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ARTICLE INFO ABSTRACT

Post-translational modifications (PTMs) are covalent modifications to protein residues which may alter both
conformation and activity, thereby modulating signaling and metabolic processes. While PTMs have been largely
investigated independently, examination into how different modification interact, or crosstalk, will reveal a
more complete understanding of the reciprocity of signaling cascades across numerous pathways. Combinatorial
reversible thiol oxidation and phosphorylation in eukaryotes is largely recognized, but rigorous approaches for
experimental discovery are underdeveloped. To begin meaningful interrogation of PTM crosstalk in systems
biology research, knowledge of targeted proteins must be advanced. Herein, we demonstrate protein-level en-
richment of reversibly oxidized proteoforms in Chlamydomonas reinhardtii with subsequent phosphopeptide
analysis to determine the extent of phosphorylation in the redox thiol proteome. Label-free quantification was
used to quantify 3353 oxidized Cys-sites on 1457 enriched proteins, where sequential phosphopeptide enrich-
ment measured 1094 sites of phosphorylation on 720 proteins with 23% (172 proteins) also identified as re-
versibly oxidized. Proteins identified with both reversible oxidation and phosphorylation were involved in
signaling transduction, ribosome and translation-related machinery, and metabolic pathways. Several redox-
modified Calvin-Benson cycle proteins were found phosphorylated and many kinases/phosphatases involved in
phosphorylation-dependent photosynthetic state transition and stress-response pathways had sites of reversible
oxidation. Identification of redox proteins serves as a crucial element in understanding stress response in pho-
tosynthetic organisms and beyond, whereby knowing the ensemble of modifications co-occurring with oxidation
highlights novel mechanisms for cellular control.
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1. Introduction

PTMs are covalent modifications to the primary structure of proteins
and are necessary for the regulation of critical processes including
metabolism, signaling, and overall homeostasis [1,2]. Phosphorylation
is a reversible modification to amino acid residues (primarily Ser, Thr,
and Tyr) catalyzed by protein kinases and removed by phosphatases,
which can trigger structural changes of proteins to alter diverse biolo-
gical properties [3]. Likewise, the reversible oxidation of protein cy-
steine thiols (-SH) has emerged as a principal regulatory mediator akin
to phosphorylation by forming highly distinct redox switches including
disulfide bridges (-SSR) [4], S-glutathionylation (-SSG) [5], S-ni-
trosylation (-SNO) [6], and S-sulfenylation (-SOH) [7]. Under condi-
tions of adverse oxidative stress, irreversible sulfinic (-SO,H) and

sulfonic (-SO3H) acids may develop via sequential oxidation of sulfe-
nylated thiols [8]. Collectively, both phosphorylation and reversible
thiol oxidation represent molecular switches that may fine-tune the
functional response of proteins involved in many crucial processes [9].

While both modifications have been largely investigated in-
dependently, examination into how they interact, or crosstalk, will re-
veal a more complete understanding of the reciprocity of signaling
cascades across numerous pathways [10]. Recent advances in pro-
teome-wide studies of methionine oxidation in Arabidopsis thaliana have
shown that it may serve as a rheostat to control the phosphorylation of
proximal residues, further revealing the widespread consequences of
redox signaling [11,12]. Similarly, proteins with both reversible cy-
steine oxidation and phosphorylation sites are largely recognized
[13,14], yet studies identifying proteoforms simultaneously affected by
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these modifications are sparse [15,16]. Discovery and targeted valida-
tion of these PTMs and the effect on protein structure and function are
particularly lacking for photosynthetic organisms and must be ad-
vanced to begin meaningful definition of signaling pathways [17].

Chlamydomonas reinhardtii (hereafter, Chlamydomonas) is an ex-
tensively studied microalgae and serves as a model for fundamental
biological processes, including photosynthesis, flagellar development,
and triacylglycerol accumulation [18]. Several large-scale proteomic
studies have mapped the extent of reversibly oxidized Cys in the
Chlamydomonas proteome. Zaffagnini et al. [19] identified 225 glu-
tathionylated proteins using biotinylated glutathione and streptavidin
affinity chromatography, additionally mapping 56 glutathionylated
Cys-sites using peptide affinity purification and tandem mass spectro-
metry. Morisse et al. [20] used complementary enrichment methods to
identify 492 proteins with potential sites of S-nitrosylation. Recently,
Pérez-Pérez et al. [21] determined TRX targets in Chlamydomonas to
show 1188 proteins actively modulated by TRX-dependent reduction of
disulfide bonds. Our research group has benchmarked the use of thiol-
affinity resin to enrich peptides from reversibly oxidized proteins in
photosynthetic organisms, notably using label-free quantification to
measure the abundance of 3662 redox Cys-containing peptides from
1924 proteins in Chlamydomonas [22].

There has also been considerable interest in studying the extent of
phosphorylation in the Chlamydomonas proteome. Wagner et al. [23]
identified 360 phosphopeptides from 328 different proteins in Chla-
mydomonas treated with Ser/Thr phosphatase inhibitors, while Pan
et al. [24] isolated flagella to determine phosphorylation events on 224
proteins involved with motility and assembly. We comprehensively
analyzed the global Chlamydomonas phosphoproteome by localizing
15,862 phosphosites on 4588 proteins and enhanced the understanding
of a range of regulatory mechanisms controlling photosynthesis, carbon
assimilation, glycolysis, and other distinct cellular processes [25]. Our
efforts to quantify the phosphoproteome used a dual enrichment
strategy that targeted intact protein kinases by capture on immobilized
multiplexed kinase inhibitor beads with subsequent proteolytic diges-
tion of unbound proteins and peptide-based phosphorylation enrich-
ment [26], thereby measuring the abundance of 2250 phosphosites
across 1055 proteins.

Reversible oxidation and phosphorylation alone are key regulators
in Chlamydomonas metabolic and signaling pathways, but it is not well-
known the extent of proteins co-occupied by both modifications. Prior
studies to broadly identify proteins with both Cys and phosphorylated
residues have relied on performing some variation of phosphorylation
enrichment on Cys-containing peptides enriched with thiol-affinity
resin [27,28]. As a result of a peptide-based enrichment, these ap-
proaches were limited to identifying dually-modified proteins only if
tryptic peptides contained both PTMs without a cleavage site between
the affected residues. An alternative method used cysteine-specific
phosphonate adaptable tags to simultaneously enrich peptides with
either tagged Cys residues, phosphorylation, or combinations thereof
[29], noting from the low frequency of doubly-modified peptides that
these PTMs must generally coexist on distant residues in the protein
sequence, implying an approach targeting intact proteins would be
better-suited. We previously developed a two-dimensional electro-
phoresis strategy for parallel analysis of changes to the redox, phos-
phorylated, and total proteome using spectrally distinct fluorophores,
which was used to study the chemical inhibition of the target of rapa-
mycin (TOR) signaling pathway in Chlamydomonas [30].

Herein, we present a method for protein enrichment of reversibly
oxidized proteoforms with subsequent phosphopeptide analysis to de-
termine the extent of phosphorylation in the redox thiol proteome.
Thiol-affinity resin was used to enrich intact proteins with reversible
oxidation prior to enzymatic digestion. Following on-resin digestion
and stoichiometric recombination of eluate and flow-through, phos-
phopeptide enrichment was performed to identify phosphosites on re-
versibly oxidized proteoforms. This approach allowed detection of
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reversibly oxidized proteins and the ensemble of additional phosphor-
ylation on the redox proteome. We demonstrated biological significance
of this approach in a model photosynthetic organism, Chlamydomonas
reinhardtii, and quantified 3353 reversibly oxidized Cys on 1457 pro-
teins and 1094 phosphorylation sites on 720 proteins, thereby pro-
viding broad, site-specific coverage of the proteome affected by both
reversible oxidation and concurrent phosphorylation.

2. Materials and methods
2.1. Preparation of biological material

Wild-type Chlamydomonas reinhardtii strain CC-2895 6145¢ mt- was
purchased from the Chlamydomonas Resource Center (www.
chlamyecollection.org). Cells were cultivated photoheterotrophically in
250 mL flasks holding 100 mL of Tris-acetate-phosphate medium [31].
Cultures were maintained at 22 °C on an Innova 2000 platform shaker
(New Brunswick Scientific, Enfield, CT, USA) at 120rpm under
100 umolm~2 s~ illumination with a 12h photoperiod. For all ex-
periments, biological replicates were simultaneously grown to mid-log
phase (OD,5q 0.4-0.5) and harvested 2 h after the dark-light transition.
Cells were harvested by centrifuging for 5min at 2000 x g and dis-
carding the supernatant. Cell pellets were flash-frozen using liquid ni-
trogen and stored at — 80 °C until use.

2.2. Protein extraction

Unless noted, all steps were performed on ice under low light con-
ditions. Cell pellets (0.3 g) were resuspended in 3mL of lysis buffer
containing 50mM Tris, pH 8.0 with 1mM diethylene-
triaminepentaacetic acid (DTPA), 0.1 mM neocuproine, 100 mM io-
doacetamide (IAM), and 1 X concentrations of cOmplete protease in-
hibitor and phosSTOP phosphatase inhibitor cocktails (Roche,
Indianapolis, IN, USA). To avoid bubbling, 0.5% Triton X-100 was
added immediately following pellet resuspension. Cells were lysed via
sonication using an E220 focused-ultrasonicator (Covaris, Woburn, MA,
USA) for 2 cycles of 30s at 200 cycles/burst, 100 W power, and 13%
duty cycle. Following sonication, 2% SDS was added to the homogenate
and alkylation was continued in a Thermomixer (Thermo Fisher
Scientific, Rockford, IL, USA) for 2 h protected from light at 50 °C and
850 rpm. Cellular debris was cleared by centrifugation for 5min at
20,000 x gand proteins were precipitated from the supernatant using 5
volumes of cold 100 mM ammonium acetate in methanol. Following
incubation for 30 min at — 80°C, proteins were pelleted by cen-
trifugation for 5 min at 2000 X g. To remove excess reagents, the pellet
was washed with 100 mM ammonium acetate in methanol and once
with 70% ethanol. Precipitate was resuspended in 1 mL of 50 mM Tris-
HCI, pH 8.0 with 0.5% SDS, and 8 M urea and remaining cellular debris
was removed by centrifugation. Protein concentrations were de-
termined using the CB-X assay (G-Biosciences, St. Louis, MO, USA)
against BSA standard. Reversibly oxidized thiols were reduced using
10 mM dithiothreitol (DTT) and incubated in a Thermomixer for 1 h at
30 °C and 850 rpm. Excess DTT was removed by loading protein sample
to an Amicon Ultra-2 centrifugal filter (EMD Millipore, Billerica, MA,
USA) with 10kDa MWCO and centrifuging for 10 min at 4°C and
10,000 X g. Buffer exchange proceeded by adding 1 mL of 50 mM Tris,
pH 8.0 with 1 mM DTPA and 0.5% SDS in two passes. Protein was re-
covered from the filter using an equal volume of washing buffer and
estimated for concentration. A negative control for reversible oxidation
samples was prepared by combining an aliquot from each replicate and
processing identically as above without the addition of DTT reductant.
Subsequent enrichment of nascent thiols was performed using 1 mg of
protein lysate at 2 mg/mL concentration.
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2.3. Protein-level cysteine enrichment

Thiopropyl Sepharose 6B resin (GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA) was rehydrated in water and washed twice in
batch mode using washing buffer containing 50 mM Tris, pH 8 with
1 mM DTPA. Per replicate, 1 mg of protein sample (i.e., 500 uL of a
2 mg/mL lysate) was loaded to 50 mg of resin (i.e., 500 uL of a 100 mg/
mL slurry) in a MobiSpin column (MoBiTec GmbH, Goettingen,
Germany) and incubated in a Thermomixer for 2 h at 30 °C and 850 rpm
to enrich proteins with reduced cysteine thiols. Nonspecifically bound
proteins were removed by washing the resin twice with ten bed vo-
lumes each of washing buffer with 0.5% SDS, washing buffer with 2 M
NacCl, 70% acetonitrile with 0.1% trifluoroacetic acid (TFA), and finally
50 mM Tris-HCl, pH 8. On-resin digestion of Cys-bound proteins was
performed by resuspending protein-resin slurry in 500 uL of 50 mM
Tris, pH 8 before adding 10 pg of Trypsin Gold (Promega, Madison, WI,
USA). The mixture was incubated in a Thermomixer for 3 h at 37 °C and
850 rpm before collecting peptide flow-through from bound Cys-pro-
teins via brief centrifugation. Samples were then washed with ten bed
volumes each of washing buffer with 2 M NaCl, 70% acetonitrile with
0.1% TFA, and 50 mM Tris-HCI, pH 8. Bound Cys-containing peptides
were eluted from the resin twice using 250 uL of 10 mM Tris, pH 8.0
with 50mM DTT for 15 min. Samples for sequential enrichment of
phosphopeptides were prepared by dividing both the eluate and flow-
through in half. One portion of eluate was directly processed for redox
Cys profiling, while the other was combined with one portion of flow-
through to represent an equal stoichiometry of an intact digest of Cys-
bound proteins.

2.4. Solid-phase extraction (SPE) desalting

Desalting of samples was performed using 50 mg/1.0 mL Sep-Pak
C18 cartridges (Waters) held in a SPE 24-position vacuum manifold
(Phenomenex, Torrance, CA, USA) at a flow rate of 1 drop/s. Resin was
first pre-eluted using 1 mL of 80% acetonitrile with 0.1% TFA before
equilibration with 1 mL of water with 0.1% TFA. Samples were acid-
ified to pH 3 using 5% TFA and loaded onto the cartridges in three
passes and then washed using 1 mL of water with 0.1% TFA. Peptides
were eluted using 1 mL of 80% acetonitrile with 0.1% TFA and con-
centrated by vacuum centrifugation.

2.5. Phosphopeptide enrichment

Following solid-phase extraction and vacuum centrifugation, sam-
ples were resuspended in 200 pL of 80% acetonitrile with 1% TFA and
25 mg/mL phthalic acid. Phosphopeptide enrichment was performed
using 1 mg/10 pL Titansphere Phos-TiO tips (GL Sciences, Torrance,
CA, USA). The resin was pre-eluted using 20% acetonitrile with 5%
ammonium hydroxide and centrifuged for 2min at 1000 X g before
conditioning in 80% acetonitrile with 1% TFA. Samples were loaded to
the tips in three passes and then washed in four passes using 80%
acetonitrile with 1% TFA to remove non-specifically bound peptides.
Phosphopeptides were eluted using 20% acetonitrile with 5% ammo-
nium hydroxide and concentrated by vacuum centrifugation.

2.6. Strong cation exchange fractionation

Eluate (45pL each) from five biological replicates of reversibly
oxidized Cys enrichment used in the label-free quantification study was
pooled (225 pL total) for fractionation by strong cation exchange (SCX)
chromatography using a 60 mg/3.0 mL Supel-Select SCX SPE cartridge
(Supelco, Bellefonte, PA). Mobile phase A consisted of 20% acetonitrile
with 5mM ammonium formate, pH 2.7 and mobile phase B was 20%
acetonitrile with 500 mM ammonium formate, pH 3. The SCX cartridge
was conditioned with 1 mL of methanol and pre-eluted using 1 mL of
mobile phase B before equilibration with 1mL of mobile phase A.
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Pooled eluate was dried by vacuum centrifugation and resuspended in
1 mL of mobile phase A before loading onto the equilibrated resin in
two passes. The flow-through was collected and peptides were then
sequentially eluted from the resin using 1 mL of each elution buffer (in
order: 0%, 20%, 40%, 60%, 80%, and 100% mobile phase B in mobile
phase A). Remaining peptides were eluted from the resin using 1 mL of
80% acetonitrile with 0.1% TFA. SCX flow-through and fractions were
then dried by vacuum centrifugation and desalted by solid-phase ex-
traction before analysis.

2.7. LC-MS/MS analysis

Samples were resuspended in 50 uL of 3% acetonitrile with 0.1%
TFA and 5mM DTT to prevent oxidation of reduced thiols prior to LC-
MS/MS analysis. Peptides were analyzed using a NanoAcquity UPLC
system (Waters) coupled to a TripleTOF 5600 mass spectrometer (AB
Sciex, Framingham, MA, USA). Mobile phase A consisted of water with
0.1% formic acid and mobile phase B was acetonitrile with 0.1% formic
acid. Injections (5pL) were made to a Symmetry C;g trap column
(100 ;\, 5um, 180 um X 20 mm; Waters) with a flow rate of 5 uL/min
for 3 min using 99.9% A and 0.1% B. Peptides were then separated on a
HSS T3 C;5 column (100 }o\, 1.8 uym, 75 um X 250 mm; Waters) using a
linear gradient of increasing mobile phase B at a flow rate of 300 nL/
min. Mobile phase B increased to 35% in 90 min before ramping to 85%
in 5min, where it was held for 5min before returning to 5% in 2 min
and re-equilibrating for 13 min. The mass spectrometer was operated in
positive polarity and high sensitivity mode. MS survey scans were ac-
cumulated across a m/z range of 350-1600 in 250 ms. For information
dependent acquisition, the mass spectrometer was set to automatically
switch between MS and MS/MS experiments for the first 20 features
above 150 counts having + 2 to + 5 charge state. Precursor ions were
fragmented using rolling collision energy = 5% with an accumulation
time of 85 ms. Dynamic exclusion for precursor m/z was set to an 8s
window. Automatic calibration was performed every 8 h using a tryptic
digest of BSA protein standard to maintain high mass accuracy in both
MS and MS/MS acquisition.

2.8. Database searching and label-free quantification

Acquired spectral files (*.wiff) were imported into Progenesis QI for
Proteomics (Nonlinear Dynamics, version 2.0). A reference spectrum
was automatically assigned and total ion chromatograms were then
aligned to minimize run-to-run differences in peak retention time. Each
sample received a unique factor to normalize all peak abundance values
resulting from systematic experimental variation. Alignment was vali-
dated (> 80% score) and a combined peak list (*.mgf) for all runs was
exported for peptide sequence determination and protein inference by
Mascot (Matrix Science, version 2.5.1). Spectral files from SCX fractions
were simply converted to peak lists using MS Data Converter (AB Sciex,
version 1.3) and merged together. Database searching was performed
against a combined database (19,603 entries total) containing C. re-
inhardtii JGI v5.5 proteins (www.phytozome.net; accessed June 2016)
and entries from the NCBI chloroplast (BK000554.2) and mitochondrial
(NC_001638.1) databases. Sequences for common laboratory con-
taminants (www.thegpm.org/cRAP; 116 entries) were appended to the
database. Searches of MS/MS data used a trypsin protease specificity
with the possibility of two missed cleavages, peptide/fragment mass
tolerances of 15 ppm/0.1 Da, and variable modifications of acetylation
at the protein N-terminus, carbamidomethylation at cysteine, deami-
dation at asparagine or glutamine, oxidation at methionine, and phos-
phorylation at serine, threonine, or tyrosine. Significant peptide iden-
tifications above the identity or homology threshold were adjusted to
less than 1% peptide FDR using the embedded Percolator algorithm
[32] and uploaded to Progenesis for peak matching before exporting
peptide measurements.
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2.9. Data analysis and statistics

Data was parsed using custom scripts written in the Python pro-
gramming language. Peptides were considered only if Mascot ion score
was greater than 13 and normalized abundance was above O for at least
three replicates within each condition. Shared peptides between pro-
teins were grouped together to satisfy the principle of parsimony and
represented by the protein accession with the highest number of unique
peptides, else the protein with the largest confidence score assigned by
Progenesis. After grouping, site localization of variable modifications
was performed using an implementation of the Mascot Delta Score [33].
Localization probability was found using the difference between the
best and second best Mascot ion score for alternative modification sites
on an otherwise identical peptide-spectrum match. We did not remove
any peptides in this step, rather flagged PSMs to suggest additional
interrogation by researchers. For redox datasets, results were limited to
only peptides with one or more Cys-sites of reversible oxidation, de-
fined here as the absence of carbamidomethylation on at least one cy-
steine residue in the peptide sequence. For label-free quantification,
datasets were reduced to only peptides with unique Cys-site combina-
tions in the protein sequence by summing the abundance of all con-
tributing features (i.e., peptide charge states, missed cleavages, com-
binations of additional variable modifications). Groups with the same
Cys-site identifier were represented by the peptide with the highest
Mascot score. Phosphopeptide enriched datasets were parsed similarly,
but for unique combinations of phosphorylation sites.

2.10. Functional annotation

Gene ontology (GO) enrichment analysis of protein sequences was
performed using KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/) [34] with the
following parameters: ‘Gene-list Enrichment’, Chlamydomonas reinhardtii
species, GO Slim database, background of all Chlamydomonas proteins,
Fisher's exact test with Benjamini and Hochberg multi-test adjustment, and
5 minimum mapping entries. Summarization of GO term redundancy was
done using REVIGO [35] (www.revigo.irb.hr) with default parameters
except allowed similarity set to small (0.5). Redundant terms were then
manually removed from the KOBAS output and visualization/interpreta-
tion was performed on the remaining subset.

The entire Chlamydomonas database was annotated with KEGG
orthology (KO) identifiers using KAAS (http://www.genome.jp/tools/
kaas) [36], where the BLAST program searched A. thaliana and C. re-
inhardtii reference genes applying a bi-directional best hit default
threshold. Pathway reconstruction for protein lists was then performed
using the KEGG Mapper (http://www.genome.jp/kegg/tool/map_
pathway.html) [37] with KO identifiers supplied by KAAS. Pathways
maps were then binned together into respective modules to better
summarize annotations. Pathways featured in maps for both global/
overview and organismal systems were removed from consideration for
being excessively broad in definition.

2.11. Motif analysis

Each reversibly oxidized Cys-site measured with label-free quanti-
fication (3353 sites) was mapped to the corresponding protein and the
five neighboring residues toward both protein termini were recorded,
generating a 20 residue x 10 position matrix. Sites too close to protein
termini to properly extend the residue window were excluded from
analysis (3308 remaining). This procedure was repeated for all Cys in
the proteome (191175 sites) to generate another matrix containing the
background distribution. The count for each unique combination of
neighboring residue and position was divided by the corresponding
background to generate a position weight matrix containing the relative
frequency as a percentage of the background. The matrix was displayed
as a heatmap colored using a gradient from white to blue for the
minimum and maximum relative frequency, respectively.
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2.12. Comparison to previously identified modifications

Proteins with sites of reversible oxidation were compared with lit-
erature [19-21] by BLAST searching (blastp, version 2.7.1) [38] to the
Chlamydomonas UniProtKB database (www.uniprot.org/proteomes/
UP000006906; accessed October 2016). Each Chlamydomonas pro-
tein in the Phytozome database was searched using default parameters
with an E-value cutoff of 0.001 and selection of the top ranking hit.
Some literature annotations were converted (i.e., from ‘NCBI RefSeq’ to
‘UniProtKB AC/ID’) using the ‘Retrieve/ID mapping’ tool (www.
uniprot.org/uploadlists/). When discussing site-specificity, the asso-
ciated UniProt protein ID and provided Cys-site were concatenated to
generate an ‘Identifier’ handle used for comparisons.

2.13. Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (www.proteomexchange.org) via the
PRIDE partner repository [39] using identifiers PXD008370 for initial
optimization of sequential enrichment, PXD008371 for label-free
quantification, and PXD009038 for SCX fractionation PXD009038.

3. Results and discussion

3.1. Enriching the redox thiol proteome with sequential phosphorylation
analysis

Identification and site-specific quantification of reversible thiol
oxidation has been readily performed via differential alkylation-based
methods utilizing thiol-disulfide exchange chromatography [40,41]
that have been tailored for specific modifications including S-ni-
trosylation [42,43], S-glutathionylation [44,45], and S-acylation [46].
Here we applied this strategy for quantitative profiling of reversible
oxidation on intact Chlamydomonas proteins (Fig. 1A). The in vivo
redox status of protein cysteines was quenched by performing cell lysis
under denaturing conditions in the presence of IAM to block reduced
thiols [47], which we have previously shown to be rapid and efficient in
alkylation [22]. Artifactual oxidation by Fenton-derived free radicals
was prevented with the addition of DTPA metal chelator [48] and un-
necessary reduction of S-nitrosothiols was avoided by selective Cu(I)
chelation using neocuproine [49]. All reversibly oxidized Cys-residues
were then reduced using DTT and nascent thiols enriched at the pro-
tein-level using Thiopropyl Sepharose 6B (TPS6B) resin for thiol-dis-
ulfide exchange chromatography [41]. On-resin trypsin digestion of
Cys-bound proteins was performed and unbound peptides collected for
subsequent phosphopeptide enrichment. Cys-bound peptides were then
eluted from the resin using DTT and subjected to LC-MS/MS analysis to
survey reversibly oxidized sites.

Phosphorylation of redox-modified proteins was surveyed using a
sequential enrichment approach (Fig. 1B), where initially proteins were
bound to TPS6B resin and the unbound proteome washed away. Trypsin
protease was then added for on-resin digestion and unbound peptides
were collect in the flow-through. The resin was washed and bound Cys-
peptides then eluted using DTT reductant. Peptides collected in both the
eluate and flow-through represent fragments of proteins previously
bound by a Cys-site of reversible oxidation. Eluate and flow-through
were then combined before enriching for phosphopeptides with TiO,
resin [26] and using LC-MS/MS analysis to determine the extent of
phosphorylation in the redox proteome. Since eluate and flow-through
were collected separately, it was possible to remove a small portion of
the eluate for analysis of redox Cys-peptides without phosphopeptide
enrichment. The remaining eluate was combined with an equal pro-
portion of flow-through and taken through sequential phosphopeptide
enrichment. In this way, a single sample could be used for analysis of
both the redox proteome and phosphorylated subset.

Initially one biological replicate of Chlamydomonas was taken
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Fig. 1. Workflow schematic for differential alkylation-
based enrichment of redox proteins. (A) Proteins were
extracted from Chlamydomonas cells and in vivo re-
duced Cys alkylated with IAM before DTT reduction of
oxidized Cys and capture of nascent thiols using TPS6B
resin at the protein-level. For LC-MS/MS analysis,
bound proteins were digested with trypsin and the
eluate collected. (B) Sequential enrichment of phos-
phopeptides after on-resin digestion and stoichio-
metric recombination of peptide eluate and flow-
through.

On-resin digestion
Washes
DTT elution

l Combine equally

LC-MS/MS
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through redox Cys profiling and sequential enrichment of phosphor-
ylation. Upon enrichment of proteins with reversibly oxidized Cys and
on-resin digestion, peptide samples from the unbound flow-through and
Cys-bound eluate were collected separately. Of the 3542 distinct pep-
tides identified in the eluate, the majority (3329) had sites of reversible
Cys oxidation spread across 1335 proteins (Fig. 2A; Supplemental Table
S1). The flow-through featured an increased protein count (1657)
composed mostly of peptides lacking Cys residues (7505) or those with
alkylated Cys only (1045), which was promising since these peptides
were not expected to bind to the resin following proteolytic digestion of
Cys-bound proteins (Supplemental Table S2). Just 30 peptides with
oxidized Cys were identified in the flow-through, highlighting the ef-
ficiency of TPS6B resin at capturing and retaining only reduced thiols
(i.e., previously oxidized Cys reduced with DTT).

Nearly 63% of redox proteins found in the eluate were also identi-
fied in the flow-through following on-resin digestion (Fig. 2B). While in
theory this overlap should be complete, it accurately reflects that pro-
teins are considered to produce multiple peptides following trypsin
digestion, where some can be too small/large or not basic enough for
identification by LC-MS/MS analysis [50]. This can be for redox Cys-
containing peptides in the eluate or general peptides in the flow-
through such that if a protein is digested and produces an undetectable
redox Cys-peptide and a detectable peptide, then the result would be
that the protein is only identified in the flow-through. Further hin-
dering bottom-up proteomics, current LC-MS/MS methods rarely
identify every peptide in a particular sample because of: (1) the sto-
chastic nature of LC-MS/MS using data-dependent acquisition strate-
gies, (2) poor MS/MS fragmentation of certain peptides, and (3) in-
sufficient separation using reversed-phase LC [51]. Given the binding
specificity for only redox-modified Cys shown in Fig. 2A, the unique
subset of proteins identified in Fig. 2B can thusly be considered new
components of the redox proteome, where each protein was modified
with reversible oxidation at a particular Cys-site not detected in the
study, but hypothesized to exist in order for the protein to have
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originally bound to the resin. Additionally, of the 818 proteins identi-
fied uniquely in the flow-through, 106 did not contain a Cys in the
protein sequence and were considered either: (1) low abundance con-
taminants that were not removed during resin washing or (2) artifacts
of database searching and protein inference between samples with
unique peptide subsets (i.e., eluate and flow-through). Nevertheless, our
analysis of eluate and flow-through showed the latter having more se-
quence information for bound proteins. This is consistent with the ob-
servation that Cys have a relatively low frequency of ~1% across the
Chlamydomonas proteome (Fig. S1A) with reversible oxidation occu-
pying only an estimated 10% of Cys under normal growth conditions
[52], leaving the majority of tryptic peptides (even those bearing Cys
residues) unbound after on-resin digestion.

The remaining eluate, flow-through, or an equal combination
thereof were used to benchmark the coverage obtainable from se-
quential enrichment of phosphorylation. An equal combination of el-
uate and flow-through was used to mimic the stoichiometry achieved
from a typical in-solution digestion. The eluate identified considerably
less phosphoproteins (63) compared to flow-through (651), while the
combined sample had the most phosphoproteins (697) and shared a
majority with flow-through (Fig. 2C; Supplemental Tables S3-S5). Al-
though our approach broadly identified phosphopeptides from redox
proteins, distinguishing which modifications occurred on the same
proteoform following proteolytic digestion was restricted to detecting
co-modified peptides. As the eluate contained primarily redox peptides,
it expectedly had the deepest coverage of phosphopeptides with oxi-
dized Cys sites (Fig. 2D). A majority of proteins in Chlamydomonas
(86%) contain more than one Cys residue (Supplemental Fig. S1B) and
may possess both reduced and oxidized sites in vivo. This observation is
supported in the flow-through identifying largely phosphopeptides with
only reduced Cys (ie., alkylation at Cys), where the three detected in
eluate are considered non-specific peptides remaining after on-resin
digestion and washes. The combined sample had relatively high cov-
erage for both types of doubly-modified phosphopeptides, so all
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Fig. 2. Optimization of redox and sequential phosphopeptide enrichment. (A) Distribution of peptide types identified in either eluate or flow-through. (B) Protein
coverage obtained from distinct portions from redox enrichment. (C) Overlap of phosphoproteins identified from sequential phosphopeptide enrichment of distinct
portions from redox enrichment. (D) Distribution of Cys-phosphopeptides identified with either reduced or oxidized Cys-sites from each sequential enrichment type.

subsequent experiments followed this approach. It is noteworthy to
mention that using only eluate in phosphopeptide enrichment reflects
methods used in various mammalian cell lines with considerable suc-
cess [27,28] and will determine the largest number of doubly-modified
redox proteoforms by identifying mostly peptides with both oxidized
Cys and phosphorylation.

3.2. Coverage and reproducibility of sequential enrichment using label-free
quantification

To determine the precision of our sequential enrichment method
and explore the dynamic range of PTM abundance, we employed label-
free quantification (LFQ) of peptide peak areas [53] across five biolo-
gical replicates to measure 4780 redox peptides in the eluate, sum-
marizing to 3251 peptides with distinct oxidized Cys-sites from 1490
proteins (Supplemental Table S6). The efficiency of enrichment, defined
as the ratio of redox peptides to the total number of peptides quantified
after the DTT elution step, was 92% and indicated high specificity of the
method for binding cysteine thiols only. Despite removing excess DTT
using filtration devices with a 10kDa cutoff, there were 18 identified
proteins with molecular weights below 10 kDa in the dataset. Proteins
were denatured with urea and SDS prior to buffer exchange, which
increased their Stokes radii and largely prevented passage through the
filter [54], thereby allowing low molecular weight proteins to be re-
tained and analyzed subsequently. Overall coverage was slightly de-
creased when comparing protein-level enrichment in this study to our
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previous work enriching redox peptides following trypsin digestion
(3662 redox peptides from 1924 proteins) [22], however the method
used for protein extraction in this study incorporated an increased IAM
incubation period (2h instead of 15min) to improve alkylation effi-
ciency and lower the potential for falsely identifying oxidized Cys. We
did not observe significant differences in coverage between peptide-
and protein-level enrichments when using lysate from identical ex-
traction procedures (data not shown). To further validate the protein-
level dataset and demonstrate that alkylation was sufficiently complete,
redox peptides were culled by ~5% after removing Cys-sites also
identified in a negative control where DTT reduction was omitted prior
to enrichment. The remaining 3094 peptides confidently defined 3353
oxidized Cys-sites from 1457 proteins. Redox enrichment at the protein-
level showed high reproducibility with a median coefficient of variation
(CV) of 22% across biological replicates.

Sequential enrichment of phosphopeptides was performed for each
biological replicate used in the redox LFQ experiment. Samples were
prepared by dividing both the eluate and flow-through in half. One
portion of eluate was directly processed for redox Cys profiling, while
the other was combined with one half of the flow-through to represent
equal stoichiometry (i.e., representative of the stoichiometry achieved
from a typical in-solution digestion). We quantified 1099 peptides with
distinct phosphorylation sites from 740 proteins. Twenty contaminant
proteins were removed with an additional filter that all phosphopro-
teins must contain at least one cysteine in the protein sequence. The
resulting phosphorylated redox proteome thusly amounted to 1065
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phosphopeptides, distributed as 1094 unique sites on 720 proteins
(Supplemental Table S7). Half of these phosphosites (554) were found
localized on peptides in another study defining the global Chlamydo-
monas phosphoproteome [25], providing additional validation for
phosphosite validity. Although phosphopeptides were solely enriched
from a tryptic digest of redox proteoforms, only 172 (23%) identified
phosphoproteins were shared with the reversibly oxidized proteome
(Fig. 3A). The 548 uniquely identified phosphoproteins must all contain
at least one reversibly oxidized cysteine to have bound to the TPS6B
resin, serving as an expanded database of previously undetectable redox
proteoforms using the LFQ pipeline. Notably, 37 of these phosphopro-
teins contained only one Cys residue in the protein sequence, which are
therefore considered to be sites of in vivo reversible oxidation. The
additional enrichment of phosphopeptides did not introduce excessive
variation, where median CV was 20% across replicates (Fig. 3B).

To examine the low overlap between redox proteins and, pre-
sumably inclusive, phosphorylated redox proteins, we compared the
dynamic ranges of modification sites supplied by label-free quantifi-
cation to determine if any underlying biases were present. Each unique
redox Cys-site identifier was represented by the mean abundance across
biological replicates and partitioned by whether or not the corre-
sponding protein was shared with or unique to phosphorylated redox
proteins (Supplemental Fig. S2A). A normal distribution was observed
for redox Cys-sites with similar means regardless of whether proteins
were found to also be phosphorylated. Complementary analysis of
phosphosite identifiers that were either shared with or unique to redox
proteins (Supplemental Fig. S2B) revealed separated distributions,
where phosphosites on proteins shared with redox were generally
higher abundance than those found on uncommon proteins by nearly
one order of magnitude. The majority of phosphoproteins in our dataset
are likely low abundance proteoforms that preclude detection without
phosphopeptide enrichment, as many groups have previously con-
cluded [55,56]. Overcoming this abundance disparity from phospho-
peptide enrichment would therefore require improved coverage of the
redox proteome to push the limit of detection increasingly lower and
enable identification of the remaining proteins found only to be phos-
phorylated.

We next examined whether the low overlap between proteins
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identified in redox and phosphorylated redox datasets was simply an
analytical challenge, and not an underlying feature of reversible oxi-
dation, by fractionating redox Cys eluate with strong cation exchange
(SCX) chromatography. This allowed superior coverage of the redox
proteome, identifying 6973 distinct peptides with previously oxidized
Cys across 2402 proteins (Supplemental Table S8). To reduce false
positive identification of oxidized Cys, 35 proteins were removed that
had all of their Cys-sites also found in the negative control enrichment
used in the LFQ experiment. There remained 6642 redox Cys-peptides
from 2367 proteins, of which 1248 proteins (86%) in the redox LFQ
dataset were shared (Supplemental Fig. S3A). Importantly, there were
255 proteins identified in both the fractionated redox proteome and
phosphorylated redox LFQ dataset (35%), improving the phosphopro-
tein overlap by 12% compared to the unfractionated redox LFQ dataset
(Fig. 3C). While continued fractionation of the redox eluate should
achieve complete overlap with identified phosphoproteins, the peptide
flow-through from redox enrichment still contained a large subset of
proteins not found in fractionated redox eluate (Supplemental Fig.
S3B). This lack of overlap suggests a fundamental limitation for the
identification of certain proteins using redox Cys-peptides alone.
Many peptides found from redox enrichment contained only a single
redox Cys-site (83%), whereas 96% of phosphopeptides had a single
phosphosite (Supplemental Fig. S4A). The latter finding is consistent
with TiO,-based enrichment favoring singly phosphorylated peptides
[57]. Most phosphorylation events (83%) were detected on serine re-
sidues, followed by 15% on Thr and only 2% on Tyr, comparable to
previous phosphosite distributions reported in Chlamydomonas
[25,26]. We next looked at how many unique sites occurred per protein
and found that redox modifications tend to be more numerous than
phosphorylation (Supplemental Fig. S4B), likely due to the enrichment
of structural, intramolecular disulfide bonds highly abundant in the
redox proteome under normal growing conditions [58]. Interestingly,
relative to the background Chlamydomonas proteome, a large propor-
tion of redox Cys found in this study had neighboring lysine residues in
the protein sequence (Supplemental Fig. S4). It has been similarly re-
ported in humans that lysine-rich motifs are enriched around redox-
active Cys residues [59] and that these lysine may act as hydrogen
donors to stabilize thiolate anions, thereby reducing the pK, of adjacent
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Cys and potentially increasing thiolate reactivity at physiological pH
[60]. Additionally, both ubiquitination [61] and carbonylation [62,63]
of lysine are recognized hallmarks of oxidative stress response and
likely co-occur with thiol oxidation on many proteins [64].

3.3. Comparison to previously identified modifications

This work featured enrichment of the entire proteome with re-
versibly oxidized Cys using DTT reductant, regardless of the particular
redox PTM type. Previous studies in Chlamydomonas have targeted
specific redox modifications on proteins, such as S-glutathionylation
[19], S-nitrosylation [20], and TRX-dependent reduction [21]. We
compared which proteins in our redox LFQ dataset were experimentally
identified in these publications, finding 535 TRX-reduced, 244 ni-
trosylated, and 129 glutathionylated proteins (Supplemental Table S6).
Likewise in our phosphorylated LFQ dataset, there were 126 TRX-re-
duced, 52 nitrosylated, and 29 glutathionylated proteins (Supplemental
Table S7). We additionally parsed the phosphorylated LFQ dataset for
the 548 phosphoproteins identified from sequential enrichment that
were not found in the redox LFQ data (Fig. 3A), revealing 46 proteins as
TRX-targeted, 10 nitrosylated, and 5 glutathionylated, thereby vali-
dating their presence in the phosphorylated redox proteome. Regarding
site-specific overlap, our redox LFQ dataset (3353 Cys-sites) contained
267 Cys previously identified as TRX-targeted, 106 nitrosylated, and 19
glutathionylated (Supplemental Table S9). While BLAST searching re-
sulted in finding homologous accessions between the Phytozome and
UniProt databases, there existed differences in the exact position of Cys
residues between many sequence pairs, ultimately leading to an un-
derestimation of previously identified sites of Cys oxidation. However,
even with complete overlap, out study used

Similar comparisons were made for phosphorylation using data
from previous work that localized 15,862 phosphosites on 4588 pro-
teins to define the global Chlamydomonas phosphoproteome [25].
Phosphoproteins identified from sequential enrichment of the redox
proteome had 442 proteins also found in the global Chlamydomonas
phosphoproteome (Supplemental Table S7), where at the individual
phosphosite-level, the phosphorylated LFQ dataset had 556 sites (51%
of 1094 total) that were previously localized (Supplemental Table S10).
There were 446 proteins in the redox LFQ dataset previously identified
as phosphorylated (Supplemental Table S6), suggesting that the max-
imum extent of expected phosphorylation in the redox proteome was
31% of the 1457 oxidized proteins identified. However, this comparison
only revealed the proportion of known targets for both PTMs and does
not specify the theoretical maximum of doubly-modified proteoforms,
which is uniquely shown by this study using a sequential enrichment
strategy for phosphorylation of the redox proteome.

3.4. Proteoform inference

Clear identification of proteoforms was achieved by sequencing
doubly-modified peptides, as the co-occurrence of these modifications
can be inferred back to a portion of the intact protein before digestion.
With no enrichment for phosphorylation, only 9 peptides detected from
8 proteins had both an oxidized Cys and phosphorylation site. Using
sequential enrichment, we observed 75 Cys-containing phosphopep-
tides from 59 proteins (Supplemental Table S11). Twenty-eight of these
peptides had at least one oxidized Cys-site in the sequence, expanding
the redox proteome by 14 proteins not identified from redox enrich-
ment alone. The remaining 47 phosphopeptides with only reduced Cys
(i.e., identification of alkylation at the Cys residue) did not have free
Cys available for enrichment with TPS6B resin. This subset of reduced
Cys-phosphopeptides must have been from the flow-through and ori-
ginated from proteoforms with at least another Cys residue in the
protein sequence that was reversibly oxidized. Using this approach, it
was possible to fit 17 proteins into this modification clique by having an
identified peptide with both reduced Cys and phosphorylation and also
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having an oxidized peptide on distant Cys identified in the redox da-
taset. For example, small subunit ribosomal protein S13e (RPS13;
Cre07.g331900.t1.2) is a structural component of the ribosome neces-
sary for proper translation of proteins and is 151 amino acids in length
with only two Cys (C26 and C38) in the sequence. This protein was
previously identified as phosphorylated at S21 [25], which we quan-
tified in this study as ‘(pS)PPSW(redC)K’ in phosphorylated redox
(Supplemental Table S7), both singly phosphorylated (S21) with a re-
duced Cys (C26). This same peptide was quantified in redox
(Supplemental Table S6) as ‘SPPSW(oxC)K’ and was oxidized at C26
without phosphorylation at S21. The redox LFQ dataset also measured a
longer form of this peptide ‘SPPSW(0oxC)KTTGAEVQEMI(oxC)K’ with
oxidation occurring at both C26 and C38. Moreover, the sequential
phosphopeptide enrichment of only the redox eluate (Supplemental
Table S3) identified ‘(pS)PPSW(0oxC)K’ with phosphorylation at S21 in
addition to oxidation at C26. Taken together, these results suggest
RPS13 existed in several forms: (1) a fully oxidized proteoform of
RPS13 without phosphorylation on S21, (2) a phosphorylated form
reduced at C26 and hypothetically oxidized at C38 (necessary for the
proteoform to bind to the TPS6B resin), and (3) a phosphorylated form
oxidized at C26 with an unknown status of C38.

3.5. Pathway annotation

We classified proteins according to KEGG pathways to find major
biological features in both the redox and phosphorylated redox pro-
teomes (Fig. 3D). Of the 703 redox proteins annotated, most were at-
tributed to either ‘translation’ (17%), ‘carbohydrate metabolism’ (15%),
or ‘energy metabolism’ (13%). The 254 annotated phosphoproteins
were from primarily ‘signal transduction’ (21%), ‘translation’ (10%),
and ‘transport and catabolism’ (7%). Redox proteins showed a notice-
ably larger proportion of proteins in ‘amino acid metabolism’ (2.6-fold),
‘energy metabolism’ (2.4-fold), and ‘metabolism of cofactors and vita-
mins’ (2.2-fold), while phosphoproteins were most differential in the
‘signal transduction’ pathway (1.8-fold). Similar pathways were over-
represented for each by gene ontology enrichment analysis, where
biological processes for redox were mainly involved with metabolism
and phosphorylated redox featured signal transduction and protein
phosphorylation (Supplemental Fig. S5). The KEGG pathways most
populated for the 77 annotated out of 172 shared proteins between the
enrichment methods were ‘signal transduction’ (29%), ‘translation’
(17%), and ‘carbohydrate metabolism’ (16%).

3.6. Translation

Structural constituents of the ‘ribosome’ (KO03010) were found
highly modified by oxidation (126 unique redox Cys on 67 proteins)
and phosphorylation (14 phosphosites on 9 proteins), with 7 ribosomal
subunits affected by both modifications. There were 30 redox proteins
and 11 phosphoproteins, including 5 also found oxidized, that are
considered part of ‘RNA transport’ (KO03013) or ‘mRNA surveillance
pathway’ (KO03015). PTMs serve as a conditional adjustment of pro-
tein biosynthesis and turnover necessary for environmental acclimation
[65] and the identification of dually-modified components of transla-
tional machinery may reveal additional mechanisms to fine-tune ac-
tivity [66].

3.7. Energy metabolism

Reversible oxidation of proteins involved with energy metabolism
was considerable (13% of 703 redox proteins annotated onto KEGG
pathways), where 33 proteins were from ‘oxidative phosphorylation’
(KO00190) and 20 proteins mapped to either ‘photosynthesis’
(KO00195) or ‘photosynthesis — antenna proteins’ (KO00196).
Photosynthesis is a process of photochemical energy transduction that
is constantly optimized in changing light conditions by balancing the
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amount of light absorbed by photosystems I and II [67]. Depho-
sphorylation of light-harvesting complex II by thylakoid-associated
phosphatase 38 (TAP38; Cre04.g218150.t1.2) is necessary for fast
phospho-signaling in state transitions of A. thaliana [68,69] and this
protein was quantified in this study only with reversible oxidation at
two Cys (C135 and C282), but known to be phosphorylated at T138 and
T171 [25], suggesting distinct proteoforms may exist with variable
phosphatase activity. Chloroplast-localized serine/threonine-protein
kinase STT7 (Cre02.g120250.t2.1) and STL1 (Crel2.g483650.t1.2)
were also found with sites of reversible oxidation and phosphorylation
in this study.

The ‘carbon fixation in photosynthetic organisms’ (KO00710)
pathway was well-represented, particularly in the Calvin-Benson cycle
(CBCQ), where all proteins were identified with reversible oxidation and
four were additionally phosphorylated (Fig. 4). Phosphoglycerate ki-
nase (PGK1; Cre11.g467770.t1.1) was not found in either LFQ dataset,
but was identified reversibly oxidized at C159, C278, and C412 in the
preliminary experiment (Supplemental Table S1). Nevertheless, PGK1
in Chlamydomonas is known to undergo TRX-dependent activation in
the light by reduction of a regulatory disulfide bond between C-term-
inal C278 and C412 [70] and has been identified before with S-glu-
tathionylation at C159 [19]. Previous reports in Chlamydomonas have
moreover shown that all CBC proteins undergo TRX-dependent reduc-
tion [71] with additionally observed sites of nitrosylation and glu-
tathionylation at key Cys residues [5,20]. In addition to reversible
oxidation, our results demonstrated that four CBC proteins were also
phosphorylated: sedoheptulose-bisphosphatase (SEBP1; Cre03.g185-
550.t1.2), chloroplastic glyceraldehyde 3-phosphate dehydrogenase
(GAPA; Cre01.g010900.t1.2), rubisco activase (RCA; Cre04.g
229300.t1.1), and CP12 domain-containing protein 1 (CP12;
Cre08.2380250.t1.2).

SEBP1 contains seven Cys residues that were all measured with
reversible oxidation in this study, with S-nitrosylation previously de-
tected on C-terminal C351 and C358 residues [20]. Additionally, C111
and C116 mimic C52 and C57 in the wheat homolog, which have been
shown to form a regulatory disulfide bond that potentially modulates
protein activity [72]. We identified three phosphosites (S110, T114,
and S119) in close proximity to the suspected C111-C116 disulfide
bond, suggesting an additional layer of control to SEBP1 activity.

In green algae, chloroplastic GAPDH is encoded only by the A
subunit (GAPA) and lacks the specific C-terminal extension found on
the GAPB subunits of higher plants, which harbors a pair of Cys residues
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Fig. 4. Representative coverage of Calvin-Benson cycle en-
zyme. KEGG pathway map adapted for the ‘Calvin-Benson
cycle’ module of ‘Carbon fixation in photosynthetic organ-
isms’ (www.genome.jp/dbget-bin/www_bget?cre00710).
Boxes represent proteins in the pathway and are labeled with
Enzyme Nomenclature numbers. Proteins are colored ac-
cording to modifications found in this study: red for redox
coverage only and purple for identification of both redox and
phosphorylation sites. Proteins are abbreviated by either
UniProt or KEGG gene names. An asterisk (*) marked PGK1
to show that it was identified with reversible oxidation in the
preliminary experiment, but not in the LFQ datasets.

FBP1

FBA1

Glycerate-3P

targeted by TRX for light/dark enzymatic regulation [73]. In our redox
LFQ dataset, GAPA was reversibly oxidized on C190 and C194, where
the former Cys has previously been identified as a site of S-glutathio-
nylation in Chlamydomonas [19]. We additionally quantified phos-
phorylation on T87 of GAPA, however the functional implication of this
modification is questionable as identified phosphosites on this enzyme
significantly differ in location between photosynthetic organisms [74].

RCA is a member of the AAA(+) family of molecular chaperones
and releases inhibiting sugar phosphates from the catalytic site of
Rubisco, thereby impacting the overall yield of the carbon assimilation
cycle [75]. Only the shorter RCAP isoform is expressed in Chlamydo-
monas and exhibits redox regulation despite lacking the regulatory C-
terminal disulfide found in the RCAa isoform of many plant species
[76,77]. The four Cys residues found in Chlamydomonas RCA (C148,
C196, C255, and C289) have all been previously identified as TRX-re-
duced [21], where C196 has additionally been found S-nitrosylated
[20] and RCA generally identified as a target of glutathionylation [19].
Moreover, RCA is known to be phosphorylated at ten positions [25],
where S53 phosphorylation is known to be catalyzed by the thylakoid-
localized STT7 kinase and has been suggested to increase RCA attach-
ment to the thylakoid membrane and protect STT7 from proteolysis
[78]. In this work, we quantified three sites of reversible oxidation on
RCA (C148, C196, and C255) and two sites of phosphorylation (S45,
S86), perhaps identifying novel aspects of RCA regulation through the
concurrent occupation of both PTMs, which has been of considerable
interest lately [15].

Another important result from this study was the overall coverage
on CP12, which is known to be localized in the chloroplast acting as a
linker in the core complex of CBC proteins phosphoribulokinase (PRK)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), thereby
coordinating the reversible inactivation of these proteins [79]. CP12
has four conserved Cys residues and is fully oxidized in the dark by two
disulfide bonds (C74-C82 and C117-C126) to allow complexation and
direct inactivation of GAPDH, which the binary complex CP12/GAPDH
then binds and thereby inactivates PRK [80]. CP12 was highly abun-
dant in our redox enrichment (six identifiers spanning 10°-10° abun-
dance) and confirmed oxidation on all four Cys residues, despite har-
vesting Chlamydomonas cultures 2h into the light phase.
Phosphorylation of CP12 was also measured (three identifiers with
10%-10° abundance) and identified several peptides including ‘GTSAD
(redC)AVAWD(pT)VEELSAAVSHK’ with both reduced C82 and phos-
phorylated T88. Another version of this peptide sequence was found
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oxidized at C82 with phosphorylation at S79. Near the C-terminal dis-
ulfide bond, the peptide ‘ADV(pT)LTDPLEAF(oxC)K’ showed phos-
phorylation at T108 close to an oxidized C117. Considering that CP12 is
intrinsically unstructured without disulfide bond formation and must
form them for proper coordination with GAPDH and PRK [81], it is
possible that phosphorylation of these regions additionally changes
CP12 conformation to modulate the degree of CP12/GAPDH/PRK
complexation. Considering that an additional three phosphosites (S52,
T78, and T110) were previously identified [25], there is strong evi-
dence that this protein is affected by both PTMs.

3.8. Signal transduction

Phosphorylation of proteins involved in signal transduction were
highest for the ‘AMPK signaling pathway’ (K04152; 6 entries), ‘PI3K-
Akt signaling pathway’ (K04151; 5 entries), mTOR signaling pathway’
(K04150; 4 entries), and ‘phosphatidylinositol signaling system’
(K04070; 4 entries). A highly phosphorylated protein in this study was
inositol hexakisphosphate kinase (VIP1; Cre03.g185500.t1.1) with nine
phosphosites and one reversibly oxidized Cys site (C289). VIP1 is
known as an inositol hexakisphosphate/diphosphoinositol-pentaki-
sphosphate kinase involved in phosphatidylinositol signaling, which
has recently been reported to shown synergism with TOR kinase sig-
naling governing carbon metabolism and lipid accumulation in
Chlamydomonas [82]. We identified novel reversible oxidation at C289
on VIP1 within the ‘ATP-grasp’ domain necessary for inositol dipho-
sphate kinase activity [83].

Reports have indicated the significance behind studying redox
effects of phosphorylation-dependent signaling pathways in
Chlamydomonas, particularly in TOR kinase signaling [84]. It has long
been suggested that redox modifications to key proteins are involved in
stress-response TOR signaling [85], with a specific role in regulating
the rapamycin-sensitive TOR complex 1 (TORC1) [86], which is con-
served in Chlamydomonas [87,88]. Homology to known downstream
targets of the TOR kinase, including ribosomal protein S6 kinase beta
(RPS6KB; Crel3.g579200.t1.2), can be used to further understand the
role of redox signaling on the TOR complex in Chlamydomonas. We
identified two RPS6KB peptides spanning the catalytic domain, one
phosphorylated at S773 and another both phosphorylated (S915) and
with a reduced Cys (C917). The direct target of RPS6KB kinase activity
is the small subunit ribosomal protein S6e (RPS6; Cre09.g400650.t1.2),
which was identified in this study via a redox peptide with one oxidized
Cys (C102) and three phosphopeptides (T127, S231, and S245).

Proteins related to autophagy were well represented in this study.
For instance, the direct phosphorylation of ULK1 by AMPK is shown to
regulate autophagy in mammals [89] and has evolutionary conserva-
tion with autophagy-related proteins (ATG) in photosynthetic eu-
karyotes, suggesting that similar regulatory mechanisms exist in Chla-
mydomonas. Our data showed quantitative coverage of S803 of ATG1
(Cre09.g391245.t1.1), an essential Ser/Thr kinase involved in autop-
hagy [90], and oxidation of C255 on ubiquitin-like-conjugating enzyme
(ATG3; Cre02.g102350.t1.2). Oxidation on ATG3 is within the catalytic
domain on the HPC motif necessary for recognition of the ATG5
(Cre14.g630907.t1.1, not detected) subunit of the autophagosome
complex [91].

Regarding osmotic stress response, previous reports have found
protein phosphatase 2C (PP2C) as a regulator of necessary signal
transduction events for development in plants [92] and previously
found to be phosphorylated [93]. Two PP2C homologs
(Cre03.g211073.t1.1 and Cre02.g141250.t1.2) were identified in the
phosphorylated redoxome with five (S4, T18, S61, S63, and S161) and
one (S468) site of phosphorylation, respectively. One accession of PP2C
(Cre03.g211073.t1.1) was found with triply-modified on the peptide
‘QS(pS)A(0xC)LGATGS(0xC)PAHGVK’ with two oxidized Cys (C163
and C170) and a phosphosite (S161), revealing that there are PP2C
proteoforms with regions occupied by both redox and phosphorylation
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events. PP2C acts as a negative regulator of stress-induced MAPK
pathways in higher plants [94] and has been shown to inactivate SNF1-
related protein kinase (SNRK2) via dephosphorylation [95]. Two
identified proteins were annotated as SNRK2s (Cre06.g292700.t1.2 and
Crel2.g499500.t1.1) and were found to be phosphorylated at S167 and
T177, respectively. SNRK2 has been shown to respond in sulfur lim-
itation [96], whereby understanding the significance of both mod-
ifications on PP2C and SNRK2s in response to abiotic stress could reveal
novel means of stress response in algae.

In summary, we provide an approach to readily detect new targets
of both reversible oxidation and phosphorylation using a novel com-
bination of protein-level redox enrichment and subsequent phospho-
peptide analysis. This technique was used to (1) define the reversibly
oxidized proteome and (2) identify the subset of redox proteins also
phosphorylated. Many proteins identified with both modifications in
Chlamydomonas were involved in pathways related to signal trans-
duction, translation, and carbohydrate/energy metabolism, suggesting
that the co-occurrence of phosphorylation and reversible oxidation
provides an underappreciated mechanism for protein regulation. The
paradigm that cellular processes are controlled by a single PTM was
disputed, notably by several redox-regulated CBC proteins found ad-
ditionally phosphorylated and that many kinases/phosphatases in-
volved in photosynthetic state transition and stress-response pathways
had sites of reversible oxidation. Identification of redox proteins serves
as a crucial element in understanding stress response and adaptation in
photosynthetic organisms and beyond, whereby knowing the ensemble
of modifications co-occurring with oxidation potentially highlights
novel mechanisms for regulation of protein structure and function.
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