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Lysine Acetylome Analysis Reveals
Photosystem Il Manganese-stabilizing Protein
Acetylation is Involved in Negative Regulation
of Oxygen Evolution in Model Cyanobacterium
Synechococcus sp. PCC 7002*s

Zhuo Chent§, Guiying Zhangt1], Mingkun Yangt, Tao Lit|,

and Jindong Zhaot

N*-Acetylation of lysine residues represents a frequently
occurring post-translational modification widespread in
bacteria that plays vital roles in regulating bacterial phys-
iology and metabolism. However, the role of lysine acety-
lation in cyanobacteria remains unclear, presenting a hur-
dle to in-depth functional study of this post-translational
modification. Here, we report the lysine acetylome of Syn-
echococcus sp. PCC 7002 (hereafter Synechococcus) us-
ing peptide prefractionation, immunoaffinity enrichment,
and coupling with high-precision liquid chromatography-
tandem mass spectrometry analysis. Proteomic analysis
of Synechococcus identified 1653 acetylation sites on 802
acetylproteins involved in a broad range of biological pro-
cesses. Interestingly, the lysine acetylated proteins were
enriched for proteins involved in photosynthesis, for ex-
ample. Functional studies of the photosystem Il manga-
nese-stabilizing protein were performed by site-directed
mutagenesis and mutants mimicking either constitutively
acetylated (K99Q, K190Q, and K219Q) or nonacetylated
states (K99R, K190R, and K219R) were constructed. Mu-
tation of the K190 acetylation site resulted in a distin-
guishable phenotype. Compared with the K190R mutant,
the K190Q mutant exhibited a decreased oxygen evolu-
tion rate and an enhanced cyclic electron transport rate in
vivo. Our findings provide new insight into the molecular
mechanisms of lysine acetylation that involved in the neg-
ative regulation of oxygen evolution in Synechococcus
and creates opportunities for in-depth elucidation of the
physiological role of protein acetylation in photosynthesis
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N°-lysine acetylation is a reversible and highly dynamic
post-translational modification (PTM)" in both eukaryotes and
prokaryotes. Being different from the irreversible N“-acetyla-
tion, it is dynamically catalyzed by protein acetyltransferases
and deacetylases (1). Acetyliransferases transfer an acetyl
moiety from acetyl-coenzyme A to the e-amino group of lysine
residue in proteins, and the process can be reversed by
deacetylases. Recently, the exploration of a large data set of
acetylation sites has been challenging because of the sub-
stoichiometric nature of this PTM (2). By using high-efficiency
immunoaffinity enrichment strategies and state-of-the-art lig-
uid chromatography-tandem mass spectrometry (LC-MS/
MS), comprehensive analysis of lysine acetylation has been
extensively studied in both eukaryotes (3-9) and prokaryotes,
including Escherichia coli (10-12), Salmonella enterica (13),
Geobacillus kaustophilus (14), Thermus thermophilus (15), Ba-
cillus subtilis (16), Erwinia amylovora (17), Streptomyces ro-
seosporus (18), Mycobacterium tuberculosis H37Ra (19), M.
tuberculosis Rv (20), Vibrio parahemeolyticus (21), Syn-
echocystis sp. PCC 6803 (hereafter Synechocystis) (22), Ba-
cillus amyloliquefaciens (23), and Spiroplasma eriocheiris (24).
These analyses have shown that lysine acetylation is an evo-
lutionarily, highly conserved PTM and is of great importance in
the regulation of diverse cellular processes, such as carbon

" The abbreviations used are: PTM, post-translational modification;
CEF, cyclic electron flow; D, aspartate; E, glutamate; EPR, electron
paramagnetic resonance; ETR(ll), electron transport rates through
PSIl; FDR, false discovery rate; GO, Gene Ontology; K, lysine; KEGG,
Kyoto Encyclopedia of Genes and Genomes; H, histidine; HL, high
light-intensity; IP, immunoprecipitation; LEF, linear electron flow; Mn,
manganese; OEC, oxygen-evolving center; PAM, pulse amplitude
modulated; PsaC, Photosystem | subunit VII; PsbO, photosystem I
manganese-stabilizing protein; PSI, photosystem I; PSII, photosys-
tem Il; WT*, alternative wild type; Y, tyrosine.

Molecular & Cellular Proteomics 16.7

1297


http://orcid.org/0000-0002-1032-280X
http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.M117.067835&domain=pdf&date_stamp=2017-5-26

Acetylome Analysis of Synechococcus

metabolism and photosynthesis, in Synechocystis (22). Even
now, lysine-acetylated proteome data for cyanobacteria are
scarce.

Cyanobacteria constitute a large and morphologically di-
verse group among prokaryotes and can produce oxygen
(25). Based on the endosymbiosis theory, plastids in eukary-
otic algae and higher plants were derived from the ancestral
cyanobacteria (26). Recently, cyanobacteria have been em-
ployed to produce renewable biofuels in an economically
effective and environmentally sustainable manner (27). Syn-
echococcus with high glycogen production capacity may be-
come a suitable candidate for the development of biofuels
(28-29). In addition, it is one of the most studied model
cyanobacterium with respect to photosynthesis under high-
intensity light and high salinity as well as other metabolic
processes (28, 30-31). The complete genome sequence of
Synechococcus has been determined (see http://www.ncbi.
nim.nih.gov/), and it can be easily genetically transformed with
a versatile system (32), making it a model organism to study
biotechnological applications and photosynthesis (28). Our
previous study has shown that lysine acetylation plays a very
important role in carbon metabolism and photosynthesis in
Synechocystis (22). Nevertheless, the molecular mechanism
of lysine acetylation in the regulation of photosynthesis re-
mains unclear in cyanobacteria.

To gain insights into the biological significance of lysine
acetylation in the photosynthetic prokaryote Synechococcus,
we analyzed its acetylproteome using immunoaffinity enrich-
ment strategies integrated with high-accuracy LC-MS/MS
and characterized the acetylation events in this model system.
In this study, we identified 1653 unique lysine acetylation sites
from 802 proteins. Interestingly, many acetylated proteins
associated with photosynthesis were identified, followed by
validation of enhancement of acetylation status in the whole
cell lysate under high-intensity light exposure using Western
blotting analysis. Functional study revealed that acetylation at
K190 of the photosystem Il (PSIl) manganese-stabilizing pro-
tein (PsbO) negatively regulated oxygen evolution. These re-
sults provide clues to oxygen evolution process regulated by
PsbO acetylation in cyanobacteria.

EXPERIMENTAL PROCEDURES

Cell Culture and Protein Extraction—The Synechococcus strain
from Pasteur Culture Collection was cultured in A+ medium, gassing
with 1% CO, (v/v) in filtered air. The strain was grown at 38 °C under
continuous illumination (33) (normal light: 250 umol photons/m?/s;
high-intensity light: 2000 umol/m?2/s). Cells were harvested in the
exponential phase (OD,3;, ~ 0.8) and then exposed to various
stresses for 12 h, including A5 (-A5), calcium (-Ca), iron (-Fe), phos-
phate (-P), and nitrogen (-N) deficiencies. For high-intensity light
treatment, cells in the exponential phase were exposed to 2000 umol
photons/m?/s for 30 min. For high salinity treatment and photohet-
erotrophic growth conditions (+Gly), cells in the exponential phase
were resuspended in A+ medium containing 2.5 m NaCl for 30 min or
enriched in A+ medium containing 10 mm glycerol, respectively (28).
Following this, nicotinamide (10 mm) was added to the cultures for an

additional 30 min to inhibit the endogenous protein deacetylase ac-
tivities. The cells were harvested by centrifugation (6000 X g at 4 °C
for 5 min), washed with A+ medium, and resuspended in lysis buffer
containing 20 mm Tris-ClI (pH 7.5), 150 mm NaCl, 10 mm nicotinamide,
1% Triton X-100, and 1X protease inhibitor mixture (Thermo Fisher
Scientific, Waltham, MA). The suspension was sonicated (JY92-1IN
Ultrasonic Homogenizer; Ningbo Scientz Biotechnology Co., Ltd.,
Ningbo, Zhejiang, China) at an output of 135 W for 30 min (5 s on
followed by 5 s off) on ice-water. Cellular debris was removed by
centrifugation (3000 X g at 4 °C for 10 min), and the supernatant was
stored at —80 °C. The protein concentration was determined by Brad-
ford assay (Bio-Rad, Hercules, CA).

In-solution Trypsin Digestion, High-performance Liquid Chroma-
tography Fractionation, and Enrichment of Acetylated Lysine Pep-
tides—Total proteins (2 mg) were reduced, alkylated, and subjected
to trypsin digestion, and the peptides were desalted and fractionated.
Protein A/G agarose-conjugated antiacetyllysine antibody (PTM Bio-
labs, Inc., Chicago, IL) was used to enrich the acetylated peptides, as
previously described (22).

LC-MS/MS Analysis—The enriched peptides were analyzed by a
Q-Exactive mass spectrometer (Thermo Fisher Scientific) with an
easy nLC-1000 system (Thermo Fisher Scientific) and at a linear
gradient from 6 to 90% solvent B (98% acetonitrile/0.1% formic acid,
v/v) over 40 min. Mass spectrometer was operated in a data-depend-
ent mode with an automatic switch between MS and MS/MS acqui-
sition. Full MS spectra from 350 to 1800 mass-to-charge ratio (m/z)
were acquired at a resolution of 70,000 at m/z = 200 in profile mode.
Following every survey scan, up to 20 most intense precursor ions
were picked for MS/MS fragmentation by higher energy C-trap dis-
sociation with 28% normalized collision energy. Lock mass at m/z
445.12003 was enabled for full MS scan. The dynamic exclusion
duration was set to 15 s with a repeat count of 1 exclusion window.
The electrospray voltage applied was 2 kV. Automatic gain control
was used to prevent overfilling of the ion trap, and 5 x 10* ions were
accumulated for generation of MS/MS spectra.

Data Analysis—The mass spectra were searched against the Syn-
echococcus database (/cyanobase/GCA_000019485.1/genes.faa/
release date 2008/03/14; 3186 entries in the database) combined with
the standard MaxQuant contaminants database using MaxQuant with
integrated Andromeda v1.5.3.30 search engine (34). Enzyme speci-
ficity was set to full cleavage by trypsin, with two maximum missed
cleavage sites permitted. Minimum peptide length was set to 6. Mass
tolerances of precursor and fragment ion were set to 6 ppm and 0.05
Da, respectively. Carbamidomethylation of cysteine was set as a fixed
modification, whereas oxidation of methionine, deamidation of aspar-
agine and glutamine, and N-terminal acetylation and acetylation of
lysine were set as variable modifications. The estimated FDR thresh-
olds for proteins, peptides, and modification sites were specified at
maximum 1%. The lysine-acetylated peptides identified were manu-
ally inspected using a modified method to exclude isobaric trimethy-
lation (35). Moreover, all acetylation sites assigned to the peptide
C-terminal were removed. All the raw data were deposited in a
publicly accessible database PeptideAtlas (www.peptideatlas.org)
(36).

Bioinformatics Analysis—The identified acetylproteins were
grouped into biological process and molecular function classes
based on the Gene Ontology (GO) terms using Blast2GO (37-40). The
protein subcellular localization was analyzed by PSORTb v3.0 pro-
gram (41). GO enrichment was performed by BiINGO v2.44 (42-43).
The aligning peptide sequences with 12 residues surrounding the
acetylated lysine residue were extracted, excluding all peptides
where the acetylated lysine was located less than seven amino acids
from the C-terminal end of the peptide, and these lysine-acetylated
motifs were analyzed by motif-x (44). A heat map was generated to
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further analyze lysine acetylation sites (45-47). Secondary structures
were predicted using NetSurfP (48-49). Conservation of acetylpro-
teins across species was determined using BLASTP (50). KEGG
pathway was analyzed using KEGG mapper (51-52). The three-di-
mensional structure of PsbO was modeled using CPHmodels-3.0
(53). The interaction network analysis was performed using STRING
(54) and further analyzed using MCODE (55).

Production of Polyclonal Antibodies against Photosystem | Subunit
Vil (PsaC) and PsbO, Immunoprecipitation, and Western Blotting
Analysis— Anti-PsaC and anti-PsbO polyclonal antibodies were gen-
erated by PEPTBIO Inc. (Wuhan, Hubei, China), against the synthetic
peptides CKAGQIASSPRTED and GAVFLDPKARGTASG, respec-
tively. Immunoprecipitation using anti-PsbO antibody and Western
blotting analysis using anti-PsbO, anti-PsbC, and antiacetyllysine
antibodies were performed as previously described (22).

Amino Acid Sequences Alignment of PsbO—Amino acid se-
quences of PsbO protein from Synechococcus sp. PCC 7002 (Gl:
501262885), Synechocystis sp. PCC 6803 (Gl:16331068), Nostoc sp.
PCC 7120 (Gl:499307220), Synechococcus elongatus PCC 7942 (Gl:
499562747), Gloeobacter violaceus PCC 7421 (Gl:499456216), Chla-
mydomonas reinhardtii (Gl:159473144), Arabidopsis thaliana (Gl:
15240018), Solanum tuberosum (Gl:809113), Triticum aestivum (Gl:
21844), Spinacia oleracea (Gl:21283), and Pisum sativum (Gl:344004)
were aligned by CLC Main Workbench (Qiagen Co., Aarhus,
Denmark).

Construction of PsbO Point Mutants by Site-directed Mutagen-
esis—The kanamycin resistance cassette was inserted into
SYNPCC7002_A0269 gene to create a knockout mutant (ApsbO) and
into SYNPCC7002_A1479 gene to generate a neutral platform as
the alternative wild type (WT*). The trans-complemented psbO mu-
tant and site-directed mutants were assembled with the cpcBA pro-
moter, derived from Synechocystis (PcpcBA), in the front of
SYNPCC7002_A0269 gene and the chloramphenicol resistance cas-
sette at the termini. The site-directed mutagenesis was carried out
with QuickChangell mutagenesis kit (Agilent Technologies, Santa
Clara, CA), according to manufacturer instructions. Transformation of
the Synechococcus strain was performed as previously reported (32).
Cells were screened on A+ agar plates with chloramphenicol (25
ng/ml) or kanamycin (50 ng/ml). Transformants were then verified by
PCR and direct DNA sequencing. Primers used in this study are listed
in supplemental Table S10.

Oxygen Evolution Rate Analysis—Photosynthetic oxygen evolution
rates were measured by a Clark-type oxygen electrode (Hansatech
Instruments Ltd., Norfolk, UK). Cells of all strains were collected in the
exponential phase and resuspended in fresh A+ media, then diluted
to a final OD,5, = 1 for oxygen evolution measurements. For temper-
ature treatments, cells were incubated at 28, 33, 38, and 43 °C for 10
min. Cell suspensions were added to the electrode chamber with
continuous stirring for each experiment. The various electrode cham-
ber temperatures were maintained by a circulating water bath. Oxy-
gen evolution rate was measured after 2 min in the dark with stimu-
lating irradiance of 500 pmol photons/m?/s and 10 mm NaHCO,.

Chlorophyll Fluorescence Analysis—Chlorophyll fluorescence
measurements were made using a pulse-amplitude fluorimeter
DUAL-PAM-100 (Heinz Walz GmbH, Effeltrich, Germany). All the mu-
tants were collected in their exponential phase and diluted to OD5, =
1 for chlorophyll fluorescence analysis. Before measurements, cells
were dark-adapted for 15 min at room temperature. The intensity of
the actinic light was maintained at 50 umol photons/m?/s. The light
intensity dependence of electronic conversion efficiency of photosys-
tem Il was detected with the stepwise increase in photosynthetically
active radiation (0-1000 wmol photons/m?/s) through the fluores-
cence measure mode of a dual channel. For recording the transient
post-illumination increase, the saturating pulse and actinic light last-

ing for 2 min were terminated and the slow kinetics had been allowed
to run for around 10 min.

Experimental Design and Statistical Rationale—The wild-type strain
of Synechococcus was prepared from the same lysates as those used
for the study of acetylation proteome by Yang et al. (47). Specifically,
acetylated peptides from whole cell lysates were fractionated and
enriched using immunoaffinity enrichment strategies. Eight samples
were analyzed by high-accuracy nanoflow LC-MS/MS technology
(Fig. 1B). FDR thresholds for proteins, peptides, and modification
sites were set to maximum 1%. Data source name of the proteome of
Synechococcus sp. PCC 7002 was GCA_000019485.1 (release date
2008/03/14) with 3186 entries in the database searched. GO analysis
was performed using Blast2GO (41) and GO enrichment (42) using
Hypergeometric test. Benjamini-Hochberg FDR correction was car-
ried out at a significance level of 0.05. Lysine-acetylated motifs were
analyzed by motif-x (44) at a significance level of 0.000001. Second-
ary structures were predicted using NetSurfP (48), with p values
calculated by Wilcoxon test.

In the functional study, three replicates were prepared and ana-
lyzed for each of the ten biological samples: wild type (WT), WT*
(SYNPCC7002_A1479 as a neutral platform), ApsbO, trans-comple-
mented psbO mutant, and the site-directed mutants under the control
of PcpcBA, including samples with a nonacetylated arginine to con-
struct the mutants K99R, K190R, and K219R or a mimic-acetylated
glutamine to construct K99Q, K190Q, and K219Q. The following
analyses were performed on the samples: immunoprecipitation and
Western blotting analysis of PsbO acetylation level; construction of
ApsbO, WT*, trans-complemented psbO mutant, and site-directed
mutants by site-directed mutagenesis; followed by growth rate, oxy-
gen evolution rate, and chlorophyll fluorescence analyses. Mean and
standard deviation of the three independent experiments are pre-
sented and the statistical tests used to analyze the data are indicated
in the respective figures and/or manuscript sections.

RESULTS

Establishment of the Synechococcus Acetylome—To char-
acterize the extent of lysine acetylation in Synechococcus,
Western blotting analysis of whole cell lysates using anti-
acetyllysine antibody was conducted. It showed multiple ly-
sine-acetylated protein bands under different culture condi-
tions (Fig. 1A), suggesting the wide distribution of diverse
acetylated proteins and a regulated process of lysine acety-
lation in this organism. To further comprehensively identify the
large-scale data set of lysine-acetylated sites on Synechoc-
occus proteins, the total proteins from different growth con-
ditions before the total protein extracts were isolated, and the
acetylated peptides were enriched using antiacetyllysine an-
tibody. Then, the enriched modified peptides and sites were
analyzed by a nanoflow LC-MS/MS (Fig. 1B). The suspicious
acetylated peptides with unclear MS/MS spectra were man-
ually removed (supplemental Table S1). In this study, we
detected 802 proteins acetylated at 1653 unique sites. It is
noteworthy that the identified acetylated proteins comprising
25.2% (802/3186) of Synechococcus proteome exceed the
maximum previous findings of acetylome in bacteria (18, 20—
22). Synechococcus proteomic data also showed that
28.8% acetylated peptides and 58.5% acetylated proteins
were enriched, compared with the identified total unique pep-
tides and proteins, respectively (Fig. 1C). In addition, we es-
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Fic. 1. Synopsis of the acetylome analysis in Synechococcus sp. PCC 7002. A, Western blotting analysis of lysine acetylation profiles with
antiacetyllysine antibodies in response to different stress conditions. Equal amounts of protein lysates (20 wg) were extracted from the cells
under standard culture conditions (C), high-intensity light stress for 30 min (HL), A5 deficiency (-A5), calcium deficiency (-Ca), iron deficiency
(-Fe), phosphate deficiency (-P), nitrogen deficiency (-N), glycerol addition (+Gly), and high salinity stress for 30 min (HS). Coomassie blue
staining of the gel acts as a loading control. B, Workflow for the acetylome analysis in Synechococcus. Proteins form exponentially growing
cells were extracted and peptides cleaved by trypsin were prefractionated using in-solution digestion. Lysine-acetylated peptides were
enriched using acetyl-lysine antibody and subsequently analyzed by nano-LC-MS/MS. Bioinformatic analysis and functional analysis of
photosystem Il manganese-stabilizing protein (PsbO) were performed. C, Pie chart illustrates the percentage of lysine-acetylated peptides and
proteins compared with all identified peptides and proteins, respectively. D, Mass error distribution of the lysine-acetylated peptides.

timated the mass accuracy of the modified peptide and the
average absolute mass error was 0.8614 ppm (Fig. 1D). We
also found that the average acetylation degree was 1.97. Of all
these acetylated proteins, ~55.1% had a single acetylated
site, 21.1% carried two acetylated sites, 10% contained three
sites, and 6.6% carried four sites. Notably, 58 proteins re-
vealed five or more acetylated sites. For instance, phycobili-
some core-membrane linker phycobiliprotein with 17 acety-
lation sites was the most intensively acetylated protein in this
research. This data set provides a comprehensive view of
lysine acetylation in Synechococcus.

Functional Classification of Acetylproteins—To better un-
derstand the role of identified acetylproteins in Synechococ-
cus, we classified these proteins according to their subcellular
localization, biological process, and molecular function (sup-
plemental Fig. S1 and supplemental Table S2). Among the
802 acetylated proteins, 569 (70.9%) were functionally anno-
tated to various biological processes. Many acetylated
proteins were involved in cellular amino acid metabolism,
translation, generation of precursor metabolites and energy,
carbohydrate metabolism, photosynthesis, and other pro-
cesses. With respect to the annotated molecular function, the
acetylated proteins were assigned to several subcategories
as ion binding, 252; oxidoreductase activity, 102; and lyase

activity, 53. Based on subcellular localization, 491 (61.2%)
acetylproteins were in the cytoplasm, 100 were assigned to
cytoplasmic membrane, 10 to periplasm, 6 to outer mem-
brane, and 3 to extracellular space. However, the localization
of 22.9% acetylproteins was not predicted. We also per-
formed a statistical test by applying a multiple testing correc-
tion, and the results have been presented in supplemental
Table S3. We conducted GO enrichment analyses to examine
which functional categories were targeted for lysine acetyla-
tion (supplemental Fig. S2 and supplemental Table S4). GO
enrichment analysis of biological process category demon-
strated that acetylproteins involved in cellular metabolism (p
value = 1.12E-02), metabolism (p value = 1.12E-02), cellular
process (p value = 1.12E-02), and primary metabolism (p
value = 3.52E-02) were significantly enriched. These findings
indicated the essential regulatory roles of lysine acetylated
proteins in cellular metabolism in Synechococcus.

Analysis of Lysine Acetylation Sites—To evaluate the nature
of acetylated lysine in Synechococcus, we compared the
occurrences of 12 amino acid residues surrounding the acety-
lation site with those of all lysine that occur in the Synechoc-
occus proteome. Previous studies have found preferences for
amino acid residues around the acetylated lysine in pro-
karyotes (11, 18-22, 24). Herein, we defined 11 enriched
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Fic. 2. Analysis of lysine acetylation sites. A, Probability logos of significantly enriched acetylation site motifs after aligning peptide
sequences, including 12 residues surrounding the acetylated lysine residue, using motif-x. B, The number of identified peptides containing
acetylated lysine in each motif. C, The relative abundance of amino acid residues flanking the acetylation sites represented by an intensity map.
The intensity map shows the relative abundance for =6 amino acids from the Synechococcus lysine-acetylated site. The colors in the intensity
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depletion). D, Distribution of secondary structures containing lysine acetylation sites. The different secondary structures («-helix, B-strand and
-coil) of acetylated lysine identified in this study were compared with the secondary structures of all lysine identified through proteomics.

Mean secondary structure

acetylation site motifs for 1103 unique sites, accounting for idue; Fig. 2A; supplemental Table S5), and they exhibit dis-
66.8% of the sites identified, namely KacXXXR, KacY, KacH, tinct abundances (Fig. 2B). Consistent with previous findings
DKac, KacD, KacF, KacXXXK, DXXKac, KacXXD, KacXXXXK, (18, 20-22, 24), for three of these motifs, a positively charged
and EKac (Kac, acetylated lysine; X, random amino acid res-  lysine or arginine enrichment was observed on the +4 or +5
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position toward the C terminus. In addition, histidine (H),
phenylalanine, or tyrosine (Y) on the +1 position toward the C
terminus appeared frequently, as previously described in bac-
teria (11, 18, 21, 23-24). The motifs KacH, KacY, and KacF
were also conserved in strawberry (56), implying some con-
served motifs surrounding acetylated sites are shared by
plants and bacteria. Interestingly, two negatively charged res-
idues, including glutamate (E) on —1 position toward N termi-
nus and aspartate (D) on —1/+1 or —4/+4 position toward N
or C terminus, were observed. These results suggested that
negatively or positively charged or aromatic amino acid resi-
dues might be functionally important for acetylation. To our
knowledge, five of these motifs, including E on —1 position
and D on —1/+1 or —4/+4 position, were the first significant
motifs identified in bacteria. Considering that acetylated pep-
tides with these three motifs account for 28.5% of all identi-
fied peptides, we speculate that proteins with such motifs
might have some special functions in this model system.
These results were also determined by an inspection of the
intensity map analysis (Fig. 2C). We observed that the resi-
dues H and Y are preferred at +1 position of acetylpeptides.
The different enrichment of amino acid residues surrounding
acetylation sites implies unique substrate preferences in Syn-
echococcus and reflects the conservation of several target
sequences of bacterial lysine acetyltransferase.

To investigate the local secondary structures of acetylpro-
teins surrounding acetylation sites, we performed a structural
analysis of the lysine-acetylated proteins. As demonstrated,
~49.5% of the modified sites were in regions of a-helices,
192 sites were in B-sheets, and 643 were in the unstructured
regions (Fig. 2D). A similar distribution pattern of secondary
structures was found in acetylated lysine in the Syn-
echocystis proteome (22), which differs from most other
bacterial acetylomes (18, 20, 23). Distinct from other bac-
teria, we deduced that acetylation prefers the a-helix struc-
tures in cyanobacteria.

Comparative Analysis with Other Bacterial Acetylome—Ly-
sine acetylation is an evolutionarily conserved PTM in both
prokaryotes and eukaryotes (1). To determine the conserva-
tion of the identified acetylated proteins, we performed a
systematic analysis of the orthologs of acetylproteins by com-
paring the Synechococcus acetylproteome to several bacte-
rial acetylproteomes (11-12, 15-17, 57). Orthologs of 512
(63.8%) acetylated proteins could be detected in the other
bacterial acetylproteomes. Among the 802 acetylated pro-
teins, 397 shared common sequences with Synechocystis sp.
PCC 6803, whereas 219, 114, 108, 91, 37, 154, 139, and 97
proteins had orthologs in the acetylproteome of E. coli, T.
thermophilus, S. enterica, E. amylovora, Leptospira interro-
gans, B. subtilis, Mycoplasma pneumonia, and G. kaustophi-
lus, respectively (supplemental Table S6). Generally, the
Synechococcus acetylome exhibited greater similarity to
Gram-negative bacteria (486 proteins) than to Gram-positive
bacteria (256 proteins). The comparative analysis of acetyl-

proteomes revealed that many of the acetylated proteins
might serve a conserved role in cellular metabolism and trans-
lation, which is consistent with these microorganisms with
characterized acetylproteomes. These results point to an evo-
lutionarily conserved and potentially vital role of acetylation in
cellular function.

Protein-protein Interaction Network of the Identified Acetyl-
proteins—To further understand the cellular processes regu-
lated by acetylation, the STRING database was used to ana-
lyze the interaction network of these identified acetylproteins.
The network showed that 748 acetylated proteins were net-
work nodes, with 7474 physical and functional interactions
(supplemental Table S7). Twenty-eight highly interconnected
clusters of acetylated proteins were retrieved (supplemental
Table S8). The top two clusters consisted of numerous acetyl-
proteins involved in protein synthesis and photosynthesis
(supplemental Fig. S3), with 1138 and 358 direct physical or
indirect functional interactions, respectively, indicating the
important regulatory roles of acetylation modification in the
two processes. Interestingly, they have also been assigned to
ribosome, aminoacyl-tRNA biosynthesis, and photosynthesis
pathways via KEGG pathway analysis (supplemental Table
S9).

Lysine acetylation has been shown to play a major role
in metabolism regulation in prokaryotes (18-22). In the Syn-
echococcus acetylproteomes, many of the identified acety-
lated proteins were involved in metabolic processes consist-
ent with previous findings. As shown in supplemental Table
S9, 232 acetylated proteins were found to be involved in
various metabolic pathways. Nearly all enzymes involved with
each step of central metabolism were identified to be acety-
lated, indicating the role of reversible lysine acetylation in the
regulation and control of cellular enzymatic activity at PTM
level in this cyanobacterium. Moreover, 43 acetylated proteins
were involved in carbon metabolism, 9 were photosynthesis-
antenna proteins, 27 involved in photosynthesis, 14 involved
with carbon fixation photosynthetic organisms, 17 in glycoly-
sis/gluconeogenesis, and 10 in citrate cycle (Fig. 3). Consist-
ent with the Synechococcus proteogenomic study (58), our
data also revealed the potential role of protein acetylation in
photosynthesis (supplemental Fig. S3).

Amino Acid Sequences Alignment of PsbO—The manga-
nese (Mn)-stabilizing protein PsbO in the PSII complex in all
oxygenic photosynthetic organisms plays central roles in
maintaining the integrity and activity of the Mn cluster and is
essential for optimal oxygen evolution (59). To validate the
acetylation events in PsbO, we carried out Western blotting
analysis of the whole cell lysate under different conditions
using pan antiacetylation antibody and anti-PsbO antibody.
Our findings confirmed PsbO acetylation through immunopre-
cipitation; nevertheless, PsbO acetylation levels remained un-
changed under different light intensities (Fig. 4A). To better
understand the potential role of acetylation in PsbO confor-
mation, the three-dimensional structure of PsbO was mod-
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eled, and the location of the three identified acetylation sites
have been marked accordingly in Fig. 4B. The conservation of
amino acid sequences of PsbO among species from cyano-
bacteria to higher plants was analyzed. Fig. 4C shows multi-
ple alignments of partial sequences of PsbO from five cyano-
bacteria and six higher plants. This comparison indicates that
cyanobacteria have one distinct region differing from higher
plants, presented as the cyano-loop labeled in a rectangle.
Although multiple alignments showed that PsbO was poorly
conserved, researchers have identified five highly conserved
regions within this protein among oxygenic organisms (60).
Two acetylated sites of PsbO, including K99 and K190, were
in KL and DPKGR conserved regions, respectively. Consider-
ing the evolutionary conservation of acetylation in both pro-
karyotes and eukaryotes, we deduced that the modification
events might occur in other oxygenic organisms and might
have a significant impact on the structure or function of PsbO.

Site-directed Mutagenesis of PsbO Acetylation Sites—To
investigate whether the acetylated sites were involved in ox-
ygen evolution within PSII, site-directed mutagenesis of PsbO
at K99 in KL region, K190 in DPKGR region, and K219 was
performed. Before construction of the point mutants, a neutral
site platform and a psbO null mutant were constructed as
positive and negative controls, respectively. Synechococcus
was adapted to grow on glycerol as an organic carbon source
to favor mixotrophic growth, allowing the construction of
the mutants lacking PSI and/or PSII, as previously report-
ed (61) (Fig. 5). A neutral site platform with inactive
SYNPCC7002_A1479 was obtained as the alternative wild
type WT* (Fig. 5A; supplemental Fig. S4). However, the inac-
tivation of psbO in vivo behaved distinctly from WT*. The
schematic of the vector for these site-directed transforma-
tions is presented in Fig. 5A. In this study, we converted lysine
to either a nonacetylated arginine to construct the mutants
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Fic. 4. Western blotting analysis of photosystem Il manganese-stabilizing protein (PsbO) acetylation and amino acid sequence
alignment analysis of PsbO. A, Western blotting analyses of acetylated PsbO under different light intensities, by immunoprecipitation using
anti-PsbO and anti-acetyllysine antibodies. LL: low-intensity light (50 wmol photons/m?/s), NL: normal light (250 umol photons/m?/s), and HL:
high-intensity light (2000 umol photons/m?/s). B, Three-dimensional cartoon depicting the backbone structure and localization of acetylation
sites in PsbO. C, Alignment of amino acid sequences of PsbO protein from Synechococcus sp. PCC 7002 (GI:501262885), Synechocystis sp.
PCC 6803 (Gl:16331068), Nostoc sp. PCC 7120 (G1:499307220), Synechococcus elongatus PCC 7942 (Gl:499562747), Gloeobacter violaceus
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Fig. 5. Construction and detection
of the ApsbO site-directed mutants. A,
Schematic shows the construction of
ApsbO site-directed mutant strains by
homologous recombination. The kana-
mycin resistance (K,,,) cassette was in-
serted into the Smal restriction sites in
psbO gene and the chloramphenicol re-
sistance (Cm") cassette was inserted into
the modified Smal restriction sites in
SYNPCC7002_A1479 gene, added to
the appropriate ends of the flanking se-
quences (see Experimental Procedures).
B, C, Agarose gel electrophoresis dem-
onstrates complete segregation of
alleles of Pg,.4-A0269::Cm" using
A0269kn-F/R and A1479kn-F/R primers.
D, Western blotting analyses of total cel-
lular extracts from Synechococcus wild
type and ApsbO site-directed mutants
were performed using antibodies spe-
cific to PsbO and PsaC. PsbO, photo-
system Il manganese-stabilizing protein;
ApsbO, PsbO knockout mutant; PsaC,
photosystem | subunit VII; P,cga,
cpcBA promoter derived from Syn-
echocystis.
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K99R, K190R, and K219R or to a mimic-acetylated glutamine
to construct the mimic mutants K99Q, K190Q, and K219Q. All
mutants were verified by PCR and direct DNA sequencing
(Fig. 5B; supplemental Fig. S5).

To validate PsbO expression level in both WT* and mutants,
we analyzed PsbO abundance among these strains by West-
ern blotting analysis (Fig. 5C). The PsbO mutant forms were
expressed in each case, and the translational levels of PsbO
in K99R/K99Q, K190R/K190Q, and K219R/K219Q mutants
were generally the same as that in WT*. Additionally, the
intrinsic core of PSI among these mutants and wild type were
further analyzed using the anti-PsaC antibody. PsaC was
expressed in equal amount among the wild type and mutant
strains, indicating that PSI was not affected by the inactivation
or site-directed mutagenesis of psbO.

K190 in the conserved DPKGR region of PsbO is present in
the head domain |, as shown in Figs. 4B and 4C, and is

involved in many interactions with PSIl members (60). Further-
more, our results supported the speculation that lysine acety-
lation at K190 in PsbO might have an anciently conserved role
in the maintenance of PSIl system and the thylakoid mem-
brane, since its divergent evolution from G. violaceus (62).
PsbO mutations have been previously identified to be asso-
ciated with a decrease in the accumulation of PSIl compo-
nents in C. reinhardtii (63) and A. thaliana (64-65), suggesting
that deletions or amino acid substitutions might affect the
intrinsic degradation of the PSIl complex.

Characterization of Growth Rate of Mutant Strains—PsbO
plays an essential role in the variability of both prokaryotic and
eukaryotic systems (63, 66—-67). Knockout and/or knockdown
mutations in psbO in Synechocystis (66, 68), C. reinhardltii
(63), and A. thaliana (64-65, 67, 69) have been constructed for
variability investigation. Mutations involving removal of PsbO
from PSII were found to have different effects in prokaryotes
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and eukaryotes. The Synechocystis psbO mutant is capable
of slow growth, but is more vulnerable to photoinhibition (70).
However, the absence of PsbO in C. reinhardtii causes a
photoautotrophic growth failure and the loss of the ability to
assemble functional PSII reaction centers (63). The psbo1 A.
thaliana mutant exhibits retardation of photoautotrophic
growth as well (67). To confirm that the growth of Synechoc-
occus depends on the involvement of acetylated sites located
on PsbO, we tested the ability of psbO point mutants to grow
photoautotrophically. The different strains exhibited variation
in growth in our study (supplemental Fig. S6). We failed to
construct a fully segregated null mutation of pshbO under
photoautotrophic growth conditions, indicating the essential
role of PsbO in photoautotrophic growth. Contrarily, the
ApsbO mutant could grow under normal irradiation (~250
umol'm~2s~") when cells were supplied with 10 mwm glycerol.
The present experiments clearly demonstrated a decreased
photoheterotrophic growth rate of all the site-directed mu-
tants constructed under normal light compared with WT*, but
an increased growth rate compared with the ApsbO mutant,
which might be ascribed to the partial complementation of
PsbO. Among these point mutants, strains mimicking consti-
tutively acetylated states (K99Q, K190Q, and K219Q) grew
under normal light irradiation, like the mutants with nonacety-
lated states (K99R, K190R, and K219R). Our observations
indicate a minor role of PsbO acetylation in the variability of
Synechococcus.

Detection of Oxygen Evolution Rate in Whole Cell under
Various Temperature Conditions—PsbO stabilizes the Mn
cluster that catalyzes the oxidation of water to molecular
oxygen in photosynthetic organisms (59) and serves to opti-
mize oxygen production at the physiological calcium and
chloride concentrations (71). To characterize the role of PsbO
acetylation in oxygen evolution in Synechococcus, the oxygen
evolution rate in both WT* and mutants was examined at
different temperatures. The ApsbO mutant has altered kinetic
properties in the S-states of oxygen-evolving centers in Syn-
echocystis (66, 72-73). Our data showed that WT*, K99R/
K99Q, K190R/K190Q, and K219R/K219Q cells exhibit in-
creased oxygen evolution with elevation in temperature and
reach the maximal rate at 38 °C, after which the rate of oxygen
generation remarkably reduced at 43 °C (Fig. 6). However, the
mutants ApsbO and K190Q, with slow growth rates, exhibited
dramatically decreased oxygen evolution with increase in
temperature from 28 to 43 °C. On removal of PsbO, the initial
oxygen evolution rate per cell was about 53.7, 18.2, 7.5,
and —9.8% of the wild-type rate at 28, 33, 38, and 43 °C,
respectively, whereas on substitution of K190 with uncharged
residue Q, it was 55.2, 42.9, 31, and —9% at 28, 33, 38, and
43 °C, respectively. Nevertheless, K190R and other mutations
had a marginal effect on this process. It has been verified that
K160R mutant protein (Synechococcus K190R in PsbO) re-
stores oxygen evolution more effectively to some extent than
the K160Q mutant protein in vitro in Synechocystis, indicating

participation of this residue in electrostatic interaction (74).
Our findings suggested that PsbO acetylation at K190 nega-
tively regulates oxygen evolution in Synechococcus at high
temperatures.

Detection of Electron Transport Rate through PSIl (ETR(lI)
and Transient Rise in Fluorescence—To investigate whether
linear electron flow (LEF) was affected by PsbO acetylation,
room temperature pulse amplitude modulated fluorescence
was studied to determine the ETR(Il) among the Synechoc-
occus psbO site-directed mutants. The light response curves
of ETR(Il) were the same for these strains, except for the psbO
null mutant, for which they not detectable, as shown in Fig.
7A. On the other hand, the K99R/K99Q, K190R/K190Q, and
K219R/K219Q mutants showed a decrease in ETR(Il) when
compared with WT*. Nevertheless, no significant differences
in ETR(l) were observed among these mutants.

The increase in fluorescence was undetectable in WT,
trans-complemented psbO, and K190R strains, whereas
a trace activity was detected in K99R/K99Q (Fig. 7B). In
contrast, ApsbO and K190Q mutants were identified by sig-
nificant enhancement of postillumination increase in chloro-
phyll fluorescence. These results reflected the less efficient
electron transfer in LEF, in contrast to the elevated cyclic
electron flow (CEF) in the mimic-acetylated mutant. This en-
hancement of transient rise in fluorescence was because of
PsbO dysfunction. Considering that post-illumination in-
creases in chlorophyll fluorescence are thought to be involved
in PSI-cyclic electron transport (75), we speculate that PsbO
acetylation mediated an increase in ATP generation to com-
pensate for the decrease in NADPH production.

DISCUSSION

Protein lysine acetylation has been extensively studied in
both eukaryotes and prokaryotes. Lysine acetylation is a highly
dynamic and reversible PTM. This process can be carried out by
acetyltransferases and deacetylases within the cells (1). In this
study, 1653 acetylated sites and several new motifs were iden-
tified on acetylated proteins in Synechococcus. Several poten-
tial acetyltransferases (SYNPCC7002_A0110, SYNPCC7002_
F0063, SYNPCC7002_A2436, SYNPCC7002_A0096, and
SYNPCC7002_A2015) and a deacetylase (SYNPCC7002_
A2791) have also been identified among the acetylated pro-
teins. Additionally, the motif analysis revealed several new
motifs that might be recognized by protein acetyltransferases.
However, no lysine acetyltransferases or deacetylases were
predicted or confirmed in this model cyanobacterium. Re-
cently, it was demonstrated that lysine acetylation can also
be chemically catalyzed (76-77). Therefore, it is uncertain
whether this PTM occurs enzymatically, nonenzymatically, or
both ways in Synechococcus.

The proteomic profiling of lysine acetylation revealed that
the acetylated proteins were involved in the regulation of
many metabolic pathways (i.e. tricarboxylic acid cycle, gly-
colysis, and photosynthesis). Moreover, we also identified
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acetylated proteins involved in the two-component system
and microbial metabolism in diverse environments, suggest-
ing the evolution of adaptive responses to biotic and abiotic
stresses. Thus, we speculate that acetylation is a reserve of
carbon sources for cells resistant to unfavorable environment.
Interestingly, our findings have indicated that protein lysine
acetylation plays vital roles in photosynthesis in this model
cyanobacterium, in accordance with the previous findings in
Synechocystis (22) and Arabidopsis (6).

Photosynthesis serves as a system for sensing environmen-
tal stresses, besides its principal function as a solar energy
converter (78-79). It has been reported that various PTMs
might be regulating photosynthetic efficiency in triggering
acclimation to environmental cues (80). Lately, characteriza-
tion of PTMs in photosynthesis has provided a large quantity
of information for the study of this process. For example,
several reversible modifications, including serine/threonine/
tyrosine phosphorylation (47, 81), N terminus and internal
lysine acetylation (6), lysine and arginine methylation (82), and
S-thiolation (83), have been well established as key regulators
of Calvin cycle, ATP synthesis, electron transport, and oxygen
evolution. Recently, Synechococcus proteogenomic analysis
has revealed 23 different PTMs in photosynthesis, including
lysine acetylation (58). Our proteomic study also suggested
potential roles of lysine acetylation in photosynthesis in
Synechococcus.

The precise structure of oxygen generating PSII, with a high
resolution of ca. 1.9 A, has revealed the geometric arrange-
ment of the Mn,CaOjg cluster, which may facilitate the under-
standing of photolysis of water within PSII (84). However, the
existence and function of PTMs, such as acetylation, in oxy-
gen-evolving complex (OEC) have not yet been clarified with
this structure. In our research, several proteins in OEC were
found to be lysine acetylated, including PsbO. PsbO is re-
sponsible for maintaining optimal oxygen evolution from PSII
during photosynthesis. It is poorly conserved, but has five
highly conserved regions, including K99 in KL region and
K190 in DPKGR region, discovered in all oxygenic photosyn-
thetic organisms. K190 is substituted by arginine in G. viola-
ceus, indicating the origin of this region and its role in PsbO
stability. Three acetylated sites of PsbO (K99, K190, and
K219) in Synechococcus were confirmed as targets for acety-
lation. It has been reported that PsbO in Synechocystis is
acetylated at K82 (K83 in Synechococcus) and K209 (L213
in Synechococcus) (22). Nevertheless, no in-depth function-
al studies have been performed on PsbO acetylation in
cyanobacteria.

In this study, we first focused on the role of PsbO acetyla-
tion in regulation of cellular growth under optimal growth
conditions. The consequences of removal or site-directed
mutagenesis of PsbO in vitro or in vivo have been analyzed in
detail, to reveal its conserved role in photosynthetic organ-
isms. Deletion or site-directed mutation of PsbO in PSII has
been found to impact the photoautotrophic growth (63-66).

The Synechocystis psbO mutant is capable of slow growth,
but evolves oxygen at low rate, and is very sensitive to high-
intensity lights under photoautotrophic conditions (66). Fur-
thermore, the absence of PsbO in C. reinhardtii leads to the
failure of photoautotrophic growth and functional PSII reac-
tion center assembly (63). On the other hand, the psbo7 A.
thaliana mutant exhibits photoautotrophic growth retardation
(67). Removal of PsbO, in this research, showed similar phys-
iological phenotypes. The growth rate of ApsbO mutant was
partially restored by trans-complemented and site-directed
mutations. Characterization of such strains showed that these
mutations hindered photoheterotrophical growth when placed
in a genetic background lacking PsbO. It has been studied
that lack of PsbO in PSII preparations results in withdrawal of
two out of the four Mn atoms comprising the water-oxidizing
complex (85-86). Apart from this, PsbO has been hypothe-
sized to be coupled with PSII turnover (87-89). In our study,
PsbO acetylation was proposed to play a regulatory role in
PSII and cell growth.

Next, we mainly focused on the role of PsbO acetylation in
oxygen evolution under different temperature conditions.
Thus, the oxygen evolution behaviors of ApsbO mutant and
point mutant strains were further analyzed. Wild-type cells
could evolve oxygen at 28 to 43 °C normally, whereas K190Q
mutation in PsbO of Synechococcus suppressed oxygen evo-
lution significantly, like ApsbO mutant, and the mutant could
not produce oxygen as efficiently as WT* and other cells. It
has been confirmed previously that oxygen evolution rate is
inhibited by high temperature treatment in tobacco (90). Ad-
ditionally, oxygen production was dramatically reduced on
substitution of K160 in Synechocystis (K190 in Synechococ-
cus) with uncharged residues in vitro. Contrarily, the K160R
mutant protein could reconstitute oxygen evolution more ef-
fectively, implying the participation of this acetylated site in
electrostatic interaction (74). In vitro reconstitution assays
have shown that spinach PsbO is unique in its thermostability
(91). Conversely, our data revealed that Synechococcus PsbO
exhibits less thermotolerance in in vivo assays. Taken to-
gether, our observations confirmed and extended the earlier
results that ApsbO mutant shows a decrease in oxygen evo-
lution under high temperature conditions.

Five oxidation states of the OEC, known as S,, S,, S;, S,,
and S, have been previously characterized, with the S, state
being responsible for water oxidation and oxygen evolution
(92). Many researchers have conducted experiments to inves-
tigate the molecular mechanism of regulation of S-state tran-
sitions occurring at OEC (65, 93-95). The psbo1 A. thaliana
mutant exhibits longer S, and S, states (65). Thermolumines-
cence experiments reveal that the S, state has a higher sta-
bility in the psbo7 mutant than in wild type, and electron
paramagnetic resonance measurements suggest a lower yield
of the S, multiline signal in A. thaliana (94). Flash oxygen yield
measurements reveal that the S, and S, states are more
stable in the ApsbO mutant of Synechocystis and that there is
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at least 5-fold reduction in S;—[S,]—=S, transition in this
mutant (96). Similar results have also been obtained for spin-
ach PSlI lacking PsbO, in vitro (97). Thus, we hypothesize that
acetylation of PsbO at K190 may be one of the mechanisms
that regulate S state transitions in Synechococcus.

The slow generation of oxygen in the absence of PsbO was
verified to be a consequence of a decrease in the rate of
electron transfer. Electron paramagnetic resonance measure-
ment monitored the retardation in the rate of photooxidized Y,
reduction in the ApsbO mutant from Synechocystis, indicating
slower electron transfer from the Mn,CaOg cluster to photo-
oxidized Y, (98). On the other hand, the psbo1 A. thaliana
mutant exhibits reduction in electron transfer between quino-
nes Q, and Qg (65, 69). Consistent with the earlier observa-
tions, ETR(ll) detected a decrease in LEF rate in the PSII of
ApsbO and point mutants in our study. Additionally, CEF was
measured, and the absence of PsbO and the substitution of
K190 by glutamine resulted in an enhanced transient rise in
fluorescence. These results suggested a positive correlation
between acetylation and CEF.

To reveal the role of lysine acetylation in the phenotypic
changes in photosynthesis, site-directed mutagenesis of
psbO was performed to mimic the electrostatic charge of a
nonacetylated lysine (K—R) or an acetylated lysine (K—Q)
(supplemental Table S11). It is not surprising that the nonac-
etylated mutant has a similar phenotype to the native strain
with respect to the very low acetyl stoichiometry (2, 99-100).
Compared with the mutants mimicking nonacetylated states,
the in vivo characterization of the K190Q mutant mimicking
acetylation exhibited a decrease in oxygen evolution and an
enhanced cyclic electron transport rate under normal growth
conditions. Although photosynthetic performance of the reg-
ulation of acetylation at K190 in PsbO was characterized, the
mechanisms that altered the ability of PsbO to reactivate
oxygen evolution were not well established. To further inves-
tigate the regulatory role of acetylation in oxygen evolution,
we might need to apply several strategies to study acetylation
dynamics and accurate acetylation stoichiometry of PsbO, to
understand the mechanisms.
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