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SUMMARY

The green alga Chlamydomonas reinhardtii is one of the most studied microorganisms in photosynthesis
research and for biofuel production. A detailed understanding of the dynamic regulation of its carbon meta-
bolism is therefore crucial for metabolic engineering. Post-translational modifications can act as molecular
switches for the control of protein function. Acetylation of the s-amino group of lysine residues is a dynamic
modification on proteins across organisms from all kingdoms. Here, we performed mass spectrometry-
based profiling of proteome and lysine acetylome dynamics in Chlamydomonas under varying growth con-
ditions. Chlamydomonas liquid cultures were transferred from mixotrophic (light and acetate as carbon
source) to heterotrophic (dark and acetate) or photoautotrophic (light only) growth conditions for 30 h
before harvest. In total, 5863 protein groups and 1376 lysine acetylation sites were identified with a false
discovery rate of <1%. As a major result of this study, our data show that dynamic changes in the abun-
dance of lysine acetylation on various enzymes involved in photosynthesis, fatty acid metabolism, and the
glyoxylate cycle are dependent on acetate and light. Exemplary determination of acetylation site stoi-
chiometries revealed particularly high occupancy levels on K175 of the large subunit of RuBisCO and K99
and K340 of peroxisomal citrate synthase under heterotrophic conditions. The lysine acetylation stoichiome-
tries correlated with increased activities of cellular citrate synthase and the known inactivation of the
Calvin-Benson cycle under heterotrophic conditions. In conclusion, the newly identified dynamic lysine
acetylation sites may be of great value for genetic engineering of metabolic pathways in Chlamydomonas.

Keywords: Chlamydomonas, lysine acetylation, acetate, proteome, citrate synthase, glyoxylate cycle, RuBisCO.

INTRODUCTION . .
just light as an energy source for carbon dioxide fixation, as

The soil-dwelling green alga Chlamydomonas reinhardtii
(hereafter Chlamydomonas) is one of the most studied
microorganisms in photosynthesis research and for biofuel
production, because of its ability to use different carbon
sources for its growth (Leite et al., 2013; Merchant et al.,
2012). Chlamydomonas can grow photoautotrophically with

© 2021 The Authors.

well as heterotrophically with acetate as carbon source for
respiration. In addition, Chlamydomonas is often grown in a
mixture between both conditions (acetate and light), which
is named mixotrophic growth (Hoober, 1989). Using chloro-
plastic and nuclear genome engineering, enhancing
Chlamydomonas characteristics for biofuel production has
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been achieved over the last years (Scranton et al., 2015).
Still there is a huge gap of knowledge about the underlying
biochemistry and regulation of metabolic processes in
Chlamydomonas. Hence, to further develop the usage of
Chlamydomonas as an alternative source for biofuel produc-
tion, the main challenge is to understand the regulatory
mechanisms of its metabolic pathways. Metabolic flux bal-
ance analyses have revealed the different metabolic path-
ways that Chlamydomonas uses depending on different
growth conditions (Boyle and Morgan, 2009). However, the
underlying mechanisms which enable fast regulation of pro-
tein activity under variable growth conditions are still not
fully uncovered. An acclimation to growth conditions can
occur on several levels, which include transcriptional and
translational control, as well as protein stability, product
inhibition, and allosteric effects on enzyme activities (Erick-
son et al., 2015; Hoober, 1989; Ledford et al., 2007). The
effects of acetate on photosynthesis, gene expression, and
metabolite pools have already been largely established in
Chlamydomonas and other green algae (Bogaert et al.,
2019; Boyle and Morgan, 2009; Boyle et al., 2017; Hayashi
et al., 2015; Lauersen et al., 2016; Rai et al., 2013; Roach
et al., 2013; Smith et al., 2015). To utilize C, compounds,
such as acetate, Chlamydomonas uses the glyoxylate cycle
to form C, compounds, which can be further metabolized to
amino acids or soluble carbohydrates (Lauersen et al.,
2016). Five out of six enzymes associated with the glyoxylate
cycle are localized in the peroxisomal microbodies. Peroxi-
somes in algae are referred to as peroxisomal microbodies
since they contain fewer proteins than those in higher plants
(Kato et al., 1997; Stabenau, 1974; Stabenau et al., 1993).
Another mechanism for a fast metabolic acclimation to
acetate-containing medium might be mediated by post-
translational protein modifications (PTMs) (Kaur et al., 2021).
Such modifications can act as reversible molecular switches,
which enable proteins to change their activities, functions, or
even localizations in the cell (Castano-Cerezo et al., 2014; Jing
et al., 2013). Nearly nothing is known about PTM-dependent
regulation of metabolic pathways in Chlamydomonas. Next
to protein phosphorylation, lysine acetylation (acK) is one of
the most prominent PTMs and occurs on the e-amino group
of the lysine side chain. In eukaryotes, lysine acetylation was
discovered in the context of histones and gene expression,
where it is linked to transcriptional regulation by changing
the interaction of transcription factors with the chromatin
(Sterner and Berger, 2000). In Chlamydomonas, alpha-tubulin
in axonemal microtubules was discovered as the first non-
nuclear lysine-acetylated protein more than 30 years ago
(L'Hernault and Rosenbaum, 1983, 1985). Lysine acetylation
is nowadays known to occur in all kingdoms of life on pro-
teins from various subcellular localizations, and is particularly
important for the regulation of metabolism, as well as photo-
synthesis in plants (Finkemeier et al., 2011; Hartl et al., 2017;
Hosp et al., 2017; Koskela et al., 2020; Liu et al., 2021; Narita

et al., 2019; Wu et al., 2011). Recently, it was shown that
lysine acetylation is directly connected to acetate metabolism
in Escherichia coli (Weinert et al., 2017). In bacteria and
eukaryotes, acetate can be used for acetyl-CoA production by
the enzyme acetyl-CoA synthetase (ACS). Acetyl-CoA is the
substrate for enzymatic as well as non-enzymatic acetylation
of the amino group of lysine residues (Konig et al., 2014;
Wagner and Payne, 2013). Lysine acetylation was even found
to regulate the activity of ACS in Salmonella enterica (Starai
et al., 2002). In addition, bacteria as well as green algae can
produce acetyl-CoA from acetate by the two enzymes acetate
kinase and phosphotransacetylase, which form a highly reac-
tive acetyl-phosphate intermediate able to trigger lysine
acetylation. In E. coli, the addition of acetate to the growth
medium caused a strong increase in protein acetylation in
the absence of the protein lysine deacetylase cobB, and was
dependent on acetyl phosphate availability (Castano-Cerezo
et al., 2014; Weinert et al., 2017). To reveal whether protein
acetylation is affected by the carbon source availability in
Chlamydomonas, we investigated the proteome and lysine
acetylome dynamics of Chlamydomonas grown under pho-
totrophic, mixotrophic, and heterotrophic growth conditions
by using a stable isotope dimethyl-labeling technique fol-
lowed by quantitative liquid chromatography mass spec-
trometry (LC-MS) analyses.

RESULTS

Lysine acetylation dynamics in Chlamydomonas is
dependent on light and acetate

In order to analyze the impact of different growth conditions
on the lysine acetylation status of Chlamydomonas proteins,
a pre-culture of CC-3491 cells was grown under mixotrophic
conditions with a medium light intensity (30 pmol m~2sec™").
The cells were then washed with acetate-free medium and
used to inoculate the main cultures, which were grown under
either heterotrophic, photoautotrophic, or mixotrophic condi-
tions for 30 h (Figure 1a). The light intensity of the photoau-
totrophic and mixotrophic growth conditions was increased
to 100 umol m~2 sec™" to support photosynthesis (Gorman
and Levine, 1965; Harris, 1989). After 30 h of growth under
the respective condition, the cells were harvested by centrifu-
gation, shock-frozen in liquid nitrogen, and stored at —80°C
until further analysis. We selected a 30-h cultivation time,
since there was a visible difference in the acetylation status of
a putative histone protein band (below 29 kDa) detectable on
the Western blot between the light- and dark-grown cultures
(Figure 1b). In addition, a prominent band between 45 and
66 kDa was visible, especially under heterotrophic condi-
tions. This band most likely represents the large subunit
(RbcL) of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO), since it has previously been shown that RbcL is
highly acetylated in Arabidopsis, especially during the night
(Finkemeier et al., 2011; Gao et al., 2016).
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Figure 1. General overview of the experimental setup and proteomic analyses of Chlamydomonas cells from different growth conditions. (a) Culturing condi-
tions. A common pre-culture was split into three specific growth conditions (hetero-, mixo-, and autotrophic, experiments performed in three biological repli-
cates). Initial cell density was adjusted to compensate for different growth under the respective conditions and yield 2 x 10° cells at harvest. (b) Anti-acK
Western blot of Chlamydomonas cell extracts (the Ponceau S stain is presented next to the blots as loading control). (c) LC-MS/MS workflow. After harvest, pro-
teins were digested and isotopically labeled. Pooled peptide samples were pre-fractionated, enriched by immunoprecipitation of acK peptides, and analyzed by
LC-MS/MS in addition to full proteome samples (in biological triplicates). (d) Overview of the top 20 KEGG pathways containing unmodified proteins identified
in total extracts (bars to the left) and with an acK site (bars to the right). No bar is shown when the respective KEGG term was not among the top 20 terms
ranked according to protein number per term and protein condition. —logqo(FDR) from the functional enrichment analysis via StringDB are used as fill color.

Mass spectrometry-based profiling of the Chlamydomonas enriched for lysine-acetylated peptides by immunoaffinity
proteome and acetylome purification. All fractions were analyzed on a Q-Exactive Plus
(Thermo Fisher Scientific, Bremen, Germany) mass spec-
trometer and proteins and acetylation sites were identified
and quantified using MaxQuant (Tyanova et al., 2016). In
total, more than 5000 protein groups were identified with a
protein false discovery rate (FDR) of <1%. The detected pro-
teins have various functions in a broad variety of metabolic
pathways according to the top 20 KEGG terms (Figure 1d,
left). In addition, we identified almost 1400 lysine acetylation
sites (acK sites) in total. Out of the top 20 KEGG terms, fatty
acid and propanoate metabolism, the pentose phosphate
pathway, peroxisomal microbodies, photosynthesis, and
antenna proteins are exclusively enriched as functional
terms within the acetylated proteins (Figure 1d, right).

The variety of lysine-acetylated proteins detected on the
Western blot prompted us to quantify total proteome and
acetylome changes under the different growth conditions
in a large-scale MS-based shotgun proteomic approach
combined with a stable isotope dimethyl-labeling strategy
(Lassowskat et al., 2017). An overview of the MS-based
workflow is shown in Figure 1(c). Samples from the three
different growth conditions were analyzed in three biolog-
ical replicates. Proteins from each replicate were extracted
and digested with trypsin, and free amino groups of pep-
tides were labeled with light, medium, and heavy stable
isotope dimethyl forms, respectively. To prevent any
labeling bias, a swap of the light, medium, and heavy
dimethyl labels was performed on the third replicate.

Proteome changes depending on light and acetate
Equal amounts of the labeled peptides from the three ' 9 pending '9

growth conditions were combined and subjected to ZIC- We first evaluated the protein abundance changes depend-
HILIC fractionation to reduce the sample complexity ing on the different growth conditions in a pairwise man-
(Giese et al., 2020). After fractionation, the samples were ner. For each condition, more than 4700 protein groups
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were quantified in at least two replicates (Table S1). The
different growth conditions affected the abundance of up
to 30% of the protein groups in between treatments (regu-
lated with a p-value of <0.05, Table 1, Figure 2a). The pro-
tein groups with an absolute value for the log,(fold change
[FC]) of >1 and a corresponding p-value of <0.05, quantified
in at least two replicates by their respective dimethyl
ratios, were analyzed using StringDB for functional enrich-
ment (Figure 2b,c).

In the comparison of heterotrophic to mixotrophic condi-
tions (Figure 2b, left column), mainly proteins involved in
photosynthesis are downregulated, while (motor) proteins
associated with cell projection located in cilia and flagella
are upregulated under heterotrophic conditions. A similar
picture emerged when comparing the heterotrophic to
photoautotrophic growth conditions (Figure 2b, middle
column).

In the comparison of mixo- and phototrophic conditions
(Figure 2b, right column), the StringDB analysis indicates
that the photosynthetic machinery seems to vary to a les-
ser extent between those two states than in the compar-
isons of heterotrophic conditions to either one of them. It
is mainly ribosomal proteins that are more strongly

Table 1 Summary of identified and quantified protein groups and
lysine acetylation (acK) sites. For quantification of protein levels
and acK sites, a ternary comparison between heterotrophic (Het-
ero), mixotrophic (Mixo), and photoautotrophic (Photo) growth
conditions was made by pooling light, medium, and heavy
dimethyl-labeled peptides from the respective growth condition in
biological triplicates. Between biological replicates labels were
swapped between conditions to prevent any labeling bias. Filters
applied: 1% false discovery rate (FDR) at peptide-to-spectrum
match (PSM), peptide, and protein levels. Filters applied for up-
and downregulated features: values in minimum two out of the
three biological replicates, LIMMA p-value <0.05

Hetero/Mixo Mixo/Photo Hetero/Photo

Protein groups

Quantified 5346 5340 5355

Up 1072 409 835

Down 552 705 670
5863 identified
AcK sites

Quantified 280 278 289

Up 32 40 55

Down 10 5 9

1376 identified

expressed under (purely) phototrophic conditions, whereas
proteins associated with oxidative phosphorylation are
upregulated under mixotrophic conditions accounting for
the adaptations specific to these conditions (Figure 2b,
right column).

Due to our experimental setup, we are not only able to
make binary comparisons as just described, but also to
evaluate protein changes that are specific to overlapping
features, namely light and dark acclimation or CO, and
acetate as carbon sources (Figure 2¢c). We first turned to
proteins specific for the comparison of growth in the dark
and the light by comparing the heterotrophically grown
cells to those grown under the two other conditions. Accli-
mation to growth in the light (Figure 2c, top left) is accom-
panied by upregulation of proteins associated with
photosynthesis, while in the dark, proteins associated with
fatty acid degradation, peroxisomal microbodies, and the
TCA cycle are higher in abundance. Pherophorins are
upregulated (Figure 2¢, bottom right), indicating a switch
to sexual reproduction, which is typical for algae when
grown under unfavorable conditions (Hallmann, 2011).

When comparing the phototrophic state to the two other
growth conditions, one can gain insights into the proteome
adjustments under fully autotrophic conditions compared
to acclimation to an external carbon source. Acclimation to
growth in the absence of an organic carbon source (Fig-
ure 2c, top right) is accompanied by upregulation of pro-
teins associated with photosynthesis, including clusters
that are associated with carbonic anhydrase, which is
important to provide adequate CO, supply for photosyn-
thesis (Tirumani et al., 2014; Ynalvez et al., 2008). In the
presence of acetate as an external carbon source in the
growth medium, proteins associated with the degradation
of fatty acids and other organic compounds are signifi-
cantly enriched (Figure 2c, bottom left).

We found 79 proteins to be significantly upregulated in
both mixo- and heterotrophic conditions when compared
to phototrophic conditions. These proteins are mainly
related to acetate metabolism. An analysis of the best
matching loci of Arabidopsis thaliana homologs via Stitch
DB revealed that 18 of those are known to interact with
acetate directly (Figure S1) (Szklarczyk et al., 2016).

There are 68 proteins downregulated under both condi-
tions, whereof 14 are reported to be directly associated
with CO, metabolism (Figure S2). In summary, under

Figure 2. Differential protein expression analysis of Chlamydomonas under different growth conditions. (a) Volcano plots correlating the log,(FC) values of pro-
tein groups and the respective —logqo(p-values) from LIMMA statistical analyses. Only proteins quantified in at least two biological replicates are shown. The
color gradient indicates the absolute value of the product of the log,(FC) and —logqo(p-values). (b) Volcano plots for functional enrichment analysis performed
with StringDB on either up- or downregulated proteins in the respective binary comparison using the website’s ‘Proteins with Values/Ranks - Functional Enrich-
ment Analysis’ function. Plots are shown correlating the number of proteins in specific functional terms enriched in either growth condition and the respective
—log1o(FDR) given by StringDB when testing for enrichment. (c) Scatter plot for functional enrichment for StringDB features that are shared or unique between
different growth conditions: light (Mixo and Photo) versus dark (Hetero) (top left versus bottom right) and CO, (Photo) versus acetate (Hetero and Mixo) (top
right versus bottom left). The respective number of proteins enriched in a term is shown on the x-axis and the —logo(FDR) resulting from the functional enrich-

ment analysis by StringDB are given on the y-axis.
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heterotrophic growth conditions, most photosynthesis-
and chloroplast-related processes were downregulated.
Upregulated proteins include those involved in fatty acid
oxidation and the TCA cycle. By comparing the up- and
downregulated proteins from the different growth condi-
tions, novel protein regulations responding to either acet-
ate and inorganic carbon or light and dark acclimation
could be identified, such as the pherophorins.

Identification and functional annotation of
lysine-acetylated proteins in Chlamydomonas

In total, 1376 acK sites were detected on 625 protein groups
of Chlamydomonas (Table 1). For each of the binary compar-
isons between different growth conditions, more than 250
sites were quantified and more than half of those in at least
two replicates (Table S2). We found about 15% of those sites
to be significantly changed in their abundance. Under all
three growth conditions, about 25% of the detected acK sites
are found on proteins that were not detected and quantified
as unmodified proteins under those conditions (Figure 3a,b).
To investigate whether specific sequence motifs can be found
surrounding the acK sites, the iceLogo tool was used to gen-
erate a sequence logo using the 15 amino acids on each site
surrounding the acetylated lysine residue (Colaert et al.,
2009). The sequence on top gives an overview of the
sequence context for all detected acK sites. Amongst others,
mainly glycine residues were generally overrepresented from
—4to +6 adjacent to the acetylated lysine residues (Figure 3c),
as well as lysine at +4 and proline at —3 and +1. The sequence
motifs surrounding the significantly differentially regulated
acetylation sites also differ between the different growth con-
ditions, probably indicating that different lysine deacetylases
and acetyltransferases are active in Chlamydomonas depend-
ing on the available carbon sources (Figure 3c). Interestingly,
the enrichment of glycine residues near the acetylation site
disappears in the comparison of heterotrophic and mixo-
trophic growth conditions.

Lysine acetylation dynamics between heterotrophic,
photoautotrophic, and mixotrophic growth conditions

To investigate the regulation of differential lysine acetyla-
tion between heterotrophic, photoautotrophic, and mixo-
trophic conditions a LIMMA statistical analysis was
performed on the acetylated peptide ratios derived from
the three biological replicates (Figure 4a, Table S2). The
volcano plots in Figure 4(a) visualize changes in lysine
acetylation between the different growth conditions. In
addition, to distinguish the regulation at the level of the
acetylated peptide from regulation of the total protein
abundance, the protein ratios are plotted against the pep-
tide ratios (Figure 4b). We focused our downstream analy-
sis on the main metabolic pathways influenced by light
and carbon source acclimations. Many proteins from cen-
tral metabolic pathways were significantly changed in

lysine acetylation levels as briefly outlined in the following
(Figures 1e, 4c, and 5).

Heterotrophic versus mixotrophic growth conditions. In
the comparison of heterotrophically and mixotrophically
grown cells, light is the main difference between these two
conditions, as both media contained acetate as carbon
source. In total, 42 acK sites belonging to 31 unique protein
groups were significantly differentially regulated in their
abundance in heterotrophic compared to mixotrophic con-
ditions (Figure 4a, left column). Under heterotrophic condi-
tions several peroxisomal proteins such as enzymes of the
glyoxylate cycle (malate synthase and citrate synthase),
peroxin 11A, acetyl-CoA synthetase 3, and the multifunc-
tional protein 2 involved in fatty acid beta-oxidation were
increased in acetylation at several sites. In addition, acety-
lation of several chloroplastic proteins was affected. While
proteins from the light reactions (AtpB and E, PsaB, PSAD,
PSBO1, and LHCA1) showed a significant downregulation
in their acetylation level under heterotrophic compared to
mixotrophic conditions, enzymes of the Calvin-Benson
cycle, such as glyceraldehyd-3-phosphate dehydrogenase,
phosphoglycerate kinase, and RbcL (K175), showed a sig-
nificant upregulation in their acetylation level. Among
nuclear proteins, increased acetylation of a NuA4-domain
acetyltransferase, a homeodomain-like/winged-helix DNA-
binding family protein, the nuclear matrix protein THO1,
and histone H2A was observed.

Heterotrophic versus photoautotrophic growth condi-
tions. The comparison of heterotrophic versus photoau-
totrophic growth (Figure 4, middle column, Figure 5)
showed the most distinct changes in lysine acetylation
deriving from the diverging conditions with either an
organic or inorganic carbon source. Photoautotrophically
grown cells produce their energy by the fixation of inor-
ganic CO, via the Calvin-Benson cycle. On this account, a
total of 64 acK sites, belonging to 48 unique proteins, were
significantly differentially regulated between heterotrophic
and photoautotrophic conditions. The changes in lysine
acetylation between heterotrophic and photoautotrophic
conditions occurred on similar acK sites as the changes
between heterotrophic and mixotrophic conditions, but
were much more pronounced (up to 16-fold increase in
lysine acetylation). The most affected pathways with sev-
eral highly significantly differentially regulated acK sites
are related to carbon metabolism, in particular those from
fatty acid beta-oxidation and the glyoxylate cycle in peroxi-
somal microbodies, as well as from photosynthesis meta-
bolism in chloroplasts. In Figure 5, an overview map of
metabolism is presented depicting the relative changes in
lysine acetylation normalized to protein abundance of the
respective proteins. Although some of the peroxisomal
enzymes were also strongly upregulated at the protein
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Figure 3. Comparison of the overlap of the unmodified, quantified proteins and proteins carrying a lysine acetylation site (a, b), and acetylation site motif analy-
ses globally and per growth condition (c). (a) Upset plot for the overlap of unmodified, quantified proteins and proteins carrying an acK site under different
growth conditions. Bars in the lower right panel indicate which binary comparisons overlap. (b) Venn diagrams presenting the overlap of unmodified proteins
(colored) and proteins with acK sites (gray) per binary comparison between growth conditions. (c) Sequence context of all detected acK sites (top) and sequence
windows found specifically differentially regulated in the respective binary comparison of growth conditions, comparing the frequency percentage of an amino
acid at a certain location when acetylated. All motives are centered around the acK site, indicated by a box. The sequence logos were generated with the ice-

Logo tool (Colaert et al., 2009).

level, the change in lysine acetylation levels for several of
these proteins at multiple sites was considerably higher,
indicating that a unique increase in lysine acetylation
occurred for these proteins (Figure 4b, middle). For exam-
ple, acetyl-CoA synthase 3 (ACS3) provides one of the
entry points into the glyoxylate cycle pathway by produc-
ing acetyl-CoA from acetate in peroxisomal microbodies
(Lauersen et al., 2016) (Figure 5). We identified two acK
sites (K205 and K218) on ACS3, which were more than 16-
fold increased under heterotrophic compared to photoau-
totrophic conditions. In the glyoxylate cycle, acetyl-CoA is
then converted to citrate by the citrate synthase CIS2,
which carried three strongly upregulated acK sites (K99,
K340, and K446). While several acetylation sites were
detected on the peroxisomal aconitase (ACH1) and isoci-
trate dehydrogenase (ICL1), none of them were quantifi-
able due to their low abundance (Table S1). A strong
increase in lysine acetylation was observed under hetero-
trophic conditions on two out of 10 detected acK sites (K54
and K422) of malate synthase 1 (MAS1), which is the
enzyme that converts succinate to malate in the glyoxylate

© 2021 The Authors.

cycle (Figures 4a,b and 5). Several additional peroxisomal
and peroxisome-related proteins showed a strong increase
in lysine acetylation, while the total protein level was only
slightly increased. Interestingly, acetyl-CoA acyltransferase
1 (ATO1), which is related to beta-oxidation (Atteia et al.,
2009; Goodenough et al., 2014), possesses three acetyla-
tion sites (K230, K274, and K232), which showed an up to
16-fold increase under heterotrophic conditions. In addi-
tion to proteins from the glyoxylate cycle, also other
enzymes related to acetyl-CoA metabolism in different sub-
cellular compartments showed an increase in acetylation
under heterotrophic conditions. For example, dihy-
drolipoamide acetyltransferase 2 (DLA2) is a subunit of the
plastidial pyruvate dehydrogenase complex and is
involved in the conversion of pyruvate to acetyl-CoA as
well as in the translation of psbA mRNA, which encodes a
reaction center protein of photosystem Il (PSIl) (Bohne
et al., 2013). DLA2 carries in total eight acK sites, including
one (K197) that is significantly upregulated under hetero-
trophic and mixotrophic compared to photoautotrophic
conditions, while the DLA2 protein level is unaltered under
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Figure 4. Quantitative profiling of regulated acetylation sites depending on growth conditions in Chlamydomonas. (a) Volcano plots correlating the log,(FC) val-
ues of acK sites and the respective —logqo(p-values) from LIMMA statistical analyses for the comparison of different growth conditions. Only sites quantified in
at least two replicates are shown. A color gradient indicates the absolute value of the product of the log,(FC) and —log.o(p-values). (b) Scatter plots correlating
the acK and protein FC values for different growth conditions. The color gradient indicates the difference in log,(FC) values for proteins and acK sites. The verti-
cal reference line indicates log(FC) = 0 for acK site changes, the horizontal reference lines indicate log,(FC) = +1 for proteins, and diagonal reference lines with
slope = 1 and intercept = +1 represent the difference between acK and protein FC values. (c) Functional enrichment analysis performed with StringDB on differ-
entially acetylated proteins. Box plots correlate the number of acetylated proteins per KEGG term enriched in either growth condition. The number of proteins
per term is depicted on the x-axis and the respective —log1o(FDR) are shown as fill color of the respective bar.
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Figure 5. Effect of lysine acetylation on Chlamy-
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these conditions (Figure 4b) (Bohne et al., 2013). Fifteen
acK sites were identified on the large subunit of RuBisCO
(RbcL), of which six could be quantified. Again, K175 of
RbcL showed a strong and significant upregulation in
acetylation under heterotrophic conditions.
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Mixotrophic versus photoautotrophic growth condi-
tions. When comparing mixotrophic and photoau-
totrophic growth conditions, acetate is the main factor
which influences lysine acetylation. In total, 45 acK sites
from 32 unique proteins were significantly differentially
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regulated in the comparison of the two conditions. Again,
eight of these 32 proteins, which showed a strong increase
in acetylation, were peroxisomal proteins involved in lipid
breakdown. Remarkably, the lysine-acetylated proteins
showed only minor changes in their total protein abun-
dance (Figure 4b, right, |log,(FC)| < 1, Figure 5), indicating
that the protein expression of the enzymes from the gly-
oxylate cycle is mainly controlled by light/dark acclimation,
but not by acetate. Increased acetylation under mixo-
trophic growth conditions was identified on ADH1, which
is a key enzyme in fermentative metabolism (Magneschi
et al., 2012). Under these conditions also Calvin-Benson
cycle enzymes and proteins involved in the light reaction
showed an increase in acetylation in the presence of acet-
ate in the light. Among the photosynthetic proteins, the
PSBR protein from PSIl showed a more than eightfold and
significant upregulation in lysine acetylation on K38 in the
presence of acetate and light (Figure 4a,b, right column).
PSBR is required for efficient binding of the light-
harvesting complex (LHC) protein LHCS3 to PSIl in Chlamy-
domonas, and hence PSBR acetylation could be important
for PSII-LHCII_LHC3 supercomplex formation and thermal
dissipation in the light (Xue et al., 2015).

Lysine acetylation on enzymes involved in carbon and
fatty acid metabolism

We performed a functional enrichment analysis with
StringDB to evaluate to which pathways the proteins
belong for which the acK status was altered (Figure 4c).
When comparing the proteins with altered acetylation
levels between algae grown under phototrophic conditions
and those grown in the presence of acetate in the medium,
it becomes clear that proteins responsible for carbon and
fatty acid metabolism were affected (Figure 4c, middle and
right panels). When directly comparing proteins with
altered acK status between the mixo- and heterotrophic
states, proteins connected to the ribosome and amino acid
biosynthesis show increased acetylation when light was
available (Figure 4c, left).

We went on to evaluate the effect of lysine acetylation on
fatty acid metabolism in more detail (Table S4). We found
16 proteins with differentially acetylated lysines under the
different growth conditions that also form a highly con-
nected interaction network (Figure 5b-d). Six of those pro-
teins play a role in fatty acid biosynthesis (blue circles),
while the other 10 are associated with fatty acid degradation
(green). Both catabolic and anabolic enzymes show a high
degree of acetylation. Especially 3-hydroxyacyl-CoA dehy-
drogenase (3HCDH), involved in fatty acid degradation, car-
ries eight acK sites, which show stronger acetylation in the
presence of acetate and with no light available (Fig-
ure 5¢,d). The biotin carboxylase subunit (biotin COase)
of the polymeric acetyl-CoA carboxylase complex is
acetylated to a higher extent when comparing photo- to

mixotrophic or to heterotrophic growth. Ketoacyl-ACP
reductase shows a strong decrease in acetylation when
comparing phototrophic growth to the other two condi-
tions.

The large subunit of RuBisCO and citrate synthase show a
strong increase in lysine acetylation occupancies under
heterotrophic conditions

To get an impression of lysine acetylation occupancies on
Chlamydomonas proteins, we selected the highly regu-
lated acK site K175 of RbcL, since increased lysine acetyla-
tion was reported previously for RuBisCO during the night
in Arabidopsis, which resulted in a significant downregula-
tion in RuBisCO activity (Finkemeier et al., 2011; Gao et al.,
2016). The concept of site occupancy calculation for PTMs
was initially presented by Olsen and co-workers for phos-
phorylated peptides (Olsen et al., 2010). It assumes that in
different conditions modified peptides should have their
abundance changed inversely proportional to their non-
modified counterpart. In the case of acK sites this is not
easily possible, since the acetylation is masking the posi-
tive charge of the side chain, which would lead to a tryptic
cleavage. Hence, the modified and unmodified peptides
are of very different lengths and the unmodified peptides
might contain too few amino acids for an unambiguous
identification. However, in case both peptides can be
detected, the increase in abundance of the acetylated pep-
tides between two conditions can be calculated relative to
the decrease in their non-modified counterparts carrying a
missed cleavage at the site of interest (Nakayasu et al.,
2014). We made use of this fact in our calculations. Fig-
ure 6(a) shows that the peptide GLLGCTIKPK was detected
in its acetylated form on position K8 in all three dimethyl
labeling states. The peptide was also detected with one
missed cleavage in its unmodified form, probably due to
the presence of proline. Hence, we were able to calculate
the occupancy for this particular site of K175 of RbcL using
the ratios for the acetylated and the corresponding unmod-
ified peptide that has not been cleaved at K175. The occu-
pancy was the highest (35%) in the algae grown
heterotrophically without light. This site shows the lowest
occupancy (only 6%) in the phototrophically grown
Chlamydomonas cultures, indicating active deacetylation
(Figure 6a). In addition to RbclL, we also evaluated the
occupancy of two acK sites (K99 and K340) on the peroxi-
somal citrate synthase CIS2, where corresponding unmodi-
fied peptides were detected. In the case of CIS2 we
calculated the occupancies based on dimethyl ratios for
acetylated and unmodified peptides not cleaved at the
respective positions as outline before. For another strongly
acetylated site (K446) on CIS2 no unmodified counterpart
was detected, and hence no occupancy could be calcu-
lated. CIS2 is a key enzyme of the glyoxylate cycle and cat-
alyzes the conversion of acetyl-CoA to citrate. The enzyme
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showed a strong increase in acetylation that was depen-
dent on acetate in the growth medium (Figures 4 and 5).
The occupancy calculation revealed that K99 is acetylated
to about 50% under heterotrophic conditions. A lower
occupancy was observed under mixo- (33%) and pho-
totrophic (21%) growth conditions (Figure 6b). In a
sequence alignment, this amino acid position turns out to
be conserved in algae; however, in land plants such as A.
thaliana, this position is exchanged to a negatively charged
glutamic acid (Figure S3a). The acK site K340 of CIS2 was
almost fully acetylated when the algae were grown without
any light (heterotrophically). The occupancy level was
reduced to 41% under mixo- and to 9% under phototrophic
conditions, again indicating active deacetylation. The
lysine residue K340 is highly conserved amongst plants in
general. To investigate whether the acetylation occupancy
correlated with the activity of citrate synthase, we deter-
mined the total citrate synthase activity in protein extracts
from all three growth conditions (Figure 6c). It must be
noted that next to the peroxisomal CIS2, a mitochondrial
CS isoenzyme (CIS1) exists in Chlamydomonas, which
however showed no significant change in protein abun-
dance under the investigated conditions (Table S1). The
total citrate synthase activity was increased more than 2.2-
fold under heterotrophic compared to photoautotrophic
growth conditions, which corresponds with the strong

Chlamydomonas lysine acetylation dynamics 11

increase in protein abundance (5.6-fold) as well as an even
stronger increase in lysine acetylation (11- to 25-fold) of
CIS2 (Figure 4b, Table S1).

DISCUSSION

In recent years, several global acetylome characterizations
have been reported both in prokaryotes and eukaryotes
(Choudhary et al., 2014). The present study presents the
Chlamydomonas acetylome in combination with a stable
dimethyl-labeling technique to compare heterotrophic,
photoautotrophic, and mixotrophic growth conditions.
Mixotrophic growth conditions promote optimal lipid for-
mation, which is important for large-scale generation of
algal-based biofuels (Sager and Granick, 1953; Work et al.,
2010). It is known that the addition of acetate to the growth
medium boosts metabolism and leads to a higher growth
rate in several green algae (Lauersen et al., 2016; Rai et al.,
2013; Smith et al., 2015). In Euglena gracilis the number of
microbodies increased in the presence of acetate (Graves
et al., 1971). This is in accordance with the finding that the
total volume of peroxisomal microbodies and the tran-
script levels of enzymes involved in the glyoxylate cycle
increased when Chlamydomonas cells were grown on
acetate-containing medium (Hayashi et al., 2015). Strik-
ingly, genes belonging to the GPR1/FUN34/YaaH (GFY)
superfamily also showed increased expression upon

Figure 6. AcK site occupancies and enzyme activ- 40 . .
ity. (a) AcK site occupancy of K175 of RbcL (de- (@) _ 7=2 dlMe158GLLGgamCTIaCKPK177d/Me
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acetate addition. CrGFY1-5 show structural similarity to
bacterial succinate-acetate channels and specifically local-
ize to microbodies. GFY3-5 expression was strongly upreg-
ulated in the presence of acetate, and they were found to
be co-expressed with genes participating in acetate meta-
bolism especially with those involved in the glyoxylate
cycle (Durante et al., 2019). Also in this study, we observed
a strong increase in abundances of proteins involved in
the glyoxylate cycle, as well as of the GFY3-5 proteins, par-
ticularly under heterotrophic conditions. Thus, these
results provide further confirmation that peroxisomal
microbodies play a key role in acetate assimilation (Lauer-
sen et al., 2016). A recent metabolomic and proteomic
study in Isochrysis galbana showed that fatty acids accu-
mulated when the algae were fed with acetate. The
enzymes acting in the glyoxylate cycle accumulated when
the medium was supplemented with acetate and nitrogen
but not under nitrogen starvation conditions. Hence, the
acetate-dependent regulation relies on nitrogen availability
(Kaur et al., 2021). To further improve biofuel production, it
is of great interest to understand the underlying principles
of metabolic pathway regulation in Chlamydomonas. The
acetylome data which we present here provide new possi-
ble regulatory mechanisms based on this PTM. However, it
is important to note that a change in acetylation status
does not necessarily mean that the activity or function of
this protein is also regulated by this modification. This
depends on whether the site of modification is essential
for protein function, which needs to be confirmed in a
case-by-case manner for every protein and modification
site (Hosp et al., 2017). By using an MS-based approach,
we identified an overall number of 5863 protein groups
with 1376 acK sites (Table 1). Our data indicate that lysine
acetylation occurs on proteins involved in diverse meta-
bolic pathways in Chlamydomonas, which is in accordance
with observations from several other organisms (Cobbold
et al., 2016; Fang et al., 2015; Finkemeier et al., 2011; Hartl
et al., 2017; Henriksen et al., 2012; Liu et al., 2014; Uhrig
et al., 2019; Wu et al., 2011; Zhou et al., 2018). The wide-
spread distribution recapitulates the vital biological func-
tion of this PTM, and includes metabolic enzymes involved
in protein biosynthesis and photosynthesis, as well as sev-
eral important carbon utilization pathways, such as glycol-
ysis, the TCA cycle, and the glyoxylate cycle. Here we
investigated the influence of acetate and inorganic carbon,
as well as light availability on lysine acetylation of proteins
in Chlamydomonas, thereby allowing to uncover the possi-
ble regulatory function of this modification. Our data show
that acetate as carbon source has a major influence on
lysine acetylation of selected nuclear, peroxisomal, and
plastid proteins, as indicated by the large changes in lysine
acetylation, when comparing either heterotrophic or mixo-
trophic with photoautotrophic conditions (Figure 4). Since
acetate can be converted to acetyl-CoA via ACS and ACK in

Chlamydomonas, it can be speculated that lysine acetyla-
tion plays a major role in causing changes in the activity of
metabolic enzymes, which direct the metabolic flux to pro-
duce energy from acetate (Yang et al., 2014). Especially the
enzymes of the glyoxylate cycle showed a strong increase
in the total proteome and an even stronger increase in
their acetylation levels. This supports previous findings
that acetate enters the glyoxylate cycle pathway in
peroxisomal microbodies of Chlamydomonas, which is
the preferred carbon utilization pathway especially for
heterotrophically grown cells (Plancke et al., 2014, Lauersen
etal., 2016). In addition, the strong upregulation of enzymes
involved in the glyoxylate cycle under heterotrophic condi-
tions could be necessary because during longer periods of
darkness plants start degrading their endomembrane sys-
tem and depend on fatty acid beta-oxidation (Kunze et al.,
2006). Additionally, the number of peroxisomal microbod-
ies increases with acetate in the media (Hayashi et al.,
2015). In Arabidopsis peroxisomal proliferation is regulated
by an increased abundance of PEX11 proteins (Lingard and
Trelease, 2006). Here we observed an increase in acetylation
of PEX11a under heterotrophic conditions (Table S2), which
could be important for regulation of PEX11 function. The
link between acetate metabolism and lysine acetylation is
well studied and is mainly established because of the
known activity regulation of ACS by lysine acetylation in
several organisms (Crosby et al., 2010; Gardner et al., 2006;
Starai et al., 2002). While in Salmonella enterica Lys609 is
actively acetylated by the acetyltransferase Pat and thereby
inactivated (Starai and Escalante-Semerena, 2004), this
lysine site, although it is conserved in Chlamydomonas,
was not affected in our study (Figure S3b). Thus, it remains
to be discovered whether the highly increased acetylation
on ACS3, as well as on many other enzymes of the glyoxy-
late cycle, which we observed when acetate is present
resulted from active acetylation via an acetyltransferase or
from chemical acetylation as a by-product from acetyl-P
production via ACK as in E. coli (Castano-Cerezo et al.,
2014). While acetylation of metabolic enzymes is more often
reported in the context of inhibition of enzyme activity,
activation of an enzyme by this PTM was reported for the
glycolytic activity of the E. coli glyceraledyhyd-3-phos-
phate dehydrogenase, enoyl-coenzyme A hydratase/3-
hydroxyacyl-coenzyme A dehydrogenase in fatty acid beta-
oxidation, the TCA cycle enzymes aconitase and malate
dehydrogenase in human liver and heart tissue, respec-
tively, and malate dehydrogenase from Arabidopsis and
Physcomitrella (Balparda et al., 2021; Fernandes et al.,
2015; Finkemeier et al., 2011; Wang et al., 2010; Zhao et al.,
2010). Hence, it cannot be easily predicted whether acetyla-
tion has a positive or negative effect on enzyme function,
because the effect on activity or function is highly depen-
dent on the position of the acetylation site within the pro-
tein structure (Hartl et al., 2017; Hosp et al., 2017; Schmidt
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et al., 2017). In addition, the site stoichiometry of acetyla-
tion on a given enzyme within a cellular context can be
important, and generally lysine acetylation was reported to
occur only at sub-stoichiometric levels on most sites under
the analyzed conditions (Hansen et al., 2019; Weinert et al.,
2017). However, site stoichiometry analyses in an E. coli
deacetylase mutant revealed that metabolic enzymes which
either utilize or generate acetyl-CoA show occupancy rates of
up to 98% on selected enzymes (Baeza et al., 2014), and
acetyl-phosphate-dependent acetylations were responsive to
changes in carbon flux (Schilling et al., 2015). Here we identi-
fied particularly high acetylation site occupancies for
RuBisCO and peroxisomal citrate synthase under hetero-
trophic conditions (Figure 6). A strong negative impact of
lysine acetylation on RuBisCO initial activities has previously
been observed in A. thaliana (Finkemeier et al., 2011), and
since K175 is a catalytically active site and responsible for
protonation of the acid carboxylate, acetylation of K175
would inactivate RuBisCO activity (Knight et al., 1990). It will
be interesting to investigate whether K175 acetylation is an
evolutionarily conserved mechanism that inhibits RuBisCO in
cells grown under heterotrophic growth conditions and
whether this modification also prevents the degradation of
the enzyme under these conditions. Especially for site stoi-
chiometry analyses, single-cell algae will be particularly use-
ful since they can be grown in a highly synchronized manner
under standardized growth conditions. In addition to
RuBisCO, the peroxisomal citrate synthase CIS2 showed
occupancy levels of up to 85%, which correlated with high
activities of total cellular citrate synthase (Figure 6). In future
studies, it would be interesting to perform site-directed muta-
genesis on the different acK sites of CIS2 and to identify the
putative acetyltransferases and deacetylases in peroxisomal
microbodies and chloroplasts of Chlamydomonas.

In conclusion, Chlamydomonas proved to be an excellent
organism to study PTM-mediated regulation of proteins,
which might be important for engineering algal and plant
metabolism via genetic manipulations of their acK sites.

EXPERIMENTAL PROCEDURES
Algal strain and culture conditions

For Chlamydomonas, we used the cell wall-deficient strain CC-3491
cw15 mt (Chlamydomonas Resource Center), which showed a
reduced abundance of acetylated tubulin due to a high proportion
of non-flagellated cells. The strain was maintained on 0.8% agar-
solidified Tris/acetate/phosphate (TAP) medium (Harris, 1989) at
25°C under constant light (30 pumol m~2 sec™"). Liquid cultures
were incubated under agitation at 25°C. For analysis, a pre-culture
was grown in 2 L of TAP medium containing 1% sorbitol (TAPS) to
a density of approximately 5 x 108 cells/ml. Cells were harvested
by centrifugation (5 min, room temperature, 1000 g), washed once
with 200 ml high-salt minimal medium (HSM), and resuspended in
120 ml HSM (approximately 8 x 107 cells mI~") (Sager and Gran-
ick, 1953). Considering different doubling times of Chlamydomonas
cells under the selected growth conditions we used adjusted cell
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numbers for inoculation to reach a final cell number of approxi-
mately 2 x 10° cells after 30 h of growth per replicate. The suspen-
sion was used to inoculate the following cultures. For heterotrophic
growth, 3 x 10 ml resuspended culture was used to inoculate
3 x 300 ml TAPS; for mixotrophic growth, 3 x 8 ml was used to
inoculate 3 x 300 ml TAPS; and for growth under photoautotrophic
conditions, 3 x 15 ml was used to inoculate 3 x 500 ml HSM to
compensate for different growth rates under the applied conditions
and to reach approximately the same final cell densities after 30 h.
For mixotrophic and photoautotrophic growth, cells were then incu-
bated in the light (100 umol m~2sec™), and cells were kept in
complete darkness for heterotrophic growth. Cells were harvested
by centrifugation, immediately frozen in liquid nitrogen, and stored
at —80°C until further use.

Immunoenrichment and Western blot analysis

Cells were harvested by centrifugation and lysed by resuspending
them in 2 ml basic extraction buffer (BEB) containing 50 mm Tris
pH 7.5, 150 mm NaCl, 10% (v/v) glycerol, 2 mm EDTA, 0.5% (w/v)
Triton X-100, and 5 mw dithiothreitol and protease inhibitor cocktail
(cOmplete Tablets, Roche, Mannheim, Germany) by continuous
pipetting. Additionally, to avoid deacetylation of proteins, 3 um api-
cidin and 1 mm nicotinamide were added to the extraction buffer.
For immunoenrichment of lysine-acetylated proteins, 200 ug pro-
tein extract was incubated with 20 pul anti-acetyl lysine antibody
immobilized on agarose beads (ImmuneChem Pharmaceuticals,
Burnaby, BC, Canada) for 3 h at 4°C. Immunoprecipitates were
washed three times with extraction buffer and eluted by boiling in
gel loading buffer for 5 min. For Western blot analysis, proteins
were separated by SDS-PAGE, transferred to a nitrocellulose mem-
brane, and probed using an acetyl lysine antibody in a 1:1000 (v/v)
dilution (ImmuneChem Pharmaceuticals, Burnaby, BC, Canada).
Horseradish peroxidase-conjugated secondary antibody (Bio-Rad,
Feldkirchen, Germany) was used in a 1:10 000 dilution.

Protein extraction and peptide preparation

Protein pellets from Chlamydomonas were extracted in 10 ml
heated SDT lysis buffer containing 4% (w/v) SDS, 100 mm Tris/HCI
pH 7.6, and 10 mm DTT for 10 min at 95°C with occasional mixing
followed by 15 min of sonication. Protein extracts were cleared by
centrifugation and the protein amount was determined using the
660 nm Pierce protein assay with compatibility reagent (Pierce,
Rockford, IL, USA) as previously described (Hartl et al., 2015).

To remove excess SDS and to prepare samples for tryptic diges-
tion, the FASP method with Amicon Ultra-15 centrifugal filter units
(Millipore, Darmstadt, Germany) was used (Wisniewski et al.,
2009). Briefly, 10 mg of the protein extract was diluted with 8 m
urea in 100 mm Tris/HCI pH 8 until an SDS concentration of <0.5%
was reached. After SDS removal, the extract was alkylated using
50 mm iodoacetamide for 30 min in the dark, excess reagent was
washed through a filter, and the buffer was replaced with 50 mm
NH4HCOs. The reduced and alkylated proteins were digested using
MS-grade trypsin (T6567, Sigma-Aldrich, Darmstadt, Germany) in
an enzyme-to-protein ratio of 1:100. Eluted peptides were quanti-
fied at 280 nm. Digested peptides were dimethyl-labeled on C;g
Sep-Pak plus short columns (Waters, Eschborn, Germany) as pre-
viously described (Lassowskat et al., 2017). Equal amounts of
light, medium, and heavy dimethyl-labeled peptides were pooled
for each replicate and the solvent was evaporated in a vacuum
centrifuge. The dried peptides were dissolved in 1 ml TBS buffer
(50 mm Tris-HCI, 150 mm NaCl, pH 7.6) and pH was checked and
adjusted if required. Peptides (15 pg) were stored for whole pro-
teome analysis. About 10 mg of the pooled labeled peptides were
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resuspended in 2 ml 95% solvent A (95% acetonitrile, 5 mm
ammonium acetate) and 5% buffer B (5 mm ammonium acetate)
and fractionated with a flow rate of 500 pl min~"' on a Sequant
ZIC-HILIC column (3.5 um, Merck, Darmstadt, Germany) using a
segmented linear gradient of 0-60% solvent B (5 mm ammonium
acetate). The fractions were combined to seven final fractions and
dried in a vacuum centrifuge. Peptides were resuspended in IP
buffer (50 mm Tris/HCI pH 7.6, 150 mm NaCl) and the concentration
was determined on a spectrophotometer at 280 nm. Lysine-
acetylated peptide enrichment was performed as previously
described with 1 mg peptide per fraction (Lassowskat et al., 2017).
After enrichment, the eluted peptides were desalted using Cg
Stagetips and dried in a vacuum centrifuge.

Mass spectrometry

Dried peptides were redissolved in 2% acetonitrile (ACN), 0.1% tri-
fluoroacetic acid for analysis. Total proteome samples were
adjusted to a final concentration of 0.2 ug ul~". Samples were ana-
lyzed using an EASY-nLC 1000 (Thermo Fisher Scientific) coupled
to a Q Exactive Plus mass spectrometer (Thermo Fisher). Peptides
were separated on 16-cm frit-less silica emitters (New Objective,
Littleton, MA, USA, 0.75 um inner diameter), packed in-house with
reversed-phase ReproSil-Pur Cig AQ 3 um resin (Dr. Maisch,
Ammerbuch, Germany). Peptides (5 ul) were loaded on the col-
umn and eluted for 120 min using a segmented linear gradient of
0-5% solvent B (solvent A 5% ACN, 0.5% formic acid [FA]; solvent
B 100% ACN, 0.5% FA) at a flow rate of 250 nl min~". Mass spectra
were acquired in data-dependent acquisition mode with a top 15
method. MS spectra were acquired in the Orbitrap analyzer with a
mass range of 300-1750 m/z at a resolution of 70 000 full width at
half maximum (FWHM) and a target value of 3 x 10° ions. Precur-
sors were selected with an isolation window of 1.3 m/z. HCD frag-
mentation was performed at a normalized collision energy of 25.
MS/MS spectra were acquired with a target value of 10° ions and
an intensity threshold of 7.3 x 10° (acetylated peptides) or
1.1 x 10° (total proteome samples) at a resolution of 17 500
FWHM and a fixed first mass of m/z = 100. Peptides with a charge
of +1, a charge of > +6, or an unassigned charge state were
excluded from fragmentation for MSZ2 Dynamic exclusion for
30 sec prevented repeated selection of precursors.

MS/MS data analysis

Raw data were processed using MaxQuant software (version
1.6.14.0, http://www.maxquant.org/) (Cox and Mann, 2008) with
standard settings and the match-between run and re-quantification
option enabled (Cox et al., 2014). The MS ratio count was set to a
minimum of two and only unmodified peptides were used for pro-
tein quantification. MS/MS spectra were searched by the Andro-
meda search engine (integrated in MaxQuant) against the
Phytozome 13 database for genomically encoded proteins (Crein-
hardtii_281_v5.6) supplemented with organelle-specific FASTA files
for mitochondrial and plastidial sequences obtained from the NCBI
GenBank (Goodstein et al., 2012; Merchant et al., 2007). Sequences
of 248 common contaminant proteins and decoy sequences were
automatically added during the search. Data of the total proteome
and acetyl lysine-enriched samples were separated into two parame-
ter groups to permit combined analysis. Dimethylation of peptide N-
termini and lysine residues were set as light (H,C,), medium (D,C,),
and heavy (—H, +Dg"C,) labels. Trypsin specificity was required and
a maximum of two or four missed cleavages was allowed for total
proteome and acetyl lysine-enriched samples, respectively. Minimal
peptide length was set to seven amino acids. Carbamidomethylation
of cysteine residues was set as fixed, with oxidation of methionine

and protein N-terminal acetylation as variable modifications. Acety-
lation of lysine was added as a variable modification for the
antibody-enriched samples. Allowed mass deviation was 4.5 ppm
for peptides and 20 ppm for fragments. The minimum score and
delta score for modified peptides were filtered for a minimum
Andromeda score of 35 and 6, respectively. Peptide-spectrum
matches and corresponding proteins were retained if they were
below a false discovery rate of 1% as estimated using a target-decoy
approach from a reversed sequence database. Localization probabil-
ities of acetylated peptides are given in Table S2. Subsequent data
analyses were performed in R. The LIMMA 3.42.2 package was used
to determine differentially regulated proteins and acetylation sites
(Ritchie et al., 2015) in R 3.6.2 (R Core Team, 2016). Volcano plots
were generated with ggplot2 3.3.0, plotting the (—logse-transformed)
non-adjusted p-values versus the log,(FC) values. The iceLogo web
server was used for sequence logo creation (Colaert et al., 2009). A
local blast was used in order to map the protein entries from Phyto-
zome and the NCBI GenBank to String identifiers. String’s ‘Proteins
with Values/Ranks - Functional Enrichment Analysis’ was used to
analyze the log(FC) values from full proteome experiments, while
pre-filtered lists were used for functional enrichment and protein-
protein interaction network analysis for acetylation sites. Mercator4
was used for functional annotation and classification of the signifi-
cantly differentially regulated acK sites (Schwacke et al., 2019). The
protein sequence information used for identification was uploaded
to the website for annotation and the resulting mapping was used
for downstream analysis and visualization in MapMan 3.6 (Lohse
et al., 2014; Thimm et al., 2004).

Citrate synthase activity

Protein extraction was carried out in BEB followed by desalting
with PD-10 columns (GE Healthcare, Solingen, Germany). The pro-
tein extract was treated with deacetylase inhibitors (3 um apicidin
[Darkin-Rattray et al., 1996] and 1 mm nicotinamide [Schmidt
et al., 2004]). Citrate synthase activity was measured spectropho-
tometrically as described previously (Schmidtmann et al., 2014).
The assay was based on the absorbance of DTNB after reaction
with CoA at 412 nm. Prepared protein extract (100 pg) was incu-
bated with 0.5 mm acetyl-CoA (AppliChem, Darmsatdt, Germany)
in 1 mm DTNB (in 100 mm Tris-HCI pH 8.0) and the reaction was
started after addition of 10 mm oxaloacetate.

Experimental design and statistical rationale

To work with the same starting material, a pre-culture of Chlamy-
domonas cells was split into three sub-cultures per condition (het-
erotroph, mixotroph, photoautotroph). Samples were randomly
numbered 1-3 and every first, second, or third replicate sample
from each condition was selected for differential dimethyl labeling
to end with a light, medium, and heavy dimethyl-labeled peptide
sample, which were pooled for subsequent MS analysis. The light,
medium, and heavy isotopes were swapped in the third replicate to
prevent any labeling bias in the data analysis. Statistical tests used
to analyze data are indicated in the respective figure legends.
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