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Proteome-wide Light/Dark Modulation of
Thiol Oxidation in Cyanobacteria Revealed by
Quantitative Site-specific Redox Proteomics*s
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Reversible protein thiol oxidation is an essential regulatory
mechanism of photosynthesis, metabolism, and gene ex-
pression in photosynthetic organisms. Herein, we present
proteome-wide quantitative and site-specific profiling of in
vivo thiol oxidation modulated by light/dark in the cyanobac-
terium Synechocystis sp. PCC 6803, an oxygenic photosyn-
thetic prokaryote, using a resin-assisted thiol enrichment ap-
proach. Our proteomic approach integrates resin-assisted
enrichment with isobaric tandem mass tag labeling to enable
site-specific and quantitative measurements of reversibly ox-
idized thiols. The redox dynamics of ~2,100 Cys-sites from
1,060 proteins under light, dark, and 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (a photosystem Il inhibitor) conditions were
quantified. In addition to relative quantification, the stoichi-
ometry or percentage of oxidation (reversibly oxidized/total
thiols) for ~1,350 Cys-sites was also quantified. The overall
results revealed broad changes in thiol oxidation in many key
biological processes, including photosynthetic electron
transport, carbon fixation, and glycolysis. Moreover, the re-
dox sensitivity along with the stoichiometric data enabled
prediction of potential functional Cys-sites for proteins of
interest. The functional significance of redox-sensitive Cys-
sites in NADP-dependent glyceraldehyde-3-phosphate dehy-
drogenase, peroxiredoxin (AhpC/TSA family protein Sli1621),
and glucose 6-phosphate dehydrogenase was further
confirmed with site-specific mutagenesis and biochem-
ical studies. Together, our findings provide significant
insights into the broad redox regulation of photosyn-
thetic organisms. Molecular & Cellular Proteomics 13:
10.1074/mcp.M114.041160, 3270-3285, 2014.
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Reversible protein thiol oxidation has been recognized as a
fundamental redox regulatory mechanism occurring through-
out biology and plays essential roles in photosynthesis, cel-
lular metabolism, gene expression, and other key biological
processes (1, 2). Protein thiols serve as important redox
switches in cells through reversible thiol oxidation by forming
diverse post-translational modifications (PTMs)," including di-
sulfide formation (3), S-nitrosylation (4, 5), S-glutathionylation
(6), and S-sulfenylation (7). In the case of photosynthesis,
redox regulation is inextricably associated with the photosyn-
thetic electron transport (PET) chain and regulation of gene
expression. In light/dark cycles, thiol oxidation (e.g. disulfide
formation) through the thioredoxin and glutaredoxin systems
modulates the activation status of many enzymes linked to
photosystem | and photosystem Il (PSll), as well as many
other redox-related processes in plants (1) and cyanobacteria
(8). However, it is still largely unknown how broadly the redox
process is involved beyond photosynthesis and, importantly,
what specific cysteine (Cys) sites serve as redox switches in
photosynthetic organisms.

Cyanobacteria are considered useful model organisms for
photosynthesis research because of their evolutionary simi-
larities to chloroplasts (9). These oxygenic photosynthetic
prokaryotes are also increasingly recognized as microbial bio-
factories for the production of desired chemicals (10), and
potentially for biofuels from solar energy and carbon dioxide
(11, 12). Of particular interest are the thiol redox dynamics of
proteins localized in the thylakoid lumen, as redox regulation
directly affects the PET chain and photosystem stability,
which in turn affects light energy utilization efficiency and
biofuel production (13). In the cyanobacterium Synechocystis
sp. PCC 68083 (hereinafter referred to as Synechocystis), mod-
ulation of the thiol redox states of the PET chain (14) and the

" The abbreviations used are: PTM, post-translational modification;
DCMU, 3-(8,4-dichlorophenyl)-1,1-dimethylurea; Cys, cysteine; PET,
photosynthetic electron transport; PSIl, photosystem Il; NEM, N-
ethylmaleimide; TCA, trichloroacetic acid; DTT, dithiothreitol; TMT,
tandem mass tag; Gap2 or GAPDH, NADP"-dependent glyceralde-
hyde-3-phosphate dehydrogenase; PetH, ferredoxin NADP* reduc-
tase; Zwf or G6PDH, glucose-6-phosphate 1-dehydrogenase.
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redox environment (15) has been observed in response to a
light/dark cycle. The oxidative environment of the dark phase,
due to the decreased PSII activity and NADPH production (14,
16), alters the redox state of PET chain electron carriers by
oxidizing the proteins, similar to changes exhibited in the
presence of electron transport inhibitors (14, 16). This in turn
suggests that the redox state of the PET chain is a key
mechanism of light/dark gene transcript regulation, involving
the stability and protein PTMs in response to environmental
stresses (16, 17). In the current study, we applied a recently
described quantitative redox proteomic approach (18) with
the aim of obtaining a proteome-wide view of in vivo thiol-
oxidation in Synechocystis as modulated by the light/dark
cycle. Because of the complexity of the multiple forms of Cys
oxidation (e.g. disulfide, S-nitrosylation, S-glutathionylation,
S-sulfenylation), the current study focused on the quantifica-
tion of total reversible thiol oxidation as a starting point for
investigating the thiol redox proteome.

Measurements of in vivo thiol redox status at physiological
conditions have traditionally been challenging because free
thiols are unstable and prone to oxidation during sample
preparation with labile reversible oxidized Cys-residues. Al-
though many redox-sensitive proteins have been reported
(19), in most cases it was unknown which specific Cys-resi-
dues were modified in vivo. To identify Cys modifications,
most initial redox approaches employed differential chemical
or isotopic labeling followed by biotin-based affinity enrich-
ment. In these methods, free protein thiols were initially
blocked by alkylation, and then specific oxidized Cys-resi-
dues were selectively reduced and labeled with biotin tags
(20), fluorophores (21, 22), radioactive compounds (23), or
isotope-coded affinity tags (24, 25) for Western blot, gel elec-
trophoresis, or mass spectrometry (MS) analysis. Alterna-
tively, thiol-reactive chemical probes coupled with click
chemistry have recently been applied to identify redox-sensi-
tive proteins or Cys-residues (26, 27) and in vivo thiol redox
changes (28). However, most of these approaches do not
provide broad site-specific identifications of Cys modifica-
tions with accurate quantification. Several groups have re-
cently reported an alternative iodoTMT or cysTMT switch
approach for multiplexed quantification of reversible thiol
modifications (29-31). However, the enrichment specificity of
the anti-TMT-based approach is still a potential factor of
concern that might limit the achievable coverage of Cys-
peptides; in one recent report only ~21% of enriched pep-
tides were observed to be TMT-labeled peptides using an
optimized competitive elution buffer (30).

Recently, we and others have developed a resin-assisted
enrichment to facilitate more sensitive proteomic identifica-
tion and quantification of Cys-containing peptides (32) and
Cys-based reversible modifications (18, 33). In this study, we
extended the resin-assisted enrichment for proteome-wide
quantification of in vivo reversible thiol oxidation on individual
Cys sites under multiple conditions (light, dark, and in the

presence of the PSII inhibitor 3-(3,4-dichlorophenyl)-1,1-di-
methylurea (DCMU)) in Synechocystis. ~2,100 Cys sites from
1,060 proteins were identified, with the vast majority of Cys
sites displaying redox changes induced by the light/dark
switch. Our results provide a broad quantitative picture of
redox-mediated changes of the thiol proteome in cyanobac-
teria, allowing us to infer the extent of thiol-based redox
regulation in photosynthetic organisms.

EXPERIMENTAL PROCEDURES

Materials— Synechocystis cells were obtained from Washington
University (St. Louis, MO). Escherichia coli strains were purchased
from New England Biolabs (Ipswich, MA). BCA protein assay re-
agents, a silver stain kit, spin columns, TMT reagents, and isopropyl
B-D-1-thiogalactopyranoside were purchased from Thermo Fisher
Scientific (Rockford, IL). Porcine trypsin was from Promega (Madison,
WI). The SeeBlue Plus2 protein standard was from Invitrogen (Carls-
bad, CA). Thiopropyl Sepharose 6B affinity resin was from GE Health-
care Bio-Sciences (Pittsburgh, PA). Tris/glycine/SDS buffer, Laemmli
sample loading buffer, and Tris-HCI precast gel with a 4%-20% linear
gradient were all from Bio-Rad Laboratories (Hercules, CA). Unless
otherwise noted, all other chemicals and reagents were purchased
from Sigma-Aldrich (St. Louis, MO).

Cyanobacterial Culture Conditions—Wild-type Synechocystis cul-
tures were grown in 100 ml of liquid BG11 medium (34) in acid-
washed 250-ml glass Erlenmeyer flasks topped with foam stoppers at
30°C. Cultures were maintained under constant shaking and illumi-
nation by cool-white fluorescent lights at low light (~30 wmol photons
m~2 s~ ). Wild-type Synechocystis were grown to exponential phase
from a master culture (OD 730 nm of ~0.2). The cells were then
exposed to light, dark (covered by foil), or 10 um DCMU in light
conditions for 2 h. To prevent exposure to light, samples from the
dark conditions were wrapped in foil and harvested in a dark room.
Cells were pelleted at 6,371g at 4°C for 10 min and flash frozen in
liquid nitrogen for the following sample preparation.

Sample Preparation—Cell pellets were resuspended with 10%
(w/v) trichloroacetic acid (TCA) and incubated on ice for 20 min, which
led to partial lysis of the bacterial cells and precipitation of proteins
and effectively stopped thiol-disulfide exchange reactions. After this
incubation, proteins and cell debris were spun down at 4°C for 30 min
at 13,0009, and then the pellet was carefully rinsed first with 500 ul of
ice-cold 10% (w/v) TCA and then with 200 ul ice-cold 5% (w/v) TCA.
Lysis buffer (pH 7.6) containing 100 mm N-ethylmaleimide (NEM), 200
mm Tris-HCI, 10 mm EDTA, 0.5% (w/v) SDS, and 8 M urea was added
to dissolve the pellet, and brief intermittent sonication was applied
until the pellet dissolved. The resultant mixture was incubated at 37°C
for 2 h. Bead-beating was performed using 200 ul of 0.1-mm zirconia/
silica beads to extract more proteins. Another 200 ul of lysis buffer
was used to wash beads, and cell lysates were centrifuged at 10,000g
for 10 min at 4°C to pellet cellular debris. Supernatant was transferred
to a new 2-ml microcentrifuge tube, and excess NEM was removed
by cold acetone precipitation. Proteins were re-dissolved in lysis
buffer, and 10 mm DTT was added to the mixture to reduce the
oxidized thiols. After reduction, excessive DTT reagents were re-
moved via buffer exchange with 8 M urea and then Milli-Q water by
means of centrifugation at 4,000g for 30 min at 4°C. Protein concen-
tration was determined via BCA assay, and a total of 500 pg of
proteins was used for the subsequent enrichment experiment. ~100
ung of proteins from each sample was subjected to trypsin digestion
without enrichment according to the previously described procedure
(85) for global proteome profiling.

Selective Enrichment of Oxidized or Total Cys-peptides—The sam-
ples were transferred to Handee mini spin columns with 35 mg of
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prewetted and prewashed Thiopropyl Sepharose 6B resin and 50 mm
HEPES buffer as described previously (18). To enrich the total Cys-
peptides, NEM was not added during sample processing. Enrichment
of free Cys-containing proteins was carried out by incubating the
samples in a Thermomixer at room temperature with shaking at 850
rpom for 2 h. Nonspecifically bound proteins were removed by five
washes with the following solutions: (i) 8 m urea, (i) 2 m NaCl, (jii) 80%
(v/v) acetonitrile with 0.1% (v/v) trifluoroacetic acid (TFA), and (iv) 25
mM HEPES (pH 7.7). To perform the on-resin digestion, 120 ul of
solution containing 25 mm HEPES buffer (pH 7.7), 1 m urea, 5 mg
trypsin, and 1 mm CaCl, was added to the columns, and the samples
were incubated at 37°C with shaking at 850 rpm for 3 h. Nonspecifi-
cally bound peptides were washed away using the same procedure
as described above for removing nonspecifically bound proteins.

On-resin TMT Labeling—On-resin isobaric labeling using six-plex
TMTs was performed to label the captured peptides in order to
achieve relative quantification for oxidized Cys under light, dark, or
DCMU. For TMT labeling, acetonitrile (40 wl) was added to the man-
ufacturer-provided TMT reagents to dissolve/dilute them. Then, 80 pul
of dissolution buffer and the TMT reagent solutions mentioned above
were added to the spin columns. The labeling reaction was carried out
at room temperature with shaking at 850 rpm on a Thermomixer for
1 h. The reaction was stopped by the addition of 8 ul of 5% (w/w)
NH,OH in 200 mm triethylammonium bicarbonate buffer followed by
incubation at room temperature with shaking at 850 rpm for 15 min.
The excess TMT reagents were removed by five washes with the
following solutions: (i) 80% (v/v) acetonitrile/0.1% (v/v) TFA and (i) 25
mm ammonium bicarbonate (pH 7.8). Cys-peptides were eluted via
incubation with 20 mm DTT in 100 ul of 25 mm ammonium bicarbon-
ate for 30 min followed by rinsing with 100 ul of 80% acetonitrile and
0.1% TFA. Cys-peptide samples were then concentrated in a Thermo
Scientific SpeedVac concentrator and adjusted to a final volume of 25
wl with water. The final Cys-peptide sample contained 20 mm DTT,
which prevented free thiols from oxidation before LC-MS/MS analy-
sis. Equal amounts of the samples from each labeling channel were
then mixed to generate the final sample for LC-MS/MS analyses.

SDS-Polyacrylamide Gel Electrophoresis—SDS-PAGE was carried
out with a 4%-20% (w/v) precast linear gradient Tris-HCI polyacryl-
amide gel (Bio-Rad) to assess enrichment efficiency and total oxida-
tion levels. Equal volumes (5 ul) of the above Cys-peptide sample and
Laemmli sample buffer (Bio-Rad) were mixed and then incubated at
95°C for 5 min. Meanwhile, 1 ml of See Blue Plus 2 protein standard
was directly loaded onto the gel. Gel electrophoresis was run at 170
V for 30 min in Tris/glycine/SDS buffer (Bio-Rad). After electrophore-
sis, the gel image was developed with silver staining according to the
manufacturer’s standard protocol.

LC-MS/MS Analysis—All TMT-labeled samples were analyzed via
LC-MS/MS with two technical replicates. All peptide samples were
analyzed using a Waters nano-Aquity UPLC system (Waters Corpo-
ration, Milford, MA) with a homemade 75 um inner diameter X 70 cm
reversed-phase capillary column using 3-um C18 particles (Phe-
nomenex, Torrance, CA). The system was operated at a constant flow
of 300 nl/min over 3 h with a gradient of 100% mobile phase A (0.1%
(v/v) formic acid in water) to 60% (v/v) mobile phase B (0.1% (v/v)
formic acid in acetonitrile). MS analysis was performed on a Thermo
Scientific LTQ-Orbitrap Velos mass spectrometer coupled with an
electrospray ionization interface using homemade 150 um outer di-
ameter X 20 um inner diameter chemically etched electrospray emit-
ters (36). The heated capillary temperature and spray voltage were
350°C and 2.2 kV, respectively. Full MS spectra were recorded at a
resolution of 100 K (m/z 400) over the range of m/z 400-2,000 with an
automated gain control value of 1 X 10°. MS/MS was performed in
the data-dependent mode with an automated gain control target
value of 3 X 10%. The most abundant 10 parent ions were selected for

MS/MS using high-energy collision dissociation with a normalized
collision energy setting of 45. Precursor ion activation was performed
with an isolation width of 2 Da, a minimal intensity of 500 counts, and
an activation time of 10 ms. A dynamic exclusion time of 45 s was
used. Label-free analyses were performed with the same LC-MS
platform from three biological replicates under data-dependent ac-
quisition mode using collision-induced dissociation with a normalized
collision energy setting of 35.

Data Analysis—LC-MS/MS raw data were converted into .dta files
using Bioworks Cluster 3.2 (Thermo Fisher Scientific, Cambridge,
MA), and an MSGF Plus algorithm (v.9979, released March 2014) (37)
was used to search MS/MS spectra against the Synechocystis sp.
PCC 6803 FASTA database (3,169 entries, Kazusa Genome Re-
sources, September 9, 2011). The key search parameters used were
20-ppm tolerance for precursor ion masses, 0.5-Da tolerance for
fragment ions, partial tryptic search with up to three miscleavages,
dynamic oxidation of methionine (15.9949 Da), dynamic NEM modi-
fication of Cys (125.0477 Da), and static six-plex TMT modification of
lysine and N termini of peptides (229.1629 Da). For the label-free
global proteome analysis, dynamic oxidation of methionine, NEM
modification of Cys, and carbamidomethylation of Cys-residues
(57.0215 Da) were applied. Peptides were identified from database
search results with the following criteria: MSGF E-value < 1E-8,
Q-value < 0.01, and mass measurement error < 10 ppm. The decoy
database searching methodology (38) was used to confirm the final
false discovery rate at the unique peptide level as ~0.3%. Because
NEM blocked only the free Cys-residues, all originally oxidized Cys-
residues were identified as unmodified Cys. The Cys-sites of oxidation
were identified based on each peptide and its corresponding protein
sequence using an in-house software tool, Protein Coverage Summa-
rizer (available from the Pacific Northwest National Laboratory).

For TMT-based relative quantification, all MS/MS spectra were
grouped based on individual Cys-sites, and their TMT reporter ion
intensities were summed from all spectra corresponding to a given
Cys-site. The relative oxidation levels for individual Cys-sites were
calculated by dividing the summed intensities for each TMT channel
in a given six-plex experiment by the average values across the three
conditions. Following this conversion, the data from the two inde-
pendent six-plex experiments were merged to provide data with four
biological replicates for each condition (supplemental Table S1). We
then compared the dynamic changes in relative oxidation for individ-
ual Cys-sites by calculating the ratio between dark and light and the
ratio of DCMU and light. At least 50% change in the level of Cys
oxidation was considered a confident redox change (p < 0.05, anal-
ysis of variance). To calculate the relative oxidation level of a given
protein, we averaged the data from all significant Cys-sites from a
specific protein as the relative oxidation level of the specific protein.

For TMT-based stoichiometric (percent of reversible oxidation)
analysis, the ratios of reporter ion intensities between channels for
oxidized thiols and channels for total thiols were calculated as a
percentage. For the global proteome profiling, a label-free spectral
counting strategy was applied. Peptides were chosen if they were
observed in all three biological replicates, and spectral counts of each
peptide were transformed to log2 values and normalized using the
central tendency approach. The peptide level was considered signif-
icantly different when the p value was less than 0.05 (analysis of
variance) with at least 50% change between conditions. Biological
function categorization of the identified proteins was clustered based
on Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
pathway analyses using the DAVID functional annotation (39).

Strains and Culture Preparation for Recombinant Proteins—E. coli
Top10 cells were used as a host for Gibson assembly (40). The E. coli
strains BL2 (DE3) and Lemo21 (DE3) (New England Biolabs) were
used for protein expression. All bacterial cultures were grown on Luria
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broth (LB) agar plates or in liquid culture media with 100 pg/ml
ampicillin. For plasmid DNA purification, a single colony was grown in
10 ml of LB liquid culture medium in a 125-ml Pyrex glass Erlenmeyer
flask overnight at 37°C at 250 rpm. Similarly, for E. coli protein ex-
pression, a single colony was inoculated in 10 ml of LB medium and
grown overnight at 37°C at 250 rpm. An aliquot (2 ml) of overnight
culture was transferred into 50 ml of LB medium with 100 pg/ml
ampicillin to reach the initial optical density (OD 600) of 0.15. After the
cultures were grown to mid-logarithmic phase with OD 600 of 0.5 to
0.6, isopropyl B-b-1-thiogalactopyranoside was added into the cul-
tures to a final concentration of 0.5 mm. The cultures were further
grown at 30°C and 250 rpm for 18 to 24 h. Bacterial cultures (10 ml)
were transferred into 15-ml centrifuge tubes, and the rest into 50-ml
centrifuge tubes. The bacteria were pelleted down via centrifugation
at 4°C and 4,500g for 15 min. Cell pellets were stored at —80°C in a
freezer until use.

Site-specific Mutagenesis and Protein Expression Vector Construc-
tion—The genomic DNA isolation of Synechocystis sp. PCC 6803
mainly followed the DNA extraction protocol from cyanobacteria de-
scribed by Sinha et al. (83) at Protocol Online, with some modifica-
tions. Cyanobacterial cells (20 ul) were resuspended in 1 ml of 10 mm
Tris buffer with 1 mm EDTA, pH 8.0, and pelleted by centrifugation for
2 min at 10,000g at room temperature. The pelleted cells were resus-
pended in 200 ul of 1% SDS and incubated at 70°C for 15 min. After
heat treatment, 300 mg of glass beads (diameter of 0.4 to 0.6 mm)
and 200 ul of water-saturated phenol (pH 8.0, Invitrogen) were added
and vortexed for 1 min. The cell debris was pelleted by centrifugation
at 15,000g for 5 min at room temperature. The supernatant was
further treated with 1 mg/ml ribonuclease A for 30 min at 50°C,
extracted twice with an equal volume of phenol-chloroform (1:1), and
centrifuged at 15,000g for 5 min at room temperature. The genomic
DNA in the supernatant was precipitated with 0.1 volume of 3 m
sodium acetate (pH 5.2) and 2.5 volumes of ice-cold 95% ethanol at
room temperature for 30 min and pelleted by centrifugation at 5,000g
for 10 min at 4°C. Finally, the genomic DNA was resuspended in 100
wl of the 10 mm Tris buffer (pH 8.0). The site-specific mutagenesis was
carried out for the replacement of selected cysteine with serine in
cyanobacterial proteins of glucose-6-phosphate dehydrogenase
(Zwf, C187S, C265S, and C445S), glyceraldehyde-3-phosphate de-
hydrogenase (Gap2, C154S, C154S/C158S, and C292S), and perox-
iredoxin (SII1621, C55S, C155S/C162S, and C162S). Cynaobacterial
genomic DNA (50 ng) were used as DNA templates for polymerase
chain reaction to generate a specific DNA fragment with one unit
Phusion high-fidelity DNA polymerase (New England Biolabs), 50 ul of
reaction mixture (Phusion HF buffer and dNTP), and a pair of corre-
sponding oligonucleotides (listed in the supplemental material). DNA
fragments were separated in 1% agarose gel and purified with a
QlAquick gel extraction kit (Qiagen, Valencia, CA).

Protein expression vector construction was carried out with a
Gibson assembly kit (New England Biolabs). Briefly, the plasmid DNA
of protein expression vector pET6xHN-N (Clontech, Mountain View,
CA) was linearized by digestion with restriction endonucleases Stul
and Xbal. Proportional amounts of the linearized plasmid DNA of
pET6xHN-N and corresponding DNA fragments were mixed and as-
sembled at 50°C for 1 h. The assembled DNA mixtures were trans-
ferred into E. coli Top10 cells via chemical transformation for plasmid
DNA replication. The plasmid DNA was purified from specific Top10
cells with a QlAprep Spin Miniprep Kit (Qiagen). DNA sequencing by
Beckman Coulter Genomics (Danvers, MA) verified the site-specific
mutation in the selected protein expression vector.

Expression and Purification of Recombinant G6PDH, Gap2, and
SII1621—The plasmid DNA of designated protein expression vectors
was transformed into the E. coli BL2 ((DE3), G6PDH and Gap2) or
Lemo21 ((DE3), Sll1621) according to the manufacturer’s transforma-

tion protocol. Because all three proteins were in-frame assembled
with six repeating His-Asn and enterokinase cleavage sites at their N
termini, proteins were purified with His60 Ni superflow gravity col-
umns (Clontech). Briefly, the E. coli cell pellets were fully resuspended
in 1 ml of ice-cold Ni60 Ni xTractor buffer per 10 ml of the original
cultures by being pipetted up and down gently. The resuspended
cells were further homogenized with a Cole Parmer 4710 series
homogenizer at the output of 3 and 70% cycle duty three times for5 s
each time on ice with a 1-min interval. The cell lysates were incubated
on ice for 15 min and then centrifuged at 10,000g and 4°C for 20 min.
Finally, the supernatants were passed through 1-ml His60 Ni gravity
columns to purify the recombinant proteins according to the detailed
instructions provided in the manufacturer’s manual (Clontech). Puri-
fied proteins (30 nug) were separated on SDS-PAGE gels and visual-
ized using the Gel DocTM EZ system (Bio-Rad).

Enzymatic Activity Measurement— G6PDH catalyzes the first step
in the pentose phosphate pathway by oxidizing glucose-6-phosphate
and reducing NADP* to NADPH. The rate of NADPH formation is
correlated to the G6PDH activity and can be measured based on the
change in NADPH absorbance at 340 nm. G6PDH (35 ng) and its
mutants were mixed with reaction buffer (50 mm phosphate buffer, 10
mm MgCl,, pH 7.5) and 0.67 mm NADP in a 1-ml final volume in a 1-ml
plastic cuvette and kept at room temperature for 3 min. The reaction
kinetics was initiated by the addition of 2 mm glucose-6-phosphate.
G6PDH activity was calculated mainly by following the instructions for
G6PDH activity calculation described by Sigma-Aldrich. The activities
of Gap2 (GAPDH), peroxiredoxin (Sll1621, thioredoxin reductase), and
their mutants were determined using a KDalertTM GAPDH assay kit
(Invitrogen, Grand Island, NY) and a thioredoxin reductase assay kit
(Sigma-Aldrich).

For DTT and H,O, treatment, we treated wild-type Gap2 proteins
with either 10 mm DTT or a specific amount of H,O, by directly adding
the reagent into the reaction mixture and incubating the mixture at
room temperature for 2 min prior to the initiation of enzyme reactions.
For the treatment of Sll1621, 10 mm DTT was mixed with 100 ul (250
ng) of enzyme and kept at room temperature for 15 min. Then, excess
DTT was removed by Amicon Ultra-0.5 centrifugal filter devices (EMD
Millipore, Billerica, MA) with 500 ul of 50 mm phosphate buffer, pH
7.5, in five passes. The same procedures for DTT treatment and
washing were applied prior to an additional 15-min treatment with 1
mm H,0,. The activities were determined with a thioredoxin reductase
assay Kkit.

RESULTS

Quantitative Site-specific Measurements of Reversible Thiol
Oxidation—Resin-assisted thiol-affinity enrichment has re-
cently been shown to be effective for the identification and
quantification of S-nitrosylation (33, 41) and S-glutathionyla-
tion (42). Here we adapted this strategy for the quantitative
profiling of reversible thiol oxidation in the Synechocystis pro-
teome in response to light/dark modulation. Briefly, Syn-
echocystis was grown in the presence of oxygen and contin-
uous light to the mid-log phase, and then it was exposed to
continuous light, darkness, or DCMU in continuous light
(hereinafter referred to as DCMU) for 2 h before cell harvest-
ing. All endogenous free thiols were initially trapped by acid
trapping using TCA precipitation (23) followed by blocking
with NEM (Fig. 1A). Following free thiol blocking, the oxidized
Cys-residues (i.e. disulfide or other reversible oxidative mod-
ifications) were reduced back to free thiols by DTT. The newly
formed free thiols from the originally oxidized proteins were
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Fic. 1. Overview of the enrichment and site-specific quantification strategy for thiol oxidation. A, enrichment and processing workflow
by the resin-assisted approach. Note that S-X denotes oxidized thiols. Proteins were extracted from different conditions, and free thiols were
blocked by NEM alkylation. Oxidized Cys was reduced by DTT and captured by Thiopropyl Sepharose resin. On-resin protein digestion and
TMT isobaric labeling of enriched Cys-peptides were carried out and followed by DTT elution of the enriched peptides for LC-MS/MS analysis.
B, six-plex quantitative strategy for profiling Cys redox dynamics. Synechocystis were cultured under continuous light, switched to dark for 2 h,
or treated with 10 um DCMU in light for 2 h. Proteins were extracted and processed to enrich the oxidized Cys-peptides accordingly, and
enriched peptides were labeled with TMT reagents with different reporter tags (126-131). The six labeled samples were combined to facilitate
MS/MS-based six-plex quantification. C, workflow for quantifying the percentage of reversible Cys oxidation. Equal amounts of protein
samples were processed in parallel both with NEM blocking (oxidized thiols) and without NEM blocking (oxidized thiols). Total thiols (free plus
reversibly oxidized thiols) were enriched in the sample reduced by DTT without NEM blocking. D, gel image of enriched total Cys-containing
peptides and oxidized Cys-peptides for the samples processed with incubation with 100 mm NEM before bead-beating. Samples were from
the light condition. Lane 1, standard protein ladder; Lane 2, total enriched Cys-peptides; Lane 3, enriched oxidized Cys-peptides. E, gel image
of enriched total Cys-containing peptides and oxidized Cys-peptides for the samples processed with bead-beating prior to incubating with 100
mm NEM. Lane 1, standard protein ladder; Lane 2, total enriched Cys-peptides; Lane 3, enriched oxidized Cys-peptides.

then specifically captured by Thiopropyl Sepharose 6B resin isobaric TMT reagents (43) to facilitate quantification of the
through a disulfide exchange reaction (32). The enriched pro- dynamics of thiol oxidation across multiple conditions. The
teins were subjected to on-resin trypsin digestion. Resin- six-plex TMT reagents allowed simultaneous quantification of
bound Cys-peptides were further labeled with amine-reactive  six samples in a single experiment. This meant that two bio-
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logical replicates of light, dark, and DCMU conditions could
be quantified in a single experiment (Fig. 1B). The TMT-la-
beled Cys-peptides were subjected to LC-MS/MS analyses
for site-specific identification and relative quantification of the
levels of oxidation on individual Cys sites.

In addition to relative quantification, our strategy can also
be modified to quantify the percentage (or stoichiometry) of
thiol oxidation (reversibly oxidized/total thiols) for individual
Cys-residues (Fig. 1C). In this case, a given biological sample
is divided into two identical aliquots, with one aliquot pro-
cessed for oxidized thiols only and the other for total thiols
without NEM blocking. With six-plex TMT labeling, the per-
centage of reversible oxidation of three replicates can be
quantified in a single LC-MS/MS experiment (24). But several
caveats associated with this method should be noted. First,
the irreversible oxidation is excluded in the measurement of
total thiols. Thus, overestimation of the percentage of revers-
ible oxidation might occur if irreversible oxidation is present at
high levels (44). Second, when a given peptide contains more
than one Cys-residue, the percentage of oxidation cannot be
accurately measured. We note that this is a common limitation
shared by several previously reported methods (24, 45) due to
the existence of multiple combinatory forms of oxidized Cys-
sites for a given sequence.

In our approach, a key step for measuring oxidized thiols is
the effective blocking of free thiols. To achieve this, we
adapted the acid trapping method (23, 46) using 10% TCA
followed by alkylation with a high concentration of NEM (100
mw) in lysis buffer to block free thiols and prevent artificial thiol
oxidation during sample processing. To assess the efficiency
of the free thiol blocking, we dissolved one set of sample
pellets from the TCA precipitation in lysis buffer containing the
alkylating agent, NEM, and another set was not exposed to
NEM. The set of sample pellets in lysis buffer containing NEM
was carefully dissolved with sonication so as to not introduce
additional oxygen from air and incubated to block free thiols
to prevent artificial oxidation. The final level of enriched oxi-
dized Cys-peptides was observed to be very low (Fig. 1D)
relative to the level of total Cys-peptides in the sample pellet
not exposed to NEM. The results suggested that there was
minimal artificial oxidation as a result of effective blocking with
NEM, and evidence that the in vivo thiol redox state was being
preserved. However, for comparison, cell pellet samples were
alternatively subjected to bead-beating before NEM incuba-
tion. Simply altering the preparation by performing a bead-
beating process prior to blocking introduced a sufficiently
oxidative environment to artificially increase thiol oxidation.
The level of oxidized Cys-peptides was nearly the same as the
level of total Cys-peptides, abrogating the detection of any
differential abundance (Fig. 1E).

Broad Redox Changes on Cys Sites Modulated by Light/
Dark—To identify site-specific redox changes on protein thi-
ols, we performed LC-MS/MS analyses for four biological
replicates of light, dark, and DCMU conditions. ~2,100 oxi-

dized Cys sites from 1,060 proteins were identified and quan-
tified based on TMT reporter ion intensities in MS/MS spectra
(supplemental Table S1). Among all identified peptides,
~98% were Cys-containing peptides, in line with the high
efficiency of the resin-assisted enrichment (32, 41). The over-
all results (Fig. 2A and supplemental Fig. S1A) demonstrate
that most protein thiols were less oxidized (or more reduced)
under continuous light but became significantly more oxidized
in the dark phase or in the presence of DCMU. DCMU is a
specific inhibitor of PSII that blocks the plastoquinone binding
site of PSII and stops the electron flow in the PET chain (47),
simulating the dark condition in which no photosynthetic elec-
tron flow occurs. ~80% of the identified Cys sites were ob-
served with significant redox changes for light, dark, and
DCMU conditions (p < 0.05, analysis of variance) (supple-
mental Table S1). After we applied cutoffs of >1.5 in abun-
dance ratios (i.e. >50% change in oxidation levels) and p <
0.05, we observed a total of ~1,100 Cys sites with substantial
redox changes (Fig. 2B). This observation of increased oxida-
tion under the dark condition is consistent with the under-
standing that cells under light, with active photosynthesis and
electron flow through the PET chain, foster a reductive envi-
ronment through the regulatory mechanisms of the reduced
ferredoxin and thioredoxin systems, and hence are reflected
in a more reduced form of thiols from thioredoxin target
enzymes (1, 48). However, the dark conditions, or similarly
DCMU inhibition of the PET chain, facilitates a shift to a more
oxidative environment, leading to higher levels of oxidative
modifications in target enzymes, which modulates enzyme
activity across numerous cellular processes.

Percentage of Reversible Oxidation of Individual Cys
Sites—We sought to measure the percentage or stoichiome-
try of reversible oxidation of individual Cys sites using the
strategy outlined in Fig. 1C. Initial gel-based results revealed
a relatively high percentage of oxidation in the DCMU condi-
tion via comparison of the overall level of oxidized thiols to
total thiols (supplemental Fig. S1B). LC-MS/MS analyses were
performed to measure the percentages of oxidation of indi-
vidual Cys sites in the DCMU condition only. The percentages
of oxidation in light and dark conditions were calculated
based on the data from the DCMU condition and the relative
abundance changes shown in Fig. 2A. Using this strategy, we
obtained stoichiometry data for 1,351 specific Cys sites
(~65% of all Cys sites from the dynamic measurements in
Fig. 2A). Because of the limitation for stoichiometric measure-
ments of peptides containing multiple Cys sites, these pep-
tides were excluded from further analysis. Fig. 2C shows the
distribution of Cys-site peptides in terms of the percentage of
oxidation for individual Cys sites (supplemental Tables S1 and
S2).

Again, one potential source of bias in calculating this per-
centage is the unknown level of irreversible oxidation. To
address this issue, we compared the levels of total thiols (free
and reversibly oxidized thiols) across light, dark, and DCMU
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dark and DCMU relative to light.

conditions, and no obvious change in the levels of total thiols
was observed in two independent experiments (left-hand
lanes in supplemental Figs. S1C and S1D). The results sug-
gested that no significant levels of irreversible oxidation oc-
curred in either dark or DCMU conditions, as the levels of total
thiols (excluding irreversibly oxidized thiols) should decrease
if the levels of irreversible oxidation are high.

As shown in Fig. 2C, the majority of Cys residues under the
light condition were mostly reduced, with only 5% to 20% in
the oxidized form. However, the levels of oxidation were sig-
nificantly increased in dark and DCMU conditions, with the
majority of Cys sites at 20% to 40% oxidation. The overall
levels of oxidation support the idea that protein thiols are
mostly in a reduced state under physiological conditions be-
cause of the highly reducing intracellular environment (49);
both darkness and DCMU induced a consistent pattern of
increased thiol oxidation in the proteome relative to continu-
ous light (Fig. 2C). The results suggest that a primary redox-
mediated mechanism in a light/dark cycle can function by
altering the thiol redox states. It is interesting to note that
DCMU inhibition consistently resulted in a slightly higher level
of thiol oxidation than the dark condition. We note that DCMU
effectively inhibits electron flow under continuous light, lead-

ing to a state similar to the dark condition; however, the
DCMU condition does not inhibit photo-oxidation of PSIl and
oxygen generation completely. The slightly higher level of thiol
oxidation in the DCMU condition is presumably due to photo-
oxidation, which is absent in the dark condition.

Total Protein Abundances—To verify that the observed re-
dox changes were not due to the changes in total protein
abundance, we performed global proteome profiling across
these conditions. Aliquots of all protein samples before en-
richment were digested and subjected to LC-MS/MS analy-
ses. No significant abundance changes were observed
among the vast majority of the 413 proteins with spectral
count data (supplemental Table S3). 273 proteins overlapped
with those detected with oxidized Cys residues (supplemental
Table S1). Only seven proteins displayed a consistent in-
crease in abundance (with p < 0.05) similar to the observed
redox changes. The overall results suggest that the short 2-h
dark incubation or DCMU inhibition was not long enough to
induce significant protein abundance changes as compared
with previous large-scale diurnal-cycle studies. Such global
diurnal proteome effects in the cyanobacterium Cyanothece
sp. ATCC 51142 (50) induced significant changes in the abun-
dance of only ~70 proteins among the ~1,200 identified
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redox-regulated enzymes are labeled in red.

proteins in the first 1 to 3 h of the dark phase during the
diurnal cycle. In contrast, genomic studies of the dynamic
transcriptional profiling of the light-to-dark transition in Syn-
echocystis has revealed that 387 genes of the full genome
(8,169 genes) respond to light exposure within 2 h (51) and the
expression of 64 genes significantly changes in response to
DCMU (52). Interestingly, we noted a number of transcrip-
tional regulators (supplemental Table S4) that were potentially
redox-regulated, which might facilitate initial changes in gene
expression followed by changes in protein expression at later
time points.

Functional Implications of Redox-sensitive Proteins—To
further narrow down the redox-sensitive Cys sites that dis-
played significant dynamic changes (>1.5-fold) between light
and dark conditions, we applied >20% oxidation in dark or
DCMU conditions as an additional criterion for selecting those
Cys sites more likely to induce a physiological effect (24). This
criterion was based on the general notion that the potential
physiological effect is greater when the extent of the protein
being modified is greater. This additional filtering decreased
the original list of ~1,100 sites with significant changes to
~600 redox-sensitive sites (from 428 proteins) (supplemental
Table S2). Among the 428 identified redox-sensitive proteins,
only ~100 proteins in Synechocystis were reported with evi-
dence of redox relevance as interacting with thioredoxin (53,

54); however, direct evidence of oxidation and site information
were not available for most of these proteins.

To gain an overall picture of the pathways and processes
that are potentially redox- regulated, functional analysis
based on Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes pathway information was performed for these
redox-sensitive proteins. These proteins were observed to be
broadly involved in various biological processes or molecular
functions, including amino acid biosynthesis, glycolysis, PET,
carbon fixation, and many enzyme classes such as oxi-
doreductase, ligase, and hydrolase (supplemental Fig. S2).
The identified redox-sensitive proteins within the context of
several key biological processes including PET, carbon fixa-
tion, glycolysis, and the Krebs cycle are illustrated in Fig. 3.
The observation of a number of enzymes as redox-sensitive
in these processes is consistent with the existing knowledge
on the functional significance of the disulfide proteome in
these biological processes (55), and our quantitative site-
specific data provide potential functional sites in the enzymes.
Fig. 4 further illustrates the percentages of thiol oxidation of
selected proteins in these biological processes, demonstrat-
ing the consistent increases in thiol oxidation in response to
dark or DCMU and different degrees of relative changes for
different proteins.
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Our results revealed that several proteins within the PET
chain, including the phycobilisome complex and PSII, were
redox-sensitive and were in a more reduced state under con-
tinuous light than under the other two conditions. This finding
is consistent with the knowledge that protein thiols play a
significant role in the redox regulation of the PET chain
through the ferredoxin/thioredoxin system (1, 14). Moreover,
the redox regulation of the PET chain is known to play a key
role in modulating the redox homeostasis and gene expres-
sion of cyanobacteria (14, 56). Among the identified redox-
sensitive proteins in photosynthesis (Figs. 3A and 4A), a-sub-
units of the ATP synthase complex were identified as
thioredoxin targets in Synechocystis (8, 19). A number of the
observed redox-sensitive proteins (e.g. PSIl manganese-sta-
bilizing polypeptide and F-type H+-transporting ATPase

gamma subunit) were also reported as thioredoxin targets in
Arabidopsis thaliana (19). The redox changes observed in
several phycobiliproteins in this study suggest that the redox
changes on Cys residues play a role in the assembly or
stability of the phycobilisome complex.

A number of key enzymes involved in the Calvin cycle,
glycolysis, and the Krebs cycle have been previously reported
as potentially redox-regulated (55). Our study identified not
only the putative redox-regulated enzymes in these pro-
cesses, but also the potentially functional redox-sensitive Cys
sites. As shown in Fig. 3B and Fig. 4B, most of the enzymes
in the Calvin cycle were observed to be redox-sensitive, con-
firming previous reports that the entire Calvin cycle is under
the control of thioredoxin in both chloroplast and cyanobac-
teria thylakoid (55). The thiols in most enzymes were more
reduced in the light condition (Fig. 4B) than in the dark,
supporting higher enzyme activities for carbon fixation in the
light condition. Moreover, our results provide further insights
into the redox regulation of these enzymes. For example,
fructose-1,6-bisphosphatase in chloroplasts has been known
to undergo light/dark redox transitions for many years (57).
However, the redox regulation of its cyanobacterial counter-
part, the bifunctional fructose 1,6-bisphosphatase/sedohep-
tulose-1,7-biphosphatase (SIr2094 in Synechocystis), has not
been well established. For instance, one study reported that
the FBPase activity was not regulated by light intensities (58).
However, an earlier study reported that the fructose-1,6-bis-
phosphatase activity in Synechococcus sp. strain 6301 was
under delicate control of the oxidizing and reducing condi-
tions (59). Similarly, the enzyme phosphoribulokinase has
been found to be regulated by light/dark and activated
through the ferredoxin/thioredoxin system in the chloroplast
of plants (60); however, it has not been confirmed to undergo
light/dark modulation in cyanobacteria, although its activity in
vitro was observed to be regulated by reversible thiol oxida-
tion based on H,O, and 5,5-dithiobis (2-nitrobenzoic acid)
treatments (61). Our results clearly show light/dark modulation
of the thiol oxidation on these enzymes, providing evidence of
potential light/dark modulation of these enzyme activities.
Additionally, a number of enzymes were observed as redox-
sensitive in glycolysis and the Krebs cycle (Figs. 3C and 4C),
supporting the role of redox-regulation in these metabolic
processes. For example, aconitase and isocitrate dehydro-
genase were found to be associated with thioredoxin in higher
plants, indicating the potential redox regulation of their activ-
ities (62). Currently, it is still unclear whether redox-regulation
of many potentially redox-sensitive enzymes exists in cyano-
bacteria under physiologically relevant conditions. Further
studies need to be carried out in order to fully determine how
redox regulation happens in the cells.

Site-specific Redox Sensitivity Predicts Functional Sites—A
unique aspect of this study is the proteome-wide site-specific
redox sensitivity information for Cys residues in response to
physiological perturbations. One question is whether such
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TABLE |
The levels of relative Cys oxidation on individual Cys sites for selected proteins with known active or functional Cys sites

Ratios of oxidation levels?

Gene I.D. Accession Protein name Cys sites idati

Y P(‘?;f/‘zr;;gfe'?(a;‘)’” Dark/light DCMU/light

sll0080 P54899 N-acetyl-y-glutamyl-phosphate reductase (argC) 151 10.9 22.7

151, 154° 3.3 42.8

154 3.9 5.0

86 2.8 3.5

sllo427 P10549 Photosystem Il manganese-stabilizing 48° 75 1.4 2.8

polypeptide (psbO) 73 86 15 2.4

sll1342 P80505 NAD(P)-dependent glyceraldehyde-3-phosphate ~ 154° 3.4 41

dehydrogenase (gap2) 154, 158 2.6 2.8

158 2.6 2.7

292 31 1.8 1.7

slr0394 P74421 Phosphoglycerate kinase (pgk) 216 11 2.2 2.3

314¢ 19 3.0 4.5

94 1.8 1.8

94, 97 1.3 1.3

97 1.8 1.8

slr0506 Q59987 Light-dependent NADPH-protochlorophyllide 37° 22 2.3 2.7

oxidoreductase (por) 133 21 1.3 1.5

226° 21 3.7 7.5

slr0527 Q55468  Transcription regulator ExsB homolog (queC) 190° 1.8 2.7

slr1463 P28371 Elongation factor EF-G (fusA) 105° 25 2.2 2.6

388 28 1.3 1.2

676 30 2.0 2.2

68 28 2.2 2.7

slr1643 Q55318  Ferredoxin-NADP* oxidoreductase (petH) 213 21 1.8 2.4

231¢ 3.4 4.6

231,° 236 2.7 3.5

236 3.2 3.1

371 27 1.5 1.7

@ Ratios of Cys oxidation levels (calculated for each condition against the light condition).

b Active sites of the enzymes.

¢ Functional sites verified by site-directed mutagenesis studies (68, 80—-82).

site-specific data provide any predictive value for identifying
potential functionally active Cys residues. To examine this
predictive potential, we compiled the existing data from iden-
tified proteins with known functional Cys sites (either anno-
tated active Cys sites or functional information based on
site-directed mutagenesis) in Synechocystis as listed in sup-
plemental Table S5. Out of 14 proteins, the functional sites of
12 proteins (8 selected proteins listed in Table I) were ob-
served to be either the most sensitive or the second most
sensitive Cys residues to light/dark modulation for that par-
ticular protein. This provides a level of confidence in linking
site-specific redox sensitivity with functional Cys residues,
implying the predictability of the site-specific redox sensitivity
data for identifying potential functional sites. Such predictabil-
ity is in good agreement with results from several recent
reactivity profiling studies in other organisms (26, 27).
Several examples illustrating the correlation of redox sen-
sitivity with functional sites are shown in Fig. 5. NADP*-de-
pendent glyceraldehyde-3-phosphate dehydrogenase (Gap2
or GAPDH, GeneBank: X83564) is a classic redox-sensitive
enzyme that is specific to the Calvin cycle and non-photosyn-
thetic gluconeogenesis (63). The functional domain of GAPDH
is highly conserved, and it is a well-known redox switch in
cellular metabolism (64). Our site-specific redox sensitivity

data imply that Cys-154 and Cys-158 were the most sensitive
to light/dark modulation (Fig. 5A). The observed similar redox
sensitivity for both the active site Cys-154 and the adjacent
site Cys-158 is consistent with several previous reports on
other organisms (26, 42). Gap2 in Synechococcus elongatus
(PDB code: 2D2Il) shares 80% homology with Synechocystis
and is conserved at the region containing the active sites. As
shown in Fig. 5B, the nicotinamide ring of cofactor NADP*
faces toward the catalytic Cys-154 in Gap2 (65). Previous
mutational studies have shown that the catalytic Cys of Gap2
can be oxidized and inactivated by oxidative stress (26, 41).
To confirm the functional Cys-residues in Synechocystis
Gap2, recombinant Gap2 mutants C154S, C154S/C158S,
and C292S were generated and tested for catalytic activity.
Interestingly, all the mutations completely abolished Gap?2
enzyme activity (Fig. 5C), demonstrating that all redox-active
Cys sites are crucial for Gap2 enzymatic function. It is sur-
prising to observe that C292S also abolished enzyme activity,
as it has not been previously reported as a functional site. For
this reason, we examined the protein expression levels for
these mutants via SDS-PAGE and observed that mutant
C292S was essentially not detected (Fig. 5C), suggesting that
Cys-292 is structurally relevant for protein stability, with
C292S possibly causing rapid degradation of the translated
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and C292S. D, redox regulation of Gap2 activity as treated by 10 mm DTT or various concentrations of H,O, for 2 min. The asterisks denote
that the differences from the DTT-treated sample are statistically significant (p < 0.05). E, relative oxidation levels of individual Cys sites of
PetH. F, monomer structure of ferredoxin NADP ™" reductase (PetH, FNR) in Synechococcus sp. PCC 7002 (PDB code: 2B50). FAD is shown
in a stick model, and the FAD binding regions Cys231 and Cys236 are highlighted in a ball-and-stick model. Quantitative data are represented

as the mean *= S.E.

protein product. Purified recombinant Gap2 was also treated
with various concentrations of H,O, or DTT. The catalytic
activity of Gap2 was significantly reduced after exposure to
H,O,, whereas it was increased by DTT (Fig. 5D), which is in
agreement with previous reports (26, 65).

Ferredoxin NADP™ reductase (PetH, FNR) is the last en-
zyme in the PET chain for transferring electrons from reduced
ferredoxin to NADPH, which serves as the electron donor for
the Calvin cycle. PetH is known to be bound to the phycobili-
some complexes of Synechocystis (66). The activity of PetH is
enhanced in light; however, the mechanism of the enzyme
activation is not fully elucidated (67). Site-specific redox data
(Fig. 5E) showed high redox sensitivity for Cys-231 and Cys-
236, and both residues were found within the known FAD
binding region. Mutation of Cys-231 and Cys-236 to serine in
spinach PetH resulted in decreased enzyme activity due to
the altered kinetic properties (68), supporting a prediction of
redox alterations in Cys-231 and Cys-236 as functionally rel-
evant mechanisms for regulating PetH activity in Synechocys-
tis. Fig. 5F shows PetH in Synechococcus sp. PCC 7002 (PDB

code: 2B50), which shares 76% homology with Synechocys-
tis and with a highly conserved FAD binding region. Cys-231
of PetH locates in the nucleotide binding region for FAD.
Novel Functional Cys Sites in Redox Regulatory Proteins—
Based upon the predictive observations linking redox sensi-
tivity and functional Cys residues (Table I), we then attempted
to determine whether our data would provide valuable infor-
mation for the identification of novel functional sites of redox
regulatory proteins. One protein of interest is peroxiredoxin,
encoded by sll1621 (GeneBank: Bak49948.1) in the AhpC/
TSA family. Peroxiredoxins have been well recognized as
major players in the antioxidant defense system and the redox
regulatory network of plant and cyanobacterial cells (69), and
they are conserved markers of circadian rhythms (70). It is
known that reduced SlI1621 plays a critical role in protection
against photo-oxidative stress, especially under high light
conditions (71). A Synechocystis sll1621 deletion mutant
showed a severely reduced growth rate relative to the wild
type under light (71, 72). As SlI1621 is one of the most abun-
dant and active Synechocystis peroxiredoxin isoforms (73),
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SlI1621 likely represents most of the peroxiredoxin activity in
maintaining redox homeostasis for Synechocystis growth;
however, its catalytic activity and functional sites are still
unknown. We observed that Cys-155 and Cys-162 were the
most redox-sensitive sites among the three oxidized Cys sites
identified (Fig. 6A). Recombinant protein of Synechocystis
Sll1621 and the mutants of C55S, C162S, and C155S/C162S
were generated to determine the functions of selected Cys
sites of Sll1621. The enzyme activity data (Fig. 6B) confirm
that Cys-155 is a potentially novel functional site for perox-
iredoxin activity, whereas both Cys-55 and Cys-162 had no
effect on the enzymatic activity. The lack of activity reduction
for mutant C162S implies that this residue is possibly ex-
posed to capture redox sensitivity but is not directly related
to (or required for) peroxiredoxin activity. Also, marked ef-
fects of DTT or H,O,, on its activity were also observed (Fig.
6C), confirming its roles in redox response. To further ex-
amine whether Cys-155 is a conserved residue across dif-
ference species, we blasted the sequence motif in the Uni-

Prot database and confirmed that the sequence motif
“DNCP” containing Cys-155 in SlI1621 is indeed conserved
among ~50 cyanobacteria strains and up to 70 bacterial
strains (supplemental Fig. S4), strongly supporting the func-
tional importance of Cys-155.

Another protein of interest is G6PDH (Zwf) (GeneBank:
NP 440771.1), which is the first enzyme in the dark-initiated
pentose phosphate pathway. Zwf has been reported to be
activated by Cys oxidation in dark conditions in plants (74);
however, the specific Cys sites responsible for the activation
of Zwf are not known in Synechocystis. Our data indicate that
Cys-265 and Cys-445 are highly sensitive to oxidation and are
potential functional sites of Zwf (Fig. 6A). Additionally, Cys-
445 is a conserved Cys residue among multiple strains of
cyanobacteria, such as Anabaena, Nostoc, and Synechococ-
cus (75). We created Zwf mutants of C187S, C265S, and
C445S for functional activity assays. Results showed that all
three Cys sites played a role in maintaining Zwf activity, with
Cys-445 playing the most significant role (Fig. 6D), which is
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consistent with the redox sensitivity data. Interestingly, further
assays involving the addition of H,O, or DTT did not affect the
enzymatic activity of recombinant Zwf (data not shown),
showing evidence that Zwf alone might not be sensitive to
general redox status. It has been reported that Zwf is not
sensitive to redox regulation without its allosteric activator
(OpcA) present (76). This provides a potentially interesting
scenario wherein Cys-445, -265, and/or -187 are likely func-
tionally involved in Zwf/OpcA interactions facilitating redox
regulation of the pentose phosphate pathway, and further
studies will be necessary to confirm the role of these Cys
residues in redox regulation.

DISCUSSION

Cyanobacteria are oxygenic photosynthetic prokaryotes
that are believed to share a common ancestor with higher
plant chloroplasts. As in all photosynthetic organisms, redox
regulation via light/dark diurnal cycles is essential for photo-
synthesis, metabolism, and gene expression, from the PET
chain through the ferredoxin/thioredoxin system to all down-
stream target proteins. Reversible oxidation of protein Cys
residues, an important type of PTM, is a major mechanism of
redox regulation in which thiols serve as redox switches (1,
55). Despite the significance, the overall knowledge of site-
specific redox modifications on Cys, especially under phys-
iological conditions, is still very limited because of the con-
straints of measurement technologies. A recent study on
thiol-based redox modifications under physiological condi-
tions of Caenorhabditis elegans only identified <200 Cys
sites as oxidized using OxICAT (45), illustrating the chal-
lenge of identifying redox modification. This work provides a
proteome-wide, quantitative, and site-specific analysis of
light/dark-modulated changes of thiol oxidation in cyano-
bacteria covering ~2,100 Cys residues, significantly ex-
panding the current repertoire of thiol-based redox modifi-
cations under physiological conditions.

Our approach adapted an optimized resin-assisted enrich-
ment approach for achieving site-specific quantification of
Cys oxidation across multiple conditions. In addition to ena-
bling the relative quantification of oxidation levels, our ap-
proach also was easily modified to quantify the stoichiometry
or fractional occupancy of oxidation of specific Cys sites,
which is particularly important for studying PTMs, as func-
tional PTMs are likely to have higher fractional occupancies of
modifications in certain biological conditions. We have shown
the advantages of enrichment specificity, proteome coverage,
and multiplexed quantification for measuring site-specific re-
dox changes (Fig. 1B) relative to existing methods such as
OxilCAT, other biotin-based approaches (24, 33), or anti-TMT
antibody-based approaches (29-31). We, and others, have
also shown the potential of applying this resin-assisted ap-
proach for studying other types of reversible Cys redox mod-
ifications (e.g. S-nitrosylation, S-glutathionylation) (18, 33, 42).

Significantly, the advantages of this approach enabled
quantitative profiling of Cys oxidation in a physiological light-
dark environment with in-depth proteome coverage of the Cys
redox modifications in cyanobacteria. The observed land-
scape of dynamic redox changes of ~2,100 Cys sites from
1,060 proteins (nearly one-third of the genome) is much
broader than one would initially expect from light-dark mod-
ulation. However, given the fact that tens of thousands of
modification sites have been identified in other PTMs such as
phosphorylation (77), ubiquitylation (78), and acetylation (79),
we assert that this study likely represents the beginning of the
expansion on the potential sites of thiol-based redox modifi-
cations. Nevertheless, we recognize that the current approach
still has several technical limitations. First, because this ap-
proach measures the level of total reversible thiol oxidation,
the exact form of oxidation is not known. However, one can
adapt our approach to measure exact forms of modification
such as S-glutathionylation or S-nitrosylation by coupling se-
lective reduction with resin-assisted enrichment, as recently
described (18). Second, our approach does not measure the
levels of irreversible oxidation such as S-sulfinic or S-sulfonic
acids, which may exist in dark or DCMU conditions. The
potential irreversible oxidation could complicate the data in-
terpretation of reversible oxidation; however, the levels of
irreversible oxidation under physiological conditions are most
likely to be insignificant (based on the results shown in sup-
plemental Figs. S1C and S1D).

It is important to note that the current findings demonstrate
a redox rheostat in the cyanobacteria after light-to-dark tran-
sition on a global proteome scale—that is, oxidation and
reduction of protein thiols do not function as all-or-nothing
phenomena. Such dynamic redox changes are actually re-
flected more by partial activation or inactivation of specific
proteins, given that the number of specific proteins reduced/
oxidized differs between conditions. This is an interesting
observation, as even in an environment so regimented as a
light/dark cycle, we clearly still detect specific regulatory sites
in both oxidized and reduced forms. The site-specific dy-
namic data provide important information on redox-sensitive
sites for proteins involved in photosynthesis and metabolism
(Figs. 3 and 4). Many specific enzymes in the Calvin and Krebs
cycles, as well as other biosynthetic pathways, were previ-
ously identified as thioredoxin-regulated through disulfide for-
mation (19). Most of these enzymes are mainly in the activated
state with reduced thiols under light conditions and become
inactivated by disulfide bond formation under dark conditions
(1), consistent with our observations.

Similar to other PTM studies, significant challenges remain
associated with deciphering which specific proteins and re-
spective Cys sites are most likely to be directly (or indirectly)
involved in protein function/regulation from such global pro-
teomic data based upon the redox changes observed in such
a relatively straightforward light/dark system. A broad cover-
age of thiol-based redox modifications is a prerequisite for
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identifying novel redox-regulated proteins or functional sites;
however, the large number of available sites is also a chal-
lenge for determining functional redox sensitivity. One unique
aspect of this study is that the redox sensitivity data for
individual Cys residues provide important predictive informa-
tion for identifying functional or key regulatory sites for given
proteins. The examination of proteins with known functional
sites showed good predictability (Fig. 5 and Table I). More-
over, the stoichiometry or fractional occupancy data on indi-
vidual Cys sites provided additional evidence of functional
relevance. Multiple site-mutagenesis and biochemical studies
(Figs. 5 and 6) provided a range of redox regulatory scenarios
showing proof-of-principle for both confirmation and identifi-
cation of novel functional sites utilizing the redox data. There-
fore, with the redox sensitivity and stoichiometry information
on individual sites, this dataset should serve as a unique
resource for identifying functional sites for redox-regulated
proteins, as well as for novel redox proteins. Follow-up tar-
geted site-specific mutagenesis and pertinent functional stud-
ies will help to elucidate the mechanisms of redox regulation
and its impact on protein function and specific pathways in
response to environmental stimuli.
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