine crotonylation (Kcr)
using general biochemical approaches. Here, we identify Kmea sites on a non-
histone protein, Cyclophillin A (CypA). To investigate the functions of Kmea in
CypA, we develop a general genetic code expansion approach to incorporate a
non-canonical amino acid (ncAA) e-N-Methacryllysine (MeaK) into target pro-
teins and identify interacting proteins of methacrylated CypA using affinity-
purification MS. We find that Kmea at CypA site 125 regulates cellular redox
homeostasis, and HDACL is the regulator of Kmea on CypA. Moreover, we
discover that genetically encode Kmea can be further methylated to &-N-
methyl-e-N-methacrylation (Kmemea) in live cells.

Lysine acylation is a ubiquitous PTM with crucial functions in biological
systems, and dysregulation of lysine acylation has been associated with
various diseases, such as cancer, cardiovascular diseases, neurological
disorders, and metabolic diseases”.

In addition to acetylation, new types of lysine acylation have
been continuously discovered®”. Kcr, one of lysine acylation was
discovered as PTM in 2011°, Since then multiple ‘writers’ and ‘erasers’
of Kcr have been identified’™", thousands of Kcr sites have been

found in both histone and non-histone proteins to regulate diverse
biological processes ™. Recently, Kmea, a structural isomer of Kcr
was identified in histone proteins as an enzyme-catalyzed PTM™.
Methacrylyl-CoA, an intermediate in valine metabolism, is the donor
of Kmea". Deficiencies of enoyl-CoA hydrolase (ECHS1) and 3-
hydroxyisobutyryl-CoA hydrolase (HIBCH) in the valine catabolic
pathway result in the accumulation of highly reactive methacrylyl-
CoA, which has been observed in patients with Leigh syndrome, a
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severe neurological disorder in infancy'®". However, it is unknown
whether methacrylyl-CoA can methacrylate non-histone proteins.

To study the functions of lysine acylation (Kac), lysine to gluta-
mine substitution is often used as a mimic of acetylated lysine®.
However, this strategy is not suited for studying Kcr or Kmea due to
the dramatic difference in chemical structures. Although proteins can
be crotonylated by overexpressing acylation transferases in cells or the
incubation of proteins with acylation transferases in vitro, this method
gives limited site specificity and selectivity. Moreover, it is challenging
to separate Kcr and Kmea modified proteins by chromatography or
differentiate them with MS, because Kcr and Kmea are structural iso-
mers. To overcome the above limitations, the genetic code expansion
technology has been applied to site-specifically incorporate PTMs into
proteins in live cells”?*. Previously, &-N-Crotonyllysine (CrK) and
photo-cross-linkable CrK have been successfully incorporated into
histone proteins, but Kmea hasn’t been genetically encoded yet*?.

Cyclophilin A (CypA) is an intracellular target of the immuno-
suppressive drug cyclosporin A (CsA), and it is also known to catalyze
proline cis-trans isomerization””. CypA has been associated with sev-
eral human diseases, including viral infection, cancer, and amyo-
trophic lateral sclerosis (ALS)*™. Its interaction with CDI147 is a
potential target of anticancer therapy®. Lysine acetylation of CypA has
been shown to regulate key functions of CypA in immunity and viral
infection®***, and 9 Kcr sites of CypA have been identified in a large-
scale proteomics analysis”. However, there is no report about Kmea
in CypA.

Here, we identify Kmea in CypA and develop a genetic code
expansion approach to incorporate Kmea into proteins to investigate
the function of Kmea of CypA. We identify interacting proteins of
methacrylated CypA and find that Kmea enhance the interaction of
CypA and oxidoreductase. We reveal that Kmea attenuate suppression
of CypA on reactive oxygen species (ROS), and HDACl is identified as a
demethacrylase which can remove Kmea in CypA. We find that
genetically encoded Kmea can be further methylated to Kmemea in
live cells.

Results
Identification of Kmea in a non-histone protein CypA
Thioredoxin is a key regulator in redox processes by maintaining a
reducing environment in cells to protect cells from the detrimental
effects of ROS™. Previously, we incorporated a cross-linkable unnatural
amino acid BprY into thioredoxin 1 (TXNI1) and applied the OpenUaa
software to identify the interacting proteins of TXNI***. To system-
atically map the direct interactomes of TXN1, we also developed two
cross-linkers BVSB and PDES and performed whole proteome cross-
linking in live cells followed by affinity purification and mass spectro-
metry analysis®®. A BVSB mediated cross-linked peptide between TXN1
and Cyclophilin A (CypA) was identified (Fig. 1a), suggesting a direct
protein interaction between TXN1 and CypA. CypA is involved in the
regulation of ROS by activating peroxidase activity of peroxiredoxins,
degrading thioredoxin-interacting proteins, or forming intra-protein
disulfide bond****. To validate this interaction, we performed an
affinity-purification mass spectrometry (AP-MS) experiment of CypA
and identified TXNI1 in the CypA immunoprecipitation (IP) sample
(Fig. 1b). Co-IP experiments followed by Western blot analysis further
validated this interaction (Supplementary Fig. 1a). CypA has been
reported as a substrate of TXNI transnitrosylation and target of
chloroplast thioredoxin*>*,

We performed an open search using pFind 3* to analyze the AP-
MS data. Interestingly, we found two tryptic peptides with lysine
modifications at CypA K125 and CypA K131 (mass difference of
+68.023 Da), which is equal to the mass of Kcr or Kmea (Fig. 1c, d). To
differentiate these two modifications, pan-specific anti-Kmea and anti-
Kcr antibodies were used. Using synthetic peptides, we demonstrated
that the anti-Kmea antibody is highly specific towards Kmea, while

some cross-reactivities for Kmea and Kcr were observed for the anti-
Kcr antibody (Supplementary Fig. 1b). Western blot analysis using the
anti-Kmea antibody showed an intense Kmea band. The band intensity
was decreased, when either site 125 or 131 was mutated to Arg (Fig. le
and Supplementary Fig. 1c). We also treated cells with different con-
centrations of sodium methacrylate to increase the production of
methacrylyl-CoA. As expected, the Kmea band intensity also increased
with the increasing doses of sodium methacrylate (Supplementary
Fig. 1d). These data indicate that CypA is methacrylated at both site 125
and 131. To the best of our knowledge, methacrylation has not been
previously reported on a non-histone protein. Previously, a total of 9
Kcr sites on CypA were identified in a large Kcr dataset from HelLa cells,
which contained the sites 125 and 131°. Similar to cyclic immonium
(Cyclm) ions found in the tandem mass spectra of lysine lactylated
peptides*’, we also proposed a fragmentation pathway of Cyclm ion in
methacrylated peptides (Fig. 1f). We observed Cyclm ion at m/z152.107
in the tandem mass spectra of Kmea peptide and synthesized Kmea
peptide (Fig. 1g, h and Supplementary Fig. 1e).

Genetically encoding Kmea into proteins in E. coli and
mammalian cells

To investigate the functions of Kmea, we attempted to incorporate a
ncAA (MeaK, Fig. 2a) into CypA. Based on the published protein
structure, the amino acid binding pocket of wild-type Methanosarcina
barkeri pyrrolysyl-tRNA synthetase (MbPyIRS) was engineered to
obtain a synthetase of MeaK (Fig. 2b). We constructed 5 mutants of
MbPyIRS and tested their incorporation efficiency. The MbPyIRS
(Y349F)/MbtRNAP' ;5 pair showed the high incorporation efficiency
of MeaK and fidelity (Supplementary Fig. 2). Therefore, this mutant
was selected to incorporate MeaK into a model protein MBP-Z. An
MBP-Z construct containing a TAG codon at site 24 and a C-terminal
His-tag was co-expressed with the MbtRNAPY'«,»/MbPYIRS (Y349F) pair
in E. coli DH10B cells to successfully produce the full-length MBP-Z
protein in the presence of MeaK (Fig. 2c and Supplementary Fig. 3).
The purified MBP-Z (theoretical molecular weight: 50893.21 Da) was
confirmed by intact protein mass analysis (Fig. 2d). The incorporation
of MeaK into EGFP was also supported by high- resolution tandem MS
(Fig. 2e), showing the signature Cyclm fragment ion (Fig. 2f). These
results demonstrated that Kmea modified proteins can be prepared in
E. coli for in vitro biochemical assays.

To assess the potential application of MeaK incorporation in
mammalian cells, we engineered 3 aminoacyl-tRNA synthetase
mutants (named MeakRS6-8) of chPyIRS*. The chPylRS Y384F/
MmtRNAP'«y, pair showed the highest incorporation efficiency of
MeaK (Supplementary Fig. 4a). Different concentrations of MeaK were
tested to culture cells, and the best condition with the final con-
centration of 1 mM was chosen for MeaK incorporation (Supplemen-
tary Fig. 4b). We co-expressed the chPyIRS Y384F/MmtRNAP ¢, pair
with C-terminal Strep-tagged EGFP Y151TAG in HEK293T cells (Sup-
plementary Fig. 3a). The suppression of 151TAG codon by chPyIRS
Y384F will produce full-length functional EGFP to render cells fluor-
escent. After adding MeaK to the cell culture, strong EGFP fluorescence
was detected in cells by flow cytometry (Fig. 2g). The incorporation of
MeaK into EGFP was also validated and quantified by fluorescence
microscopy (Fig. 2h). Furthermore, MeaK incorporated EGFP (theore-
tical molecular weight: 30,003.42 Da) was confirmed by intact protein
mass analysis and tandem MS sequencing (Fig. 2i, j), and again the
Cyclmion was observed in the tandem mass spectrum (Supplementary
Fig. 5). Western blot analysis also validated the MeaK incorporation
into EGFP (Supplementary Fig. 3a). To further test the robustness of
encoding MeaK in mammalian cells, we incorporated MeaK into CypA
K131TAG and histone H3 K18TAG. Full-length CypA and H3 were suc-
cessfully detected on Western blot (Supplementary Fig. 6). These data
demonstrated that MeaK can be site-specifically encoded in mamma-
lian cells to study functions of Kmea.
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Fig. 1| Identification of Kmeas on CypA protein. a Tandem mass spectrum of
BVSB mediated cross-linked peptide between TXN1 and CypA. b Previously, protein
interaction of TXN1 and CypA was identified in TXNI His-tag pull down®. To vali-
date protein interaction of TXN1and CypA, CypA IP experiment was performed and
TXNI1 was identified in CypA IP samples. ¢, d HEK293T cells were transfected with
CpyA-Strep, Strep-tag purified CypA was digested with trypsin. Digested peptides
were analyzed by mass spectrometry. Tandem mass spectrum of peptides con-
tained methacrylation on CypA Lys131 (c) and Lys125 (d). The K in red represents

Lysine methacrylated peptide
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the Kmea modification. e Validation of Kmea on CypA by Western blot analysis.
When CypA Lys125 was mutated to Arg, the Kmea level of CypA dramatically
decreased. The experiment was repeated three times with similar results. When
CypA Lys131 was mutated to Arg, the Kmea level of CypA partially decreased.

f Proposed fragmentation pathway of Cyclm ion from methacrylated peptide.

g Cyclm ion was mapped on MS/MS spectrum of methacrylated peptide (Kmea on
CypA Lys131). h Confirm Cyclm ion with chemically synthesized standard metha-
crylated peptide.

Comparing interacting proteins of wild-type CypA, CypA

mutant, CrK incorporated CypA, and MeaK incorporated CypA
The K125 residue of CypA is highly conserved in mammals (Fig. 3a).
K131 is also conserved, but it was mutated to methionine or arginine in
Felis Catus and Oryctolagus cuniculus, respectively (Fig. 3a). In several
cancer types with available quantitative acetylation proteomic data*’,
the ratio of acetylated CypA over total CypA is higher in lung adeno-
carcinoma cells than adjacent normal tissues (Fig. 3b and Supple-
mentary Fig. 7). To gain further insight into the functions of Kmea and
how Kmea affects interactions of CypA with other proteins, we

constructed wild type (WT) CypA, CypA KI125A and CypA Ki25MeaK,
and these constructs all contain the Strep-tag for immunoprecipitation
(IP). Each construct was transfected into HEK293T cells. Tandem MS
analysis confirmed that MeaK was successfully incorporated at residue
125 of CypA (Fig. 3c). We performed affinity purification and label-free
quantitative MS analysis for each construct to investigate how
methacrylation affects the interactome of CypA (Fig. 3d and Supple-
mentary Fig. 8a). PCA analysis on identified interacting proteins
showed separation for proteins from different IP experiments (Sup-
plementary Fig. 8b).
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Fig. 2 | Genetically encode MeaK into proteins in E. coli and mammalian cells.
a Chemical structure of Meak. b Left: X-ray crystal structure of the MmPyIRS
complex with pyrrolysyl-AMP (PDB ID: 2Q7H), active-site residues for mutation are
highlighted in green. Right: residue numbering is based on MbPyIRS and MmPyIRS.
¢ SDS-PAGE gel of His-tag purified MBP-Z E24MeaK. Protein Z is IgG Fc-binding
domain®?, MBP-Z is maltose binding protein tagged protein Z. d Intact protein mass
analysis of purified protein from E. coli expressed MBP-Z E24MeaK. e Tandem mass
spectrum of MeaK incorporated peptide of EGFP D190MeaK. The red U represents
MeaK incorporation site. f Cyclm ion was mapped on the MS/MS spectrum of the

400 600 800 1000

m/z

1200 1400 1600 1800

MeaK incorporated peptide. g Genetically encode Meak into EGFP protein in
mammalian cells. FACS analysis of HEK293T cells after MeaK incorporation into
EGFP-151TAG. h Left: Fluorescence images of EGFP Y151MeaK showing incorpora-
tion of MeaK into EGFP in HEK293T cells. Right: Select images from different fields
of view under a 10x objective lens, and use Image] software to calculate the mean
fluorescence intensity (n=>5). Error bar represents + one standard deviation (SD).
i Intact protein mass analysis of HEK293T cells expressed EGFP Y151MeaK. j Tandem

mass spectrum of MeaK incorporated peptide of EGFP Y151MeaK.

We focused on enriched hits in CypA K125MeaK IP and binding
proteins identified only in CypA Ki125MeaK IP because it showed a
lower expression level compared to CypA K125A and WT (Fig. 3d and
Supplementary Fig. 8a). In comparison to the WT CypA, interactions of
68 proteins with CypA were enriched after MeaK incorporation and 10
binding proteins were only identified in CypA K125MeaK IP samples

(Fig. 3e and Supplementary Dataset 1). Similarly, compared to CypA
K125A IP, a total of 70 proteins were enriched in CypA K125MeaK IP and
10 binding proteins were identified in CypA K125MeaK IP only (Sup-
plementary Fig. 8c). A total of 52 proteins were enriched in CypA
K125MeaK IP compared with WT CypA and CypA K125A IP (Supple-
mentary Fig. 8d). Biological process analysis showed that some of
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expressed CypA K125MeaK. The U in red contains the Kmea modification. d SDS-
PAGE gel analysis of CypA (K125MeakK, K125A, WT) IP with three biological repli-
cates. Nanobody comes from alpaca-derived heavy chain antibody fragment (VHH)
carried by Strep beads. e Valcano plot of semi-quantification result on CypA and
MeaK incorporated CypA IP. Red dots, significantly enriched hits (Fold Change >2,
p-value < 0.05). Gray dots, depleted hits or non-differentially expressed proteins.
Data quantified with the Empirical Bayes test two-sided. f Biological process ana-
lysis of the enriched hits in (e) and unique proteins identified in CypA K125MeaK in
Strep-IP.

these proteins have protein-disulfide reductase activities or involved in
cell redox homeostasis (Fig. 3f).

We also carried out CypA (K131MeaK, K131A and WT) IP, MeaK was
successfully incorporated into site 131 of CypA (Supplementary
Fig. 9a). Similarly, the expression level of CypA K131MeaK is lower than
CypA K131A and WT (Supplementary Fig. 8b, c), PCA analysis showed
that identified proteins from different IPs could be separated

(Supplementary Fig. 9d). A total of 33 proteins were enriched in CypA
K131MeaK IP compared with CypA (K131A, WT) IP (Supplementary
Fig. 9e, f and Supplementary Dataset 2).

To compare the effect of Kmea and Kcr on the interactome of
CypA. We performed CypA125 CrK IP and CypA125 MeaK IP (Supple-
mentary Fig. 10a). A total of 478 proteins were identified in CypA125
CrK IP and 465 proteins were identified in CypA Kl125MeaK IP
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Fig. 4 | Kmea at site 125 of CypA increased ROS level in HelLa cells. a-c HeLa cells
were transfected with CypA-WT-mCherry or CypA-K125MeaK-mCherry, which were
either treated with/without 4 uM CsA for 36 h. ROS was measured by flow cyto-
metry. Fluorescence intensity of FITC channels was detected after selection of the
same number of CypA+ cells by ECD channel. d Quantitative comparison of ROS

levels in different cells. n =3 independent experiments. ns, not significant;
*p<0.05; *p<0.01, p=0.0402 and 0.0048, respectively; (two-tailed t-test/One-
way ANOVA analysis). Error bar represents +one standard deviation. e Model
showing CypA 125Kmea modification increases ROS level of cells and it blocks the
suppression of CsA on CypA.

(Supplementary Fig. 10b, Supplementary Dataset 3). In biological
processes, the unique proteins of CypA Ki25MeaK IP are mainly
involving in nucleic acid processing and cell differentiation (Supple-
mentary Fig. 10c). Compared to Kcr at the CypA125 site, the presence
of Kmea would likely affect cell differentiation and enhancement of
hits related to the cGAS/STING and PI3K/AKT signaling pathway
(Supplementary Fig. 10d).

Methacrylation at K125 repressed the antioxidant capacity

of CypA

Cyclophilin interacts with multiple oxidoreductases and has been
identified as a target protein of chloroplast thioredoxin in spinach**%,
It also links redox and light signals to stress response in Arabidopsis*.
CypA can be glutathionylated and S-Nitrosylated in mammalian
cells***°, and it binds to peroxiredoxin VI to enhance its antioxidant
activity of reducing peroxides to corresponding alcohols®. Recently,
CypA has been reported to repress ROS in cancer cells***. The over-
expression of CypA reduced ROS generation in hypoxic non-small-cell
lung cancer (NSCLC) cells, and the knock-down of CypA elevated ROS
levels*. Similar effects were also observed in colorectal cancer cells*.
CsA, a peptide binder of CypA, has been shown to inhibit the anti-
oxidant capacity of CypA*.

The encoded MeaK is similarly robustly incorporated into the
protein in HeLa cells (Supplementary Fig. 11). To test whether metha-
crylation at K125 can impact the ability of CypA to repress ROS, we
incorporated MeaK at residue 125 of CypA in HelLa cells. We generated
constructs of CypA (WT or K125MeaK) with mCherry linked via a self-
cleavable P2A sequence”. CypA WT-mCherry or CypA Kl25MeaK-
mCherry expressed HeLa cells were treated with or without CsA, and
then the cells were incubated with a ROS probe 2’,7’-dichlorodihy-
drofluorescein diacetate (DCFH-DA) to evaluate the ROS levels. DCFH-
DA can be converted to 2’,7-dichlorodihydrofluorescein (DCFH) by
intracellular stearases, and further oxidized to green fluorescent 2’,7"-
dichlorofluorescein (DCF) in the presence of ROS*. Cells were first
sorted for mCherry fluorescence by flow cytometry, followed by
selection based on green fluorescence of DCF (Fig. 4a-c). Compared to
WT control cells, cells expressing CypA 125MeaK showed a significantly
higher ROS level. Consistent to the previous report”, treating WT cells
with CsA also elevated the ROS level (Fig. 4d). These findings suggest
that Kmea at the site 125 of CypA may perturb CypA'’s ability to sup-
press ROS (Fig. 4e). Interestingly, no significant change in the ROS level
was observed after treating CypA 125MeaK expressing cells with CsA
(Fig. 4¢). Previously, acetylation of CypA at site 125 has been reported
to inhibit binding between CypA and CsA by disrupting water
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network®. Similarly, using microscale thermophoresis (MST), we
confirmed that methacrylation at K125 also reduced the binding affi-
nity of CsA to CypA (Supplementary Fig. 12).

CypA Kmea is regulated by HDAC1

To test whether genetically encoded Kmea can be recognized by
endogenous deacetylases, we developed a fluorogenic probe EGFP
K85MeaK with MeaK incorporated at position 85. This probe is non-
fluorescent due to the modification at K85. However, after the removal
of the methacrylation modification by demethacrylase, this probe will
become fluorescent™. Therefore, if the activity of deacetylases is
suppressed, EGFP probe will remain nonfluorescent (Fig. 5a). We
generated a construct with the fluorescent probe and mCherry linked
by a self-cleavable P2A sequence (Fig. 5b). This construct was co-
expressed with the chPylRS Y384F/tRNAPcya pair with or without
MeaK treatment in HEK293T cells. Microscopic imaging showed that
red fluorescence was consistent in all samples, but the green fluores-
cence was dependent on the presence of MeaK. Moreover, green
fluorescence was suppressed by pan histone deacetylase (HDAC)
inhibitor sodium butyrate (NaBu) and pan-Sirtuin inhibitor nicotina-
mide (NAM) (Fig. 5b, ¢ and Supplementary Fig. 13). Therefore,
genetically encoded Kmea can be correctly recognized by endogenous
deacetylase.

To identify which enzyme is the ‘eraser’ for CypA Kmea, we
checked identified interacting proteins in the CypA K125MeaK IP
experiment and found that HDACI-3 interact with CypA K125MeaK
(Fig. 5d). We carried out Co-IP experiments to validate the interac-
tions between CypA K125MeaK and HDACI-3. Western blot analyses
demonstrated that CypA K125MeaK indeed interacted with HDAC1-3
(Fig. 5e). In addition, the level of Kmea modification on CypA
decreased when Flag-tagged HDACI1 was co-expressed in HEK293T
cells (Fig. 5f). The incubation of recombinant Flag-HDAC1 with pur-
ified CypA-K125MeaK in vitro also greatly reduced the Kmea level in
Western blot signal (Fig. 5g), implying that HDACI is a potential
regulator of Kmea on CypA. However, no change was observed when
HDAC2 or HDAC3 was co-expressed (Supplementary Fig. 14). As
previously reported, CypA has 9 Kac sites and 9 Kcr sites®™. It is
possible that HDAC2 and HDACS3 are involved in deacylation of other
acylation sites on CypA. We also tested interactions between
methacylated CypA and surtuins. SIRT7 interacted with CypA
K125MeaK (Supplementary Fig. 15).

Methylation on genetically encoded Kmea

Recently, lysine &-N-acetyl-e-N-methylation (Kacme), a PTM contain-
ing methylation and acetylation on the same lysine side chain, has
been found on histone H4 in multiple species (Fig. 6a)**. To investi-
gate whether genetically encoded Kmea can be further methylated
(Fig. 6b), we check the MS data of CypA Ki25MeaK and CypA
K131MeaK IP samples. A mass shift of -14.016 Da was detected on
tryptic peptides containing K125MeaK and K131MeaK (Fig. 6¢, d) with
a series of continuous fragment ions precisely supported the iden-
tification of this modification. This result suggests that genetically
encoded Kmea can be further methylated to Kmemea in live cells. We
also propose a possible fragmentation pathway of the linear
ammonium (Linlm) ion from methyl-methacylated peptide (Fig. 6e).
The Linlm ion of Kmemea at m/z 183.149 was observed on tandem
mass spectra of methyl-methacylated peptides containing CypA
K125Kmemea and CypA K131Kmemea (Fig. 6f, g), providing strong
evidence of this modification.

Discussion

Methacrylation is an enzyme-catalyzed biological process, and HAT1
and SIRT2 have been identified as methacryltransferase and deme-
thacrylase, respectively. Here, we found that HDAC1 can demethacry-
late CypA at site 125. Methacrylyl-CoA is the metharyl-group donor

used by methacryltransferase to form Kmea'®. As a metabolite in the
mitochondrial catabolism of valine, Methacrylyl-CoA is converted by
ECHSI to 3-hydroxyisobutyryl-CoA, which is further converted to
3-hydroxyisobutyrate by HIBCH®. Deficiencies of ECHS1 and HIBCH
will cause accumulation of Methacrylyl-CoA and lead to Leigh or Leigh-
like syndrome'. However, it is not clear which enzymes were respon-
sible for methacrylation and de-methacylation in mitochondria. It is
also not clear whether methacrylation in mitochondria is enzyme
catalyzed. These questions need to be addressed in the future.
Although the stoichiometry of Kmea has not been characterized, Kac
has been reported to be at very low stoichiometry (median 0.02%)°.
Therefore, it is difficult to obtain a large amount of site-specifically
acylated proteins for biochemical assays by purifying endogenous
proteins. Genetically encoded MeaK paves the way for preparing
methacrylated proteins and site-specifically introducing Kmea into
proteins in live cells to investigate the functions of methacrylated
proteins associated with the Leigh syndrome.

From IP experiments using CypA Ki125MeaK, we have identified
well-known binding proteins of CypA, such as CD147, TDP-43,
HNRNPA1I, HNRNPA2B1, etc. Cytoplasmic aggregation and mis-
localization from nucleus to cytoplasm of TDP-43 are pathological
hallmarks of ALS”, and the perturbation of the CypA/TDP-43 interac-
tion can cause “TDP-43” pathology, it has been shown that acetylation
of K125 on CypA promote CypA/TDP-43 interaction and CypA is
necessary for the assembly of TDP-43 in heterogeneous nuclear ribo-
nucleoprotein (hnRNP) complexes and their stability”. We have shown
that K125MeaK slightly enhanced CypA/TDP-43 interaction, and the
interactions between CypA K125MeaK and hnRNP proteins (HNRNPAL,
HNRNPA2B1 and HNRNPAB) were significantly enhanced (Supple-
mentary Fig. 16). These data suggest that CypA K125Kmea possibly
keep hnRNP proteins soluble, stabilizes hnRNP complexes and
involves in “TDP-43” pathology.

Peroxiredoxins, a ubiquitous family of antioxidant enzymes, cat-
alyze the reduction of peroxides®®. Among the six members (PRDX1-6)
in mammalian cells, PRDX6 was reported to bind CypA and CypA
enhances antioxidant activity of PRDXI-6, activity of PRDX4 was
enhanced 3.5 fold by CypA®. In our CypA IP experiments, PRDX4 in
CypA K125MeaK IP is 3.5 fold less than intensity of PRDX4 in CypA
K125A IP. There is no significant change on the intensity of PRDX4 in
CypA K125MeaK IP and CypA WT IP. These data suggest that Kmea of
CypA may perturb interaction between CypA and PRDX4 and suppress
antioxidant activity of CypA.

In this study, we have identified methacrylation at K125 and K131
of CypA. Previously, mono-methylation has been identified at K49 and
K125 of CypA in KYSE-150 cells using antibody enrichment by a pan-
specific mono-methyl-lysine antibody followed by mass spectrometry
analysis®. Here, we discovered further methylation on genetically
encoded Kmea (Kmemea). Although we have not identified endogen-
ous Kmemea on CypA, our data demonstrated that Kmea can be fur-
ther methylated in live cells. Based on the reaction mechanism of lysine
methyltransferases and acetyltransferases, Lu-Culligan et al. proposed
that Kacme could be generated by first lysine mono-methylation fol-
lowed by acetylation. They demonstrated that acetyltransferase P300
is a writer of Kacme. Although it is also possible that Kacme is formed
by methylation of Kac™.

We believe that a pan-specific Kmemea antibody is needed to
comprehensively identify and investigate endogenous Kmemea. We
have performed data mining on various high-throughput proteomics
data. So far, no endogenous Kmemea site has been identified.
Peptide-level enrichment with pan-specific Kmemea antibody could
be the key step for mapping endogenous Kmemea sites. Novel ncAAs
will also be important tools. For example, &-N-Methyl-¢-N-Metha-
cryllysine (MemeaK) with a cross-linkable warhead or the incor-
poration of MemeaK and cross-linkable ncAA EFSY® into the same
protein will allow mapping of readers, writers and erasers of
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Fig. 5 | Identification of erasers of Kmea on CypA. a Genetically encoded EGFP
K85TAG-based probe for de-conjucation enzymes of Kmea. b Top: Construct of
Fluorescent reporter containing EGFP K85TAG, self-cleavable peptide P2A and
mCherry. Down: Fluorescence imaging of HDACs demethacrylation activity in
HEK293T cells. The cells were co-transfected with two plasmids: one containing
chPyIRS Y384F/tRNA™ 4 and another containing mCherry-EGFP K85TAG; MeakK
(final concentration 1 mM) and NaBu (final concentration 10 mM) were added after
transfection 6 h. Imaging was carried out after 36 h. Scale bars, 150 um.

¢ Normalizing signal of EGFP with mCherry. The error bars represent standard
deviation from the mean. n =3 independent experiments. ns, not significant;

***p <0.001, p=0.0004. d Binding of deacetylases to methacrylated CypA, which
were detected by AP-MS from HEK293T cells expressed CypA K125MeakK.

e Interactions between methacrylated CypA and HDACs with Co-IP experiments.
f Western blot analysis showing successful demethacrylation assay by HDAC1

in vivo. g Purificated CypA K125MeaK protein was incubated with or without
recombinant HDACI for 2 h at 30 °C. Samples were then analyzed by Western blot.

Kmemea. Diazirine is a photo-activated cross-linking group®,
equipping MemeaK with a diazirine group (xMemeaK) and incor-
porating this ncAA xMemeaK into protein can covalently capture
binding proteins of Methyl-methacrylated proteins in live cells and
increase sensitivity on identifying interacting proteins. If incorpora-
tion of Meak/MemeaK and EFSY at different sites on the same

protein, MeaK/MemeaK can recruit readers, writers, and erasers of
Kmemea, and EFSY can covalently fix these protein-protein interac-
tions and enrich to these proteins through its alkyne group.

In summary, we have developed a strategy to site-specifically
incorporate lysine methacrylation (Kmea) into proteins in live cells.
Interacting proteins of methacrylated CypA were identified, revealing
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Fig. 6 | Methylation on genetically encoded Kmea in live cells. a Chemical
structure of Kacme. b Chemical structure of Kmemea. ¢ Tandem mass spectrum of
methylation on CypA K125MeakK. d Tandem mass spectrum of methylation on CypA
K131MeaK. e Proposed fragmentation pathway of Linlm ion from methyl-

methacrylated peptide. f Linlm ion on tandem mass spectrum of peptide con-
taining CypA K125Kmemea. g Linlm ion on tandem mass spectrum of peptide
containing CypA K131Kmemea.

that oxidoreductases were enriched in methacrylated CypA IP. Our
finding indicates that the presence of Kmea on CypA reduces the
ability to suppress ROS, and HDAC1 can demethacrylate Kmea on site
125 of CypA, suggesting a regulatory mechanism for this PTM. We
demonstrated that genetically encoded Kmea can be further methy-
lated in live cells. Identification of new types of PTM and new sites of
modification far outpaced functional studies of these sites. Our
method to site-specifically incorporate Kmea into proteins in live cells
and prepare methacrylated proteins with high yields will accelerate
functional annotation of Kmea sites.

Methods

Reagents and strains

Unless otherwise noted, all commercial reagents were used directly
without further purification. The following antibodies were used: anti-
6xHis-tag (Mouse, Proteintech, cat. no. HRP-66005, 1:10,000), anti-
FLAG tag (Mouse, HUABIO, cat. no. M1403-2, 1:10,000), anti-Strep-tag
Il (Mouse, Wuhan Dian Biotechnology, cat. no. 2098, 1:10,000), Goat
anti-Mouse IgG (H+L) HRP conjugate (Jackson ImmunoResearch, Code.
115-035-003, 1:10,000), Goat anti-rabbit IgG (H+L) HRP conjugate
(Jackson ImmunoResearch, Code. 115-035-003, 1:10,000), anti-
Methacryllysine (Mouse, PTO BIO, cat. no. PTM-1501, 1:2000), anti-
Crotonyllysine (Mouse, PTO BIO, cat. no. PTM-502, 1:2000), nti-B-
Tubulin (Mouse, Abmart, cat, no. M20005, 1:5000), anti-V5 tag
(Mouse, Thermo, cat. no. MA5-15253, 1:2000), anti-Cyclophilin A
(Rabbit, HUABIO, at. no. ET1703-33,1:5000). The DHI1O0B strain was
laboratory stored. It was used for plasmid amplification and protein

expression. HEK293T and Hel a cells were obtained from the American
Type Culture Collection (ATCC).

Plasmid construction

To incorporate MeaK in E. coli, the pSupAR-MbPyIRS-MbtRNAPY o
plasmid was constructed by introducing Y349F mutation to MbPyIRS.
The genes encoding target proteins including EGFP and MBP-Z were
cloned into the pBAD vector with a His-tag. The Amber stop codon
TAG was introduced at the incorporation site by site-directed
mutagenesis.

To incorporate MeaK and CrK in mammalian cells, the pNEU-
chPyIRS-MmtRNAP' -, plasmid was constructed by introducing Y384F
mutations into the chimeric pyrrolysyl-tRNA synthetase. The genes
encoding target proteins including His-tagged EGFP, TXN1 and H3,
CypA with Strep-tag II, were cloned into pRK5SM vector. All other
eukaryotic expressed proteins carried a Flag-tag at the carboxyl ter-
minus were cloned into the pRK5M vector. The Amber stop codon TAG
or other mutations were introduced by site-directed mutagenesis.

Recombinant protein expression

For prokaryotic expression, the plasmid pBAD-MBP-Z-E24TAG was co-
transformed with pSupAR-MbPyIRS Y349F-MbtRNAP ¢ into DH10B
competent cells. The transformed cells were plated on LB (Luria-Ber-
tani) agar plate with ampicillin (Sangon) and chloramphenicol (San-
gon) and incubated overnight at 37 °C. A single colony was picked and
incubated with 1 mL LB medium, which was further diluted into 50 mL
LB. When OD600 reached 0.6-0.8, the cell culture was induced with
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0.2% arabinose in the absence or presence of 1 mM MeaK. After incu-
bation at 30 °C for 16 h, cell pellets were collected by centrifugation at
4000 x g for 30 min at 4 °C and stored at —-80 °C.

For eukaryotic expression, HEK293T cells were seeded in two
10cm-cell culture dishes containing 8 mL of DMEM media with 10%
fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin (P/S),
and grown at 37°C in a CO, incubator. The plasmid pNEU-chPyIRS
Y384F-MmtRNAP' ¢, was co-transfected with pRKSM-EGFP Y151TAG,
PRK5M-CypA K125TAG or pRK5M-CypA K131TAG into target cells with
polyethyleneimine (1 mg/mL) in DMEM media, separately. Six hours
post transfection, the cells were treated with or without 1 mM MeaK
and cultured for 36 h. After incubation, the cells were washed with PBS
and cell pellets were collected by centrifugation at 500 x g for 5 min at
4 °C and stored at -80 °C.

Protein purification

For the purification of His-tagged MBP-Z E24MeaK, cell pellets were
resuspended in His-tag lysis buffer (50 mM Tris-HCI pH 8.0, 500 mM
NaCl, 20 mM imidazole, 1% v/v Tween 20, and protease inhibitors). The
cell suspension was lysed by sonication (Fisher Scientific, @6, 30%
output, 10 min, 5s off, 3 s on) followed by centrifugation (16,200 x g,
30 min, 4°C). The supernatant was incubated with 200 pL pre-
equilibrated Ni-NTA Beads (Smart-Lifesciences) at 4 °C for 2 h. Then
the beads were washed with three volumes of wash buffer 1 (50 mM
Tris pH 8.0, 500 mM NaCl, 20 mM imidazole) and wash buffer 2
(50 mM Tris pH 8.0, 500 mM NacCl, 40 mM imidazole). The proteins
were eluted with His-tag elution buffer (50 mM Tris pH 8.0, 500 mM
NaCl, 250 mM imidazole), and the buffer was exchanged to storage
buffer (50 mM HEPES, pH 7.5, 150 mM Nacl).

For the purification of CypA K125MeaK and CypA K131MeaK with
Strep-tag II, cell pellets were resuspended in Strep-tag lysis buffer
(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1mM EDTA, 1% NP-40 and
protease inhibitors). The cell suspension was lysed by sonication (¢3,
30% output, 3min, 5s off, 3s on) followed by centrifugation
(16,200 x g, 30 min, 4 °C). The supernatant was incubated with 200 pL
pre-equilibrated Streptactin Beads 4FF (Smart-Lifesciences) at 4 °C for
2 h. Then the beads were washed with six volumes of wash buffer I
(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA) and eluted with
Strep-tag elution buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1 mM
EDTA, 20 mM D-biotin), followed by buffer exchanging to storage
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl).

Genetic incorporation of MeaK

In mammalian cells, HEK293T cells were cultured in DMEM medium
(Gibco) supplemented with 10% FBS and 1% P/S. pNEU-chPyIRS Y384F-
MmtRNAPY'«, and pRKSM-EGFP Y151TAG were co-transfected at 70%
cell confluency. Six hours post transfection, the media containing
transfection complex was replaced with fresh DMEM media with 10%
FBS and 1% P/S in the presence or absence of 1 mM MeaK. After incu-
bation at 37 °C for 36 h, transfected cells were imaged. For optimiza-
tion of MeaK concentration, cells were cultured under different
concentrations of MeaK for 36 h for imaging.

In E. coli, pBAD-EGFP D190TAG-His-tag was co-transformed with
PSUpAR-MbPYIRS Y349F-MbtRNAPY' s into DHIOB. E. coli chemo-
competent cells were seeded on LB agar plates containing ampicillin
and chloramphenicol. A single colony was picked and incubated into
1mL 2x YT medium with ampicillin and chloramphenicol at 37 °C.
When OD600 reached 0.6-0.8, 500 pL cell culture was supplemented
with 1mM MeaK and 0.2% arabinose, then incubation at 30 °C for 16 h.
As a negative control, 500 pL cell culture was induced with 0.2% ara-
binose at 30 °C for 16 h. Cell pellets were collected by centrifugation at
4000 x g for 10 min. The cells were then rinsed with 2x SDS-PAGE
sample loading buffer. The samples were separated on Tricine-SDS-
PAGE and immunoblotted with 1:10000 HRP-conjugated 6xHis
monoclonal antibody.

Flow cytometric analysis of ncAA incorporation in

mammalian cells

HEK293T cells were seeded in a 12-well cell culture dish containing
1 mL of DMEM media with 10% FBS and 1% P/S, and grown at 37°C in a
CO, incubator. The plasmid pNEU-chPyIRS Y384F-MmtRNAP'- s was
co-transfected with pRKSM-EGFP (Y15ITAG) into target cells with
polyethyleneimine (1 mg/mL) in DMEM media. Six hours post trans-
fection, the cells were treated with or without 1 mM MeakK and cultured
for 36 h. After incubation, the cells were washed with PBS and resus-
pended in 500 uL PBS. Flow cytometry was performed with Beckman
CytoFlex and data analysis and plotting were performed with
Flowjo (10.8.1).

Fluorescence response of EGFP KS85TAG

HEK293T cells were seeded in a 12-well cell culture dish containing
1 mL of DMEM media with 10% FBS and 1% P/S and grown at 37°C in a
CO, incubator. The plasmid pNEU-chPyIRS Y384F-MmtRNAPY- A was
co-transfected with pRK5SM-mCherry-P2A-EGFP (K85TAG) into target
cells with 3 L polyethyleneimine in 1 mL DMEM media. mCherry pro-
teins were used as an internal control, and the self-cleavable peptide
allows mCherry and EGFP to separate and fold independently after
translation. Six hours post transfection, the media were replaced with
complete DMEM media with or without 1 mM MeakK, 10 mM NAM and
10 mM NaBu. After incubation for 36 h, the cells were imaged with a
microscope. The total intensity of EGFP and mCherry were measured
separately using ImageJ software and the signal of EGFP was normal-
ized to the mCherry signal for each group. The normalized data was
further analyzed by 2-tailed student’s t-test and plotted with Graph
Prism 9.0.

Co-immunoprecipitation (Co-IP)

HEK293T cells were harvested after transfection for 48 h, the cells were
washed 2 times with PBS, resuspended with 1 mL PBS and centrifuged
(500 x g, 4°C, 3min) to remove the upper liquid. The samples were
resuspended with 500 uL Strep-tag lysis buffer, and sonicated with
Sonic Dismembrator (Fisher Scientific, (3, 30% output, 1 min, 5s off,
3s on) in an ice-water bath, followed by centrifugation (21,000 x g,
30 min, 4 °C). The soluble fractions were collected and incubated with
pre-equilibrated Streptactin Beads 4FF at 4 °C for 1h with constant
mechanical rotation. Then centrifuging and removing the upper liquid,
and washing the samples 3 times by wash buffer I and 3 times by wash
buffer Il (100 mM Tris-HCI pH 8.0, 37.5mM NaCl, 1mM EDTA). 4x
protein loading was added for Western blot analysis. The samples were
separated on 10% Tricine-SDS-PAGE and immunoblotted with specific
primary antibody solution overnight at 4 °C. After incubation with the
matching secondary antibody, chemiluminescent detection was per-
formed using enhanced chemiluminescence (ECL) luminous solution
(Vazyme).

Mass analysis of intact proteins

Purified proteins were analyzed on mass spectra of intact proteins
obtained using a Triple TOF 6600 (SCIEX) MS System equipped with
an electrospray ionization (ESI) source in conjunction with SCIEX
Analyst TF software. Protein samples were separated and desalted on a
Aeris 3.6 um WIDEPORE C4 LC Column (200 A, 2.1x 50 mm, 3.6 pum,
Phenomenex). Solvent A was 0.1% formic acid in water and solvent B
was acetonitrile. A constant flow rate of 0.3 mL/min was used. Mass
spectral deconvolution was performed using SCIEX OS-Q software
(version 2.0, SCIEX Corporation).

Sample preparation for in-solution digestion

Purified proteins were precipitated with 6 times the volume of 100%
acetone 2 h at 20 °C. The protein pellets were washed twice with ice-
cold acetone and air-dried. The protein pellets were resuspended in
50 mM ammonium bicarbonate and digested with trypsin (1:50)
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overnight at 37 °C. Then, peptides were reduced with 5mM tris-
carboxyethylphosphine (TCEP) and alkylated with 10 mM iodoaceta-
mide (IAA) in the dark for 1h at room temperature. Then, stopped by
acidification with formic acid (FA) at a final concentration of 5% (v:v).
Peptides were desalted with StageTip and dried.

Affinity purification and mass spectrometry (AP-MS)

As described previously in Co-IP assay, after washing with buffer |
and IlI, beads were resuspended in 40 uL 8 M urea in Tris buffer.
Protein was reduced with 0.4 pL of 500 mM TCEP for 15 min at room
temperature before adding 0.8 pL of 550 mM IAA for 20 min at room
temperature in the dark and followed by dilution to 2 M urea with
100 mM pH 8.5 Tris buffer. Proteins were digested on the beads with
1.5 pL 1 pg/pL Trypsin (YaxinBIO) at 37 °C in the dark overnight. The
digestion stopped by adding FA (Formic acid) to a final concentra-
tion of 5%. The supernatant without beads was transferred to a new
tube and was collected in three repetitions with 5% FA. Peptides were
desalted using StageTip and dried.

HPLC-MS/MS analysis

Peptides were redissolved in 0.1% FA and separated on CI8 (75 um x
15cm, 1.9 um C18, 1pm tip) with Easy-nLC 1200 system (Thermo Fisher
Scientific). Using the following mobile phases: 2% ACN (Acetonitrile)
incorporating 0.1% FA (Solvent A) and 80% ACN incorporating 0.1% FA
(Solvent B). Samples were analyzed with a 60 min gradient at a flow rate
of 450 nL/min. Peptides were ionized by electrospray ionization at
+2.1kV. Tandem mass spectrometry analysis was carried out on a Q-
Exactive HF-X mass spectrometer (Thermo Fisher Scientific) under the
control of Xcalibur software (version 4.5.445.18). The mass spectro-
meter operated in data-dependent acquisition mode, and survey scans
were obtained in a full mass scan range of 400-1400 m/z with lock mass
activated. In each scan cycle, fragmentation spectra of the 20 most
intense peptide precursors in the survey scan were acquired in the
higher-energy collisional dissociation (HCD) mode. Full MS scan at
resolution of 60,000, followed by MS/MS scans at resolution of 15,000
with an isolation width of 1.6 m/z. The AGC targets for MSI and
MS2 scans were 3x10° and 1x10° respectively, and the maximum
injection time for MS1 and MS2 were 45 and 22 ms, respectively. Pre-
cursors of +1, +6, +8 or above, or unassigned charge states were rejec-
ted; exclusion of isotopes was disabled; dynamic exclusion was set to
30s. Raw files of AP-MS were collected as three biological replicates.
Other LC-MS/MS experiments were performed once.

MS data analysis

Modified peptides were identified using pFind software. pFind (version
3.2.0) search parameters: precursor mass tolerance 20 parts per mil-
lion (ppm); fragment mass tolerance 20 ppm; peptide length minimum
6 amino acids and maximum 100 amino acids per chain; peptide mass
minimum 600 and maximum 10,000 Da per chain. Carbamido-
methyl[C] (+57.0215 Da) was the fixed modification; Acetyl[AnyN-term]
(+42.0106 Da) and oxidation[M] (+15.9949 Da) were the variable
modification; Trypsin as the digestive enzyme; three missed cleavage
sites per chain. maximum false discovery rate (FDR) for peptides and
proteins of 1%. The human protein sequences were downloaded from
Uniprot. The “Open Search” mode was activated when unknown
modifications were present on the peptide.

For AP-MS raw data was processed in the MaxQuant software
(version 2.0.3.0), The minimal required peptide length was set to seven
amino acids and both protein and peptide identifications were
accepted at a FDR of 1%. Database searches were performed according
to standard settings with trypsin being used, allowing 2 missed clea-
vages. Oxidation [M], Acetyl [Protein N-term] and Kmea[K]
(+68.023 Da) were allowed as variable modifications with a maximum
number of 5. Carbamidomethyl [C] was allowed as a fixed modification.

The match between runs feature and the label-free quantitation func-
tion were activated. All other parameters were left at default.

Microscale thermophoresis (MST) binding assay

Purification of recombinant EGFP fusions of CypA and CypA
K125MeaK. Analysis was performed in buffer (50 mM HEPES, 150 mM
NaCl and 5% DMSO). 5L of target protein was mixed with 5pL of
2-fold serially diluted CsA at room temperature. Mixture samples were
obtained through Monolith Capillaries (Catalog No.MO-K022). Signal
was measured by Monolith NT.115 (NanoTemper) with Nano BLUE
detector. Curve fitting was performed by using MO.Affinity Analysis
v3.0.6. Data are presented as mean +SD. The given Kd values were
calculated with a 95% confidence level from three experiments.

Flow cytometric analysis of ROS level in HeLa cells

Hela cells were seeded in a 12-well cell culture dish containing 1 mL of
DMEM media with 10% FBS and 1% P/S, and grown at 37 °C in a CO,
incubator overnight. The plasmid pRKSM-mCherry, pRK5M-CypA-WT-
mCherry, pRK5M-CypA-K125TAG-mCherry and pNEU-chPyIRS Y384F-
MmtRNAP' - were transfected into target cells with 3 uL PEI in 1mL
DMEM media. 6 h post transfection, the media were replaced with
complete DMEM media with or without 1mM MeaK and 4 uM CsA.
After incubation for 36 h, the cells were washed 2 times with PBS. Then
the cells were incubated with intracellular ROS probe DCFH-DA
(Owowlife, 10 uM) for 20 min at 37 °C, and washed 2 times with PBS.
The cells were then rinsed with 500 uL PBS and analyzed by Beckman
CytoFlex. Positive cells (n=5000) with the mCherry fluorescence sig-
nal were collected and then the mean FTIC-A intensity of positive cells
was measured by CytoExpert software, which indicates the level of
intracellular ROS, and was plotted with FlowJo 10.8.1.

In vitro and in vivo demethacrylation assay
In vitro, 400 ng purificated recombinant HDACI1 protein and 1 ug CypA
K125MeaK protein was incubated in reaction buffer for 2 h at 30 °C.
The reaction buffer for the deacylation was 25mM Tris-HCL, with
150 mM NaCl, 2 mM MgCl,, 1uM ZnCl,, 1 mM DTT. Protein loading was
added for the next Western blot analysis.

In vivo, HEK293T cells were seeded in a 12-well cell culture dish.
The plasmids pNEU-chPyIRS Y384F-MmtRNAP"-,, and pRK5SM-CypA-
K125TAG-Strep were co-transfected with or without plasmid pRK5M-
HDACI-Flag into target cells with 3uL polyethyleneimine in 1 mL
DMEM media. Six hours post transfection, the media were replaced
with complete DMEM media with 1mM MeaK.Then HEK293T cells
were harvested after transfection for 48 h. The samples were resus-
pended with 500 pL Strep-tag lysis buffer, and sonicated in an ice-
water bath, followed by centrifugation (21,000 xg, 30 min, 4 °C).
Soluble fractions were collected and incubated with pre-equilibrated
Streptactin Beads 4FF at 4 °C for 1 h with constant mechanical rotation.
Then centrifuging and removing the upper liquid, and washing the
samples 3 times by wash buffer I and 3 times by wash buffer IL. Protein
loading was added for the next Western blot analysis.

Bioinformatics analysis

Unless noted, normalization of raw read counts was done using the
preprocessCore package (v.4.6.0) in R. Raw data results of maxquant
output were normalized by the quantile normalization function
embedded in preprocessCore, finally, the protein expression values
were presented in the log2. Principal component analysis (PCA) of the
data matrix using the prcomp function in R. Proteins were generated
using the normalized raw data excluding individuals with protein
expression deficiencies. The proteins were ranked from largest to
smallest among individuals using the coefficient of variation, and the
top 1000 proteins were taken as input to apply principal component
analysis.
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GO analysis of genes with differentially expressed proteins was
performed by the R package ClusterProfiler package (v.4.0.5), a tool
that analyzes functional profiles of gene and gene clusters. The protein
IDs included in UniProt were converted to the corresponding gene
Entrez IDs. GO terms with p-value < 0.05 were considered significantly
enriched for visualization.

Statistics and reproducibility
The experiments in the Figs. 2c; 5e-g were repeated twice with similar
results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The primers, protein sequences and chemical compound information
data generated in this study are provided in the Supplementary
Information. The mass spectrometry data generated in this study have
been deposited in the ProteomeXchange Consortium under accession
code PXDO051167. [https://proteomecentral.proteomexchange.org/
cgi/GetDataset?ID=PXD051167]. Source data are provided with
this paper.
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