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Figure 4 CpcM has a lysine methyltransferase activity in Synechocystis

A. CpcM was predicted to be a potential SAM-dependent methyltransferase. B. Evolutionary conservation of lysine methyltransferases.
The maximum likelihood phylogenetic tree was built using MEGA 5.0.5 software. C. Homology model of CpcM and its ortholog aKMT
from Sulfolobus islandicus. D. Verification of the mutant lacking CpcM by PCR and Western blot. E. Identification of lysine methylated
substrates. Three pairs of bands from the total cell lysates of WT and ACpcM in Coomassie-blue-stained gel, which exhibited varying
levels of lysine methylation by Western blot analysis, were cut from three replicate gels and trypsin-digested in-gel, followed by LC-MS/
MS analysis. F. Quantitative analysis of the corresponding methylated proteins from the bands in (E). The intensities of modified peptides
were normalized using the identified protein abundances determined by MaxQuant software. G. Quantitative analysis of methylated
S110480 from the bands in (E). Data are presented as means + SD from three independent experiments. A two-sample Student’s 7-test was
performed to determine the level of statistical significance (**, P < 0.01).

orientation, suggesting a nearly identical core fold with the
7BS PKMT family (Figure 4C). Apart from the highly con-
served core 7BS fold, the PKMTs usually contain different
N-terminal structural elements that are part of the catalytically
active enzyme (Figure S2). Therefore, our results suggested
that CpcM may be a PKMT in Synechocystis.

To test our hypothesis and investigate the functions of
CpcM in Synechocystis, we deleted the ¢cpcM gene by inter-

poson mutagenesis, and the deletion was verified by PCR
and immunoblot analysis with anti-CpcM antibody (Fig-
ure 4D). We then compared the global lysine monomethyla-
tion levels in the wild-type (WT) strain with those in the
ACpcM strain using pan anti-monomethylated lysine antibod-
ies. In contrast to the WT strain, the methylation levels of the
whole proteins in the ACpcM strain significantly decreased
(Figure 4E). To validate the decrease in protein lysine methy-
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A. Schematic illustration of the metabolic pathway catalyzed by S110480. B. Western blot analysis of the methylation level of S110480 after
incubation with CpcM and SAM using anti-Kme antibody. Samples were standardized through comparisons with Coomassie-blue-stained
gel. The untreated S110480 (S110480 + SAM) group and the heat-inactivated CpcM (represented by #) group were used as negative controls.
SAM, S-adenosyl methionine. C. The densitometry analysis of methylated S110480 in the reactions from (B) using ImageJ software. D. List
of identified methylated peptides from S110480 in the reactions from (B). The untreated S110480 (S110480 + SAM) was used as a control, and
the S110480 incubated with CpcM and SAM was tested. E. Representative MS/MS spectra of the methylated peptides in (D). A series of b-
ions (green) and y-ions (red) were labeled in the spectra. F. Enzyme activity of SIl0480 after incubation with CpcM and SAM. The
provided aspartate aminotransferase (AAT) in the kit was used as a positive control (PC), while the reactions without S110480 or heat-
inactivated SI10480 (represented by #) were used as negative controls. Data are presented as means + SD from three independent
experiments. The level of statistical significance was determined by two-sample Student’s r-test (**, P < 0.01).

lation and identify the potential methylated substrates, the gel in both the WT and ACpcM strains. Table S4 provides infor-
bands with the apparent decreases in methylation levels were mation on all identified peptides (Table S4A), proteins
cut from three replicate gels and trypsin-digested for further (Table S4B), and methylated peptides (Table S4C). To esti-
MS analysis. As expected, methylated peptides were identified mate the stoichiometry of modified proteins, the methylation
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levels were then characterized by estimating the MS intensities
of methylated peptides in the WT and ACpcM strains. Subse-
quently, we corrected the modified peptide intensity with pro-
tein abundances determined by the Label-Free Quantification
(LFQ) method as previously described [36]. The abundance
of methylated proteins and sites was higher in WT than in
ACpcM (Figure 4F, Table S4D and E). Only the methylated
peptides that were quantified in three replicates were used
for relative quantification (Table S4E). All MS/MS spectra
of methylated peptides that were used for relative quantifica-
tion were uploaded onto the PeptideAtlas public database with
the identifier PASS01127 (MS/MS spectra of Table S4E). One
of the identified methylated proteins (S110480), a probable
aspartate aminotransferase (AAT), showed approximately
50% reduction in methylation levels in ACpcM strain
(Figure 4G, Table S4D-F). On the basis of the observations,
we speculated that CpcM may be a PKMT and SI10480 is
one of its substrates in Synechocystis.

Effect of lysine methylation on SI110480 activity

AAT can catalyze the conversion of oxaloacetate and gluta-
mate to aspartate and a-ketoglutarate, respectively (Figure 5A).

A B

On the basis of the conservation analysis, we found out that
S110480 exhibited limited evolutionary conservation and
sequence identity with its probable orthologs (Figure S3A
and B). However, structural modeling analysis demonstrated
that S110480 and its orthologs, including AspC (E. coli) and
Gotl (Homo sapiens), had similar 3D structures (Figure S3C).
Therefore, it is likely that SI110480 is an AAT in Synechocystis.

To confirm that S110480 is the potential lysine methylated
substrate catalyzed by CpcM, we first expressed and purified
CpcM and Sl110480. Subsequently, S110480 was methylated by
CpcM in the presence of SAM, and the methylation level of
S110480 was detected by immunoblot analysis. As shown in
Figure 5B, compared with the wuntreated SI10480
(S110480 + SAM) group and the heat-inactivated CpcM
group, the methylation level of S110480 significantly increased
when it was incubated with CpcM and SAM, while there
was no increase in the methylation level of S110480 when it
was incubated with CpcM alone. These results were further
confirmed by densitometry analysis (Figure 5C). In the present
study, E. coli was used to overexpress CpcM and S110480 pro-
teins. Since one or more PKMTs could exist in E. coli, the
overexpressed CpcM and SlI0480 proteins from E. coli may
be methylated by the endogenous PKMTs in E. coli and could
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Figure 6  Functional effects of CpcM deletion in Synechocystis
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A. Maximum photochemistry efficiency of PSII (F/F,,) in the WT and ACpcM strains. B. Light-intensity dependence of the actual
photochemical efficiency of PSII [Y(II)] in the WT and ACpcM strains. PAR, photosynthetically active radiation. C. Light-intensity
dependence of the PSII-mediated electron transport rate [ETR(II)] in the WT and ACpcM strains. Y(II) and ETR(II) were calculated
using Dual-PAM software under different PARs. D. and E. Fluorescence emission spectra at room temperature (D) and 77 K (E) for the
dark-adapted WT and ACpcM strains excited at 590 nm (phycobilisome excitation). 77 K fluorescence emission spectra were normalized
at 730 nm for comparison of the fluorescence emission peak derived from phycobilisome. All depicted spectra represent averages of three
biological replicates with five individual readings of each replicate. All data are presented as means + SD from three independent
experiments. Statistical significance was determined by two-sample Student’s #-test (¥, P < 0.05; **, P < 0.01).
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be detected by the anti-monomethyllysine antibody (Fig-
ure 5B). We further performed an MS quantitative analysis
and identified all methylated peptides of S110480 catalyzed by
CpcM using pFind software [37]. Table SS5SA presents the
results of all identified peptides and proteins. Consistent with
the immunoblot analysis, we observed three unique methylated
peptides from S110480 after incubation with CpcM in the pres-
ence of SAM, and only one methylated peptide was identified
in the control group containing SI110480 and SAM, indicating
that CpcM could methylate S110480 (Figure 5D, Table S5B
and C). Figure SE illustrates the representative spectra of the
identified methylated peptides that contained successive b- or
y-type ion series, confirming the high accuracy of the identifi-
cation of modified peptides. We further selected two methy-
lated proteins from Table S4E, ie., fructose-1, 6-
bisphosphatase (SIr2094) and phosphoglycerate kinase
(SIr0394), to test if they are substrates of CpcM. As shown
in Figure S4, the lysine methylation level in SIr2094 was signif-
icantly enhanced when incubated with CpcM and SAM, while
the methylation level of SIr0394 exhibited no significant
difference.

To assess whether the lysine methylation catalyzed by
CpcM could influence SI10480 enzyme activity, the AAT activ-
ities of CpcM-treated and untreated SI110480 were measured
using an AAT activity assay kit. The AAT activity of
S110480 was significantly enhanced in the presence of CpcM
and SAM, when compared with the groups in which S110480,
SAM or CpcM was absent or Sll0480 was heat-inactivated
(Figure 5F). Consequently, it is plausible that S110480 is one
of the substrates of CpcM and lysine methylation could regu-
late enzyme activity of S110480.

Effects of CpcM on photosynthesis in Synechocystis

The ACpcM mutant has been reported to be sensitive to high
light treatment, and its state transitions were affected [34]. To
further explore the potential functions of CpcM in Synechocys-
tis, we measured the photosynthetic electron flow in the thy-
lakoid membrane in both WT and ACpcM strains. On the
basis of the results of the chlorophyll fluorescence analysis,
we detected significant decreases in the maximal photochemi-
cal efficiency of photosystem II (PSII) (F,/F,,), actual photo-
chemical efficiency of PSII [Y(II)], and PSII-mediated
electron transport rate [ETR(II)] in the ACpcM strain relative
to those in the WT strain (Figure 6A—C), suggesting that a defi-
ciency in ¢peM could influence energy transfer in photosys-
tems. We further examined the energy transfer from the PBS
to chlorophyll @ (Chl @) in the thylakoid membrane by measur-
ing the fluorescence emission spectra of WT and ACpcM
strains at room temperature or low temperature (77 K). In
contrast to the WT strain, an increase of fluorescence emission
spectra was detected in the ACpcM mutant at room tempera-
ture when the PBS was excited using 590-nm light (Figure 6D).
Since the fluorescence emission spectra at 77 K can reveal
resolved emissions related to each of the phycobiliproteins,
we observed large differences between the WT and ACpcM
strains. As shown in Figure 6E, the ACpcM strain was charac-
terized by increased emissions from phycocyanin (PC) at
650 nm as well as allophycocyanin (APC) at 660 nm relative
to the WT strain. Conversely, the 695-nm emission peak
related to PSII was slightly decreased in the ACpcM strain.

Therefore, our 77 K emission data revealed that CpcM dele-
tion could affect the efficiency of energy transfer from PBS
to PSII Chl a.

Discussion

Recently, we have analyzed the lysine acetylome [26] and
malonylome [27] of Synechocystis and revealed previously
unreported roles of the two acylations in photosynthesis and
metabolism. Here, we report the first systematic study of lysine
monomethylation  in  Synechocystis. ~ The  identified
monomethylated proteins are involved in diverse pathways
and processes (Figure 2A), including some major metabolic
and photosynthetic pathways (Figure 3). Since lysine methyla-
tion is well recognized as a critical PTM and influences diverse
cellular functions, our dataset revealed a large number of puta-
tive functional lysine methylation sites in Synechocystis. Our
results also showed that lysine methylation is a common
PTM in plants (Figure 1). Therefore, the identification of
site-specific lysine monomethylation events in specific proteins
is fundamental for further exploring the molecular mecha-
nisms and functional roles in such a critical PTM. It should
be noted that multiple factors may prevent the detection of cer-
tain methylated proteins in proteomics experiments, for exam-
ple, the methylated proteins may be expressed under certain
culture conditions, in very low quantities, or have very short
half-lives. It could also be challenging to detect some
hydrophobic peptides in membrane-bound proteins because
of the technical limitations of MS.

Among the numerous identified proteins in the present
study, the probable AAT, encoded by s/l0480, was found to
be methylated by a previously identified asparagine methyl-
transferase CpcM. Therefore, it was selected as a model for test-
ing the effect of monomethylation on its enzyme activity. The
enzyme AAT plays critical roles in carbon, nitrogen, and amino
acid metabolism in diverse organisms [38]. In prokaryotes, AAT
plays a key role in amino acid biosynthesis [39]. In eukaryotes,
AAT plays essential roles in growth, reproduction, develop-
ment, and stress responses [40,41]. In the present study, several
attempts were made to obtain AAT deletion mutants in Syne-
chocystis using interposon mutagenesis, but all of them were
unsuccessful. We concluded that deletion of AAT is lethal in
Synechocystis, demonstrating the critical role of AAT in
cyanobacteria. This lethal phenotype in Synechocystis is consis-
tent with the results reported in Arabidopsis thaliana [42], indi-
cating that AAT enzymes are indispensable for the viability of
both cyanobacteria and plants. Notably, it has been reported
that certain lysine residues in the active center can affect sub-
strate recognition and AAT enzyme activity [43,44]. Although
monomethylation in lysine residues may not induce profound
conformational changes in protein structures, it alters the
charges in g-amino groups and affects electrostatic interactions
and hydrogen bonding in protein—protein interactions. There-
fore, it may affect many features of the methylated protein, such
as enzyme activity and enzyme substrate interactions. Consis-
tent with this view, our functional results showed that lysine
methylation could regulate AAT activity significantly (Fig-
ure SF). Therefore, lysine methylation could be a novel regula-
tory mechanism for AAT activity in Synechocystis.

When investigating the functions of a PTM, it is critical to
identify the enzymes catalyzing the modification. The dynamic
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balance of lysine methylation in vivo is regulated by PKMTs
and KDMs. In recent years, more PKMTs and KDMs have
been identified, and the enzymes are directly associated with
human diseases and are pursued as therapeutic targets
[28,45]. However, to date, no PKMT has been identified in
cyanobacteria. For the first time, we demonstrated a robust
lysine methyltransferase activity of CpcM both in vitro and
in vivo with AAT as one of its substrates. CpcM was initially
identified as an asparagine methyltransferase in Synechocystis
[34,35]. Deletion of CpcM in Synechocystis reduced light resis-
tance and impaired state transitions [34]. In the present study,
we further demonstrated that deletion of CpcM could influ-
ence the maximal photochemical efficiency of PSII and energy
transfer from PBS to PSII (Figure 6), suggesting the critical
role of CpcM in the regulation of photosynthesis in
Synechocystis.

Lysine methylation is one of the numerous and different
types of PTMs. Methyl lysine has been reported to provide
docking sites for effector proteins or hinder other PTMs on
the same lysine site [3]. Therefore, complicated crosstalk and
interactions may exist between methylation and other PTMs.
For example, lysine methylation could increase protein stabil-
ity by competing with ubiquitination [29]. In addition, lysine

methylation could interact with acetylation and phosphoryla-
tion to regulate E2F1-mediated cell death [46]. In the present
study, to explore combinatorial activities between lysine
monomethylation and other PTMs in Synechocystis, the lysine
monomethylome was compared to the published Synechocystis
malonylome [27], acetylome [26], and phosphoproteome
(Table S6A) [47-49]. We observed that 61.9% of monomethy-
lated proteins carry other types of PTMs (Figure 7A), and the
overlapping proteins are largely categorized into translation
and photosynthesis processes (Figure 7B, Table S6B). KEGG
pathway analysis of the overlapping proteins revealed that
they could be involved in glycolysis/gluconeogenesis, carbon
fixation, photosynthesis, and RNA degradation (Figure 7C,
Table S6C), prompting a complicated regulatory mechanism
of diverse PTMs in the pathways. Previously, we showed that
CpcB phosphorylation may change the energy transfer of PBS
[47]. Interestingly, the inefficient PBS was also observed in
cpeM deficient cells (Figure 6), and CpcB contains three lysine
monomethylation sites in Synechocystis (Table S1), suggesting
a crosstalk between protein methylation and phosphorylation,
which is similar to that in their eukaryotic counterparts [46].
Notably, we observed 14 lysine sites that could be modified
by three types of PTMs (including methylation, acetylation
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and malonylation) (Table S6D). Among these lysine sites,
35.7% (5/14) were located in photosynthetic proteins
(Table S6D), suggesting the existence of complicated crosstalk
and interactions among the three PTMs in regulating photo-
synthesis. Unraveling the crosstalk and interactions between
lysine methylation and other PTMs would be critical for
understanding the molecular mechanisms of metabolism and
photosynthesis in cyanobacteria.

Although we identified a PKMT in Synechocystis, it is pos-
sible that more PKMTs exist in the organism. In addition to
PKMTs, more KDMs such as lysine-specific demethylase 1
(LSD1) have been reported in diverse organisms [50]. It would
be interesting to determine whether KDMs have counterparts
in cyanobacteria.

In conclusion, we report the first lysine monomethylome
and a PKMT in cyanobacteria, suggesting that lysine methyla-
tion is potentially one of the functional PTMs that regulates
carbon metabolism and photosynthesis in photosynthetic
organisms.

Materials and methods

Cell culture and preparation of cell lysates

The Synechocystis cells were photoautotrophically cultured in
BG-11 medium at 30 °C, bubbled with filtrated air and under
40 pmol-photons-m 25! continuous illumination. Cells in
logarithmic phase were collected and washed twice with PBS
buffer, resuspended in ice-cold lysis buffer (150 mM NaCl,
20 mM Tris-HCI, pH 7.5, 1% Triton X-100, and 1 mM
phenylmethanesulfonyl fluoride), and sonicated at an output
of 135 W (3 s on, 3 s off) for 30 min on ice by a JY92-1IN son-
icator (Scientz Biotechnology, Ningbo, China). The super-
natant was collected after centrifugating at 5000 g for 5 min
at 4 °C. The detection of protein concentration was carried
out using butyleyanoacrylate (BCA) protein assay (Beyotime,
Haimen, China). Nutrient deficiency experiments were per-
formed as previously described [27]. For high salt treatment,
exponentially growing cells were harvested and resuspended
with BG-11 medium containing 1 M NaCl for 2 h. For protein
extraction of plants, the whole plants including leaves, stems,
and roots were washed and collected as previously described
[51].

Protein digestion, liquid chromatography (LC) fractionation,
and affinity purification

For the identification of expressed proteins, the whole Syne-
chocystis proteins were directly digested with trypsin as
described previously [52]. Before MS analysis, the C;3 STAGE
tips were used for peptide desalting. For the affinity purifica-
tion of modified proteins, the Synechocystis proteins were
chemically propionylated with propionic anhydride as
described previously [24]. The chemical derivatization of the
whole proteins was then precipitated with trichloroacetic acid
and redissolved in 50 mM ammonium bicarbonate. The pro-
tein extracts were digested with sequencing grade modified
trypsin according to a method described previously [24].
Finally, the digested peptides were fractionated by a Varian
LC system (Agilent Technologies Inc., Palo Alto, CA) using
an Xbridge C;g column (19 cm x 150 cm). The peptides were

separated into 60 fractions using a salt gradient (2% -40%) of
buffer B (10 mM ammonium formats in 85% acetonitrile, pH
8.5) at a flow rate of 10 ml/min in 70 min. The neighboring
fractions were merged and combined into seven fractions,
and each fraction was dried with a vacuum centrifuge and
stored at —20 °C for further use. Modified peptides were iso-
lated using anti-propionyl-methyllysine antibody (PTM Bio-
labs Inc., Chicago, IL) as previously reported [24].

LC-MS/MS analysis

LC-MS/MS analysis was carried out with a nLC-1000 system
coupled to Q-Exactive plus mass spectrometer (Thermo Fisher
Scientific, Waltham, MA) [26]. MS data collection was per-
formed by using Xcalibur 3.0 in data-dependent acquisition
mode. Full MS survey with an m/z range of 350-1800 was
acquired in the Orbitrap with resolution r = 70,000 at m/z
200, and the 20 most intense precursor ions with charge state
2-5 were sequentially fragmented in each scan cycle by higher
energy C-trap dissociation (HCD) with normalized collision
energy of 30%. The exclusion duration for the data-
dependent scan was 15 s, the repeat count was 1, and the exclu-
sion window was =+ 10 ppm.

Data analysis

All MS/MS spectra were analyzed by MaxQuant software
(version 1.3.0.5) against the Synechocystis protein database
(http://genome.annotation.jp/cyanobase/Synechocystis; 3672
sequences, released 2012) combined with the reverse decoy
database and common contaminants [53]. The maximum
missed cleavage for trypsin was set to 2. The variable modifi-
cations are acetylation (protein N-terminal), deamidation
(Asn/Gln), oxidation (Met), propionylation (Lys), and
propionyl-methylation (Lys). The fixed modification is car-
bamidomethylation (Cys). The MS tolerances were set to
10 ppm, and 0.02 Da were allowed for MS/MS tolerances.
The estimated FDR threshold for modified peptide was
<0.01, and the minimum peptide length was 6. All spectra
were manually filtrated using strict criterions as previously
described [54], and the peptides with modified lysine at C-
terminus were removed.

Bioinformatics analysis

Functional enrichment analysis of all identified methylated
proteins for GO terms and KEGG metabolic pathways were
carried out using DAVID bioinformatics resources [55].
Motif-X was used for the analysis of amino acid sequence
motifs [56]. The secondary structure of methylated lysine resi-
dues and all lysines in the methylated proteins were predicted
by NetSurfP tool [57]. The P < 0.05 in a Student’s z-test
was considered statistically significant in our data. To investi-
gate the evolutionary conservation, the homologous proteins
to Synechocystis proteins were determined via multi-sequence
alignments. The phylogenetic tree was calculated and visual-
ized using MEGA (version 5.05). Three-dimensional (3D)
structure of CpcM module was generated by comparing with
existing crystalline structure of PKMT2 in R. typhi using the
online SWISS-MODEL Server and presented using PyMOL
software (version 1.7.2).
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Construction of the ACpcM mutant

The cpcM gene fragment was amplified from the genomic
DNA of Synechocystis by PCR using the primers: 5-ATGTT
GTCCAACTCCGACCA-3 and Y-CTATGAGTTGCC
GAGGGTCA-3'. Then the PCR product was inserted into
PMDI19-T vector (Takara, Dalian, China), and disrupted by
inserting a kanamycin resistance cartridge to the internal
EcoRI fragment of cpcM. Finally, the resultant plasmids were
transformed into Synechocystis as described previously [58].
The transformants were screened on plates with solid BG-11
medium supplemented with 50 pg/ml kanamycin. The mutants
were further confirmed by PCR and Western blot.

Production of anti-CpcM antibody

The generation of polyclonal antibody against CpcM was car-
ried out by Hubei Proteingene Biotechnology (Wuhan, China).
The CpcM protein was overexpressed and purified as described
below. The following rabbit immunization and antisera sam-
pling were performed by Proteingene (Wuhan, China). ELISA
and Western blot were performed to confirm the specificity of
the resulting antibodies.

Western blot analysis

20 pg of cell lysates from each cyanobacteria strain or 10 pg of
plant protein extracts were separated by 12% SDS-PAGE, fol-
lowed by transferring to polyvinylidene difluoride (PVDF)
membrane, blocking with 5% bovine serum albumin (BSA) in
TBS buffer (25 mM Tris-HCI, 150 mM NacCl, pH 8.0) at 20 °
C for 2 h, and then incubating with primary rabbit polyclonal
(anti-monomethyllysine antibody, Cell Signaling Technology,
Danvers, MA) or anti-CpcM antibody at a 1:2000 dilution for
4 h at 4 °C. The membrane was washed three times with TBST
buffer (150 mM NaCl, 25 mM Tris-HCI, 0.1% Tween20, pH
8.0) for 15 min each, and then incubated with horseradish
peroxidase-conjugated anti-mouse IgG at a 1:5000 dilution for
1 h at room temperature. The electrochemiluminescence
(ECL) system (Advansta Inc., San Jose, CA) was used for signal
measurement with a luminescent image analyzer.

In-gel proteolytic digestion, protein identification and quantifi-
cation analysis

The specific bands from the total cell lysates of WT and ACpcM
strains in Coomassie-blue-stained gel, which represented differ-
ent levels of lysine methylation by Western blot analysis, were
cut from three replicate gels and trypsin-digested in-gel, fol-
lowed by LC-MS/MS analysis. The in-gel proteolytic digestion
and MS identification were performed as previously described
[52]. The raw MS data were analyzed with MaxQuant. For pro-
tein identification, the variable modifications are acetylation
(protein  N-terminal), deamidation (Asn/Gln), oxidation
(Met), methylation (Lys), di-methylation (Lys), and tri-
methylation (Lys). The fixed modification is carbamidomethy-
lation (Cys). Peptide tolerance was set to 20 ppm for the first
search peptide and 6 ppm for the main search peptide. The max-
imum number of missed cleavages was set to 2. The estimated
FDR threshold for peptide and site was <0.01. LFQ algorithm

in MaxQuant was used to provide the value of LFQ intensity of
each sample [59]. Then, protein ratio was computed based on
the value of LFQ intensity and can be further used for the nor-
malization of the modification stoichiometry. Perseus software
(version 1.4.1.3) and Microsoft Excel were employed to perform
the statistical analysis of data. Only the proteins that were iden-
tified and quantified in three biological replicates were allowed
for relative quantification. The LFQ intensity was presented
as the mean of three biological replicates. The two-sample Stu-
dent’s #-test was used for the statistical evaluation and the coef-
ficient of variation (CV) was computed from three biological
replicates. To quantify the relative abundances of methylated
proteins, the intensities of modified peptides were summed up
and normalized with the abundance of proteins determined by
the LFQ quantification as previously described [36]. All spectra
were manually filtrated using strict criterions as previously
described [54], and the peptides with modified lysine at
C-terminus were removed.

Purification of His6-tagged proteins in vitro

The full-length cpeM, 510480, slr2094, and slr0394 genes were
amplified using the following primers: cpcM-F: 5-GGAATTC
CATATGATGTTGTCCAACTCCGACCA-3' and cpcM-R:
5-CCGCTCGAGTGAGTTGCCGAGGGTCAGTA-3" for
cpeM; sli0480-F: 5'-GGAATTCCATATGATGGCCAGTAT
CAACGACAA-3 and s/l0480-R: 5-CCGCTCGAGACC
CAATTTGAGGGTGGAAG-3' for sll0480; slr2094-F: 5'-G
GAATTCCATATGGTGGACAGCACCCTCGGTTT-3'
and s/r2094-R: 5-CCGCTCGAGATGCAGTTGGATTACA
AAGG-3  for slr2094; slr0394-F: 5-GGAATTCCA
TATGTTGTCTAAGCAATCGATCGC-3' and s/r0394-R:
5-CCGCTCGAGTCG GTCATCTAAAGCGGCAA-3' for
slr0394. The PCR products were then cloned into the expres-
sion vector pET-21b (Novagen, Darmstadt, Germany) to over-
express proteins in E. coli according to the procedures
described in manufacturers. All recombinant strains were cul-
tured to the exponential phase (ODgy = 0.4-0.6) in 500 ml
Luria-Bertani (LB) medium at 37 °C, and then 0.5 mM iso-
propyl B-D-thiogalactoside (IPTG) was used for cell induction
at 16 °C for 12 h, followed by cell collection and washing. The
cells were disrupted by sonication, and the debris was dis-
carded after centrifugating at 12,000 g for 10 min at 4 °C for
two times. Then the supernatants were loaded onto Ni-NTA
agarose column (Qiagen Inc., Germantown, MD) pre-
equilibrated with the binding buffer (500 mM NaCl, 20 mM
Tris-HCI, pH 8.0). After washing with washing buffer
(20 mM Tris-HCI, 100 mM imidazole, 500 mM NaCl, pH
8.0), the binding proteins were eluted with 10 ml elution buffer
(20 mM Tris-HCI, 250 mM imidazole, 500 mM NaCl, pH 8.0).
The resulting proteins were then desalted by concentrating
with a 30,000 MWCO concentrator (Millipore, Bedford,
MA) in the storage buffer (50 mM NaCl, 20 mM Tris-HCI,
pH 8.0). The BCA protein assay was performed to measure
the concentration of purified proteins.

In vitro methylation assay and identification of lysine methyla-
tion sites

In vitro methylation assays were performed as previously
described [60]. Briefly, the purified SI110480 and CpcM were
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mixed with 50 pl reaction buffer (50 mM Tris-HCI, pH 8.5,
5 mM MgCl,, 4 mM DL-dithiothreitol) and 10 pg SAM
(B903S, New England Biolabs, Ipswich, MA). The heat-
inactivated CpcM protein was used as a negative control. After
incubating at 37 °C for 60 min, the reaction products were sub-
jected to SDS-PAGE and Western blot to detect methylation
levels with the anti-monomethyllysine antibody. The methyla-
tion levels of substrates in the mixtures were also subjected to
in-solution tryptic digestion and LC-MS/MS analysis as
described previously [52]. The MS data were searched against
the E. coli BL21 (DE3) database (NC_012892.2, https://www.
ncbi.nlm.nih.gov/genome/167?Genome_assembly_id =161528)
including the sequences of CpcM and S110480 by using pFind
software [37]. The maximum missed cleavage for trypsin was
set to 2. The precursor ion mass tolerance was set to
10 ppm, and the fragment ion mass tolerance was allowed to
20 ppm. The acetylation (protein N-terminal), deamidation
(Asn/Gln), oxidation (Met), methylation (Lys), di-
methylation (Lys), and tri-methylation (Lys) were set as vari-
able modifications, and carbamidomethylation (Cys) as fixed
modification. The estimated FDR of peptide identification
was less than 1%. Finally, all spectra were manually filtrated
using strict criterions as previously described [54], and the pep-
tides with modified lysine at C-terminus were removed. The
intensities of identified peptides were summed up and the rela-
tive abundance of proteins was calculated. A two-sample Stu-
dent’s r-test analysis was used to evaluate the statistical
significance.

AAT activity assay

For the AAT activity assay, the constant amounts of S110480
and Sl110480 treated by CpcM were incubated in the reaction
buffer with or without 10 pg SAM at 37 °C for 60 min. The
mixtures were then subjected to AAT activity assay according
to the standard procedure described in the manufacturers of
AAT activity assay kit (MAKOS55, Sigma-Aldrich Corp., St.
Louis, MO). The standard AAT and purified CpcM with
SAM were used as the positive and negative controls,
respectively.

Chlorophyll fluorescence measurement

Chlorophyll fluorescence was measured at room tempera-
ture using a Dual-PAM-100 (Heinz Walz Gmbh, Effeltrich,
Germany) [61]. The minimum fluorescence in dark-adapted
state (Fp), maximum fluorescence in dark-adapted state
(F,,), minimum fluorescence in light-adapted state (Fy)
and maximum fluorescence in light-adapted state (F,,) val-
ues were detected by measuring the chlorophyll fluorescence
traces in the Dual-PAM software, and all fluorescence
parameters were computed by standard equations as previ-
ously described [61]. F,/F,, represents the maximal photo-
chemical efficiency of PSII in the dark-adapted state, Y
(IT) represents the actual photochemical efficiency of PSII
under different light intensities. The relative PSII ETR
(IT) was also calculated with maximal chlorophyll fluores-
cence by Dual-PAM software.

Spectroscopic measurement

The fluorescence emission spectra measurement was performed
at room temperature or 77 K using the single channel fluorime-
ter (Photon Technology International, New Brunswick, NJ)
equipped with a matched liquid nitrogen Dewar (4-mm inner
diameter and 6-mm outer diameter). Cells under different con-
ditions were adjusted to OD73 ~ 0.8 with fresh BG-11 med-
ium. For 77 K fluorescence emission spectra measurement,
samples were dark-adapted at room temperature for 15 min
and immediately frozen in liquid nitrogen before measurement.
The excitation wavelength was set to 590 nm for phycocyanin
excitation, both the excitation and emission were measured
every 1 nm in the wavelength range from 600 nm to 800 nm.
Each measurement consisting of three biological replicates
was performed and averaged. The fluorescence emission spec-
tra at 77 K were normalized at 730 nm for direct comparison
of the fluorescence emission peak deriving from PBS (650 nm).

Data availability

The raw data and modified peptide spectra can be accessed at
the public database PeptideAtlas (PASS: PASS01127).
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