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Abstract: Core chlorophytes possess glycerol-3-phosphate dehydrogenases (GPDs) with an unusual
bidomain structure, consisting of a glycerol-3-phosphate phosphatase (GPP) domain fused to canoni-
cal GPD domains. These plastid-localized enzymes have been implicated in stress responses, being
required for the synthesis of glycerol under high salinity and triacylglycerols under nutrient depri-
vation. However, their regulation under varying environmental conditions is poorly understood.
C. reinhardtii transgenic strains expressing constitutively bidomain GPD2 did not accumulate glycerol
or triacylglycerols in the absence of any environmental stress. Although the glycerol contents of both
wild type and transgenic strains increased significantly upon exposure to high salinity, cycloheximide,
an inhibitor of cytoplasmic protein synthesis, abolished this response in the wild type. In contrast,
GPD2 transgenic strains were still capable of glycerol accumulation when cultured in medium con-
taining cycloheximide and NaCl. Thus, the pre-existing GPD2 protein appears to become activated
for glycerol synthesis upon salt stress. Interestingly, staurosporine, a non-specific inhibitor of protein
kinases, prevented this post-translational GPD2 protein activation. Structural modeling analyses
suggested that substantial conformational rearrangements, possibly triggered by high salinity, may
characterize an active GPD2 GPP domain. Understanding this mechanism(s) may provide insights
into the rapid acclimation responses of microalgae to osmotic/salinity stress.

Keywords: osmotic stress; glycerol-3-phospate phosphatase; phosphorylation; kinase inhibition;
chloroplast

1. Introduction

Microalgae can live in a variety of environments, due to their ability to withstand
changing and, sometimes, extreme conditions. For instance, unicellular green algae from the
genus Chlamydomonas have been found in soil, freshwater, oceans, deserts, and even in snow
or sea ice, where they can face substantial variations in salinity [1-6]. The genus Chlamy-
domonas currently consists of several hundred species, but it is highly polyphyletic [7,8].
Chlamydomonas reinhardtii is a well-established model system for examining photosynthesis,
physiology, metabolism and the structure and function of flagella [3,4,9]. However, most
contemporary laboratory strains of C. reinhardtii, including those used in the work de-
scribed here, are derived from a single zygote isolated from a potato field in Massachusetts
in 1945 [3,4].

Salinity is one of the key environmental factors affecting the growth and distribution
of microalgae. Organisms exposed to salt stress have to cope with ionic and osmotic
imbalances, as well as toxicity effects, such as oxidative damage [5,6,10,11]. Under these
conditions, many microorganisms counteract dehydration through the intracellular ac-
cumulation of one or more compatible solutes, small organic molecules characterized by
a neutral charge and low toxicity at high concentrations [5,6,11]. Glycerol is a common
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osmolyte synthesized by several yeast species and microalgae, including C. reinhardtii and
Dunaliella spp. [1,2,5,6,10-17]. This compatible solute contributes to the osmotic balance of
cells and the maintenance of enzyme activities under conditions of cell shrinkage, molecular
crowding and low water activity [10-12,14].

Glycerol is generally synthesized in a two-step pathway from the glycolytic interme-
diate dihydroxyacetone phosphate (DHAP) (Figure 1), although an alternative pathway
via dihydroxyacetone has been proposed in some species [6,10,11,14,15]. In the first step,
NAD(P)*-dependent glycerol-3-phosphate dehydrogenases (GPDs) catalyze the reduction
of DHAP to glycerol-3-phosphate (G3P). In the second step, G3P is dephosphorylated to
glycerol by glycerol-3-phosphate phosphatases (GPPs). Microalgae in the Chlorophyceae
and Trebouxiophyceae classes encode GPDs with an unusual bidomain structure, consist-
ing of a phosphoserine phosphatase-like domain fused to canonical glycerol-3-phosphate
dehydrogenase domains [5,15,17-19]. Recent work has demonstrated that two of these
bidomain enzymes, C. reinhardtii GPD2 [15] and D. salina osmoregulated GPDH [17], can
convert DHAP directly to glycerol, indicating that the phosphoserine phosphatase-like
domain actually functions as a GPP.
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Figure 1. Simplified pathway of glycerol metabolism in C. reinhardtii and connections to membrane
glycerolipid and triacylglycerol synthesis. For additional details, see Morales-Sanchez et al. [15].
Metabolites: DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate; Gly, glycerol. En-
zymes: GPD2, bidomain NAD(P)+-dependent glycerol-3-phosphate dehydrogenase isoform 2; GK,
glycerol kinase.

C. reinhardtii possesses five NAD(P)*-dependent GPD homologs and the genes encod-
ing two bidomain isoforms (i.e., GPD2 and GPD3), in particular GPD2, were substantially
upregulated upon exposure of cells to NaCl [15,19,20]. By using pulse labeling with 13C-
arginine in an auxotrophic strain, an increase in the rate of synthesis of the GPD2 protein
(ID 146945) was also observed in cells exposed to NaCl [21]. Moreover, consistent with
enhanced activity of the corresponding enzyme(s), the acclimation of C. reinhardtii to hy-
perosmotic stress involved the rapid accumulation of glycerol, as well as several other
sugars [13,16,22]. However, various proteomic experiments examining cells subjected to
osmotic/salt stress failed to detect any bidomain GPD protein [16,23]. Other chlorophytes
also showed increased expression of genes encoding bidomain GPDs in response to os-
motic/salinity stress. In a psychrophilic species of Chlamydomonas (UWO 241), a bidomain
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GPD gene was strongly upregulated by NaCl exposure, correlating with an increase in intra-
cellular glycerol concentration [5]. In the halotolerant alga Dunaliella salina, bidomain GPDs
are encoded by a small multigene family and DsaGPD2 and DsaGPD4 exhibited substantial
induction upon high salt stress [18,24]. In Dunaliella viridis, two bidomain GPD encoding
genes were also transiently induced in response to hypersalinity shock [25]. However, at
least in Dunaliella tertiolecta, even though the intracellular glycerol concentration increased
substantially after salt stress, no significant changes in the abundance of bidomain GPD
proteins were detected in proteomic analyses [26].

The bidomain GPDs encoded by genes upregulated under salinity stress in C. rein-
hardtii and D. salina localize to the chloroplast [15,17], suggesting that they are key com-
ponents of a distinctive plastid pathway for fast glycerol synthesis during acclimation to
hyperosmotic stress. However, in C. reinhardtii, GPD2 and GPD3 transcript abundance also
increased substantially under nitrogen- or phosphorus-deprivation, conditions that trigger
the accumulation of carbon storage compounds such as triacylglycerols (TAGs) [15,20,27,28].
In fact, the G3P produced by GPD enzymes is also an intermediate in lipid biosynthesis
(Figure 1), forming the backbone of membrane glycerolipids and TAGs [6,15,20], and it
may act as a bridge for carbon transfer between carbohydrate and lipid metabolism [29].
Furthermore, the knockdown of C. reinhardtii GPD2 expression by RNA interference demon-
strated its requirement for both glycerol accumulation under NaCl stress [15] and TAG
accumulation under N- or P-deprivation [15,20].

Thus, changes in the expression and/or the activity of bidomain GPDs seem to be
an important part of the response of diverse microalgae to environmental stresses such
as hypersalinity or nutrient deprivation. However, the regulatory mechanism(s) is poorly
understood, and some observations appear to be incongruous. For instance, several
chlorophytes significantly upregulate bidomain GPD gene expression in response to salt
stress, but the corresponding proteins are not detected or do not change in abundance.
Discerning this regulatory mechanism(s) may enhance our understanding of algal stress
responses, but it may also have biotechnological implications for the sustainable production
of glycerol through direct CO; capture. Interestingly, for membrane glycerolipid and TAG
synthesis, the production of G3P (rather than glycerol) as the final product of bidomain GPD
activity would be energetically favored. Otherwise, glycerol would need to be converted
back to G3P, with ATP expenditure, by a glycerol kinase (Figure 1). This reasoning prompted
us to propose that the canonical GPD domains (with reductase activity) and the GPP domain
(with phosphatase activity) of bidomain GPDs may be regulated independently by a post-
translational mechanism(s), allowing these enzymes to synthesize primarily G3P or glycerol
depending on environmental conditions or metabolic demands [15]. In the present study,
we tested this hypothesis by examining the regulation of transgenic C. reinhardtii GPD2 in
cells exposed to salinity stress.

2. Materials and Methods
2.1. Strains and Culture Conditions

C. reinhardtii CC-124 (wild type) and transgenic GPD2 overexpression strains (de-
scribed below) were used in all reported experiments. Unless specified otherwise, 100 mL
cultures (in 500 mL flasks) were incubated on an orbital shaker under continuous illumina-
tion at 25 °C and ambient level of CO, [15,30]. Strains were pre-cultured to the middle of
the logarithmic phase (~3 x 10° cells mL~!) in minimal HS medium [31]. As previously
described [15], cells were then collected by centrifugation, washed twice, and resuspended
in either HS medium, HS medium containing 100 mM NaCl (H5+NaCl), or HS medium
lacking nitrogen (HS-N) at a density of ~2.0 x 10° cells mL~!. Cells were next cultured
under photoautotrophic conditions during 6 h for the high salinity experiments or during
48 h for the nitrogen deprivation analyses. At the end of the experimental period, cells
were harvested by centrifugation at 2000x g for 5 min and the pellets were frozen in liquid
nitrogen and stored at —70 °C for further analyses. For experiments examining glycerol
accumulation under light or dark conditions, cells in the middle of the logarithmic phase
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(~3 x 10° cells mL~!), pre-grown in either HS minimal medium or Tris-Acetate-Phosphate
(TAP) medium [32], were cultured in the same medium for three days in complete dark-
ness. After this pre-treatment, cells were incubated for an additional 6 h under continuous
light or dark in HS (or TAP) medium (as controls) or in HS (or TAP) medium containing
100 mM NaClL

2.2. Construction of the PSAD:GPD2:PSAD Transgene and Generation of Transgenic Strains

The GPD2 (Cre01.g053000) coding sequence was amplified by PCR from plasmid pIVEX-
GPD2 [15] by using primers GPD2_F (5-GGTACCATGATGCTGTCAGGCCGCACCTGC)
and GPD2-AcV5_R (5'-GAATTCtcagctecagecgetggegtecttccagctt CACGCTGTTGCTGGCAGCQ).
The reverse primer inserted the sequence of the AcV5 tag [33] at the 3’ end of the GPD2
CDS. This PCR product was cloned into pSTBluel (Novagen, Madison, W1, USA), verified
by sequencing, and then excised as a GPD2-AcV5 fragment by successive digestion with
Kpnl, blunting by T4 polymerase treatment, and digestion with EcoRI. Simultaneously,
plasmid NE589, derived from pGenD containing PSAD regulatory sequences [34], was
digested with Ncol, blunted by T4 polymerase treatment, and digested with EcoRI. The
linearized NE589 plasmid and the GPD2-AcV5 fragment were then ligated, and this new
construct was digested with Nsil, blunted by T4 polymerase treatment, and self-ligated
to generate the PSAD:GPD2:PSAD transgene in the proper reading frame within plasmid
NE589. This transgene was excised by digestion with Kpnl and Xbal and inserted by
blunt-end cloning, after treatment with T4 DNA polymerase, into the EcoRI site of plasmid
pSP124S, which contains the Zeocin-resistance Ble" selectable marker [35]. The final plasmid
was transformed into CC-124 by electroporation, as previously described [36], and colonies
were selected on TAP-agar plates containing 16 ug mL~1 zeocin (Invitrogen, Carlsbad, CA,
USA, R25001). Expression of the GPD2 recombinant protein was corroborated in several
independent transgenic strains by immunoblotting with an anti-AcV5 monoclonal antibody
(please see below).

2.3. Reverse Transcriptase (RT-) and Quantitative Real Time (qRT-) PCR Assays

Total RNA extraction, reverse transcription, and standard PCR amplification were per-
formed following previously described procedures [15]. Before qRT-PCR assays, primers
were confirmed to amplify a single-sized product by end-point PCR and examination by
agarose gel electrophoresis. DNA fragments were then amplified and quantified with
the RT? SYBR Green /Fluorescein gPCR Mastermix (Qiagen, Hilden, Germany, 330519),
using the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
The qRT-PCR analyses were based on three biological replicates and three technical repli-
cates. ACT1, encoding actin, was used as a reference gene to normalize gene expres-
sion levels. The primers used for GPD2 amplification anneal to both the endogenous
(wild type) and the transgenic transcripts. The primer sequences were as follows: for
GPD2 (Cre01.g053000) GPD2-RT-F1 5'-GCAAGTACCCGCTGTTCAC-3" and GPD2-RT-R1
5'-GCACAATATCCTCCTCGACGT-3'; for HSF1 (Cre09.g387150, HEAT SHOCK FACTOR 1)
HSF1F 5'-AACATCGTCTCATGGGGTGC-3" and HSF1R 5'-TCCATAGGTGTTGAGCTGGC-
3’; and for ACT1 (Cre13.g603700), ACT-cod-F 5'-GACATCCGCAAGGACCTCTAC-3' and
ACT-cod-R 5'-GATCCACATTTGCTGGAAGGT-3".

2.4. Glycerol and Non-Polar Lipid Analyses

Glycerol content was determined as previously described [15]. Briefly, C. reinhardtii
cells were collected by centrifugation, washed in an isotonic solution, and the pellets frozen
in liquid nitrogen and stored at —70 °C until use. Pellets were resuspended in deionized
water, briefly vortexed, and boiled for 10 min to release the glycerol from cells. Cell debris
was pelleted by centrifugation at 2000x g for 5 min and the supernatant was used for
measuring glycerol amounts with the free glycerol reagent (Sigma, St. Louis, MO, USA,
F6428). To assess the content of non-polar lipids, cells were stained with the lipophilic
fluorophore Nile Red, as previously described [37]. About 100 pL of cells were transferred
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to a multi-well plate and mixed with 100 pL of HS medium. Then, Nile Red (Sigma,
72485) was added to a final concentration of 1 ug mL~! and fluorescence (excitation at
488 nm; emission at 565 nm) was measured in a multi-well plate reader (Synergy H1,
Biotek, Winooski, VT, USA). Nile Red fluorescence was finally normalized to cell density
(determined as absorbance at 750 nm) and expressed in arbitrary units.

2.5. Immunoblot Analyses

Approximately 5 x 107 cells were pelleted by centrifugation and resuspended in 50 pL
of SDS-gel running buffer [38]. Samples were heated at 95 °C for 8 min and 5-uL aliquots of
whole-cell protein extracts were separated by 10% SDS-PAGE and electrophoretically trans-
ferred to a nitrocellulose membrane (Cytiva, Marlborough, MA, USA, Amersham Protran
10600003) [38]. The membrane was then blocked with 7% nonfat dry milk in TBS-T buffer
(Tris-Buffered Saline containing 0.1% Tween-20) and incubated overnight at 4 °C with a
1:5000 dilution, in the same buffer, of a mouse anti-AcV5 antibody (Thermo Fisher Scientific,
Waltham, MA, USA, 14-6995). After washing three times (10 min each) with TBS-T buffer,
the nitrocellulose membrane was blocked again with 7% nonfat dry milk in TBS-T and
incubated at 4 °C for 2 h with a goat anti-mouse IgG conjugated to horseradish peroxidase
(Sigma, A2304) in the same buffer. Finally, the membrane was washed three times (10 min
each) in TBS-T buffer and the signal was detected with Immobilon Chemiluminescent HRP
substrate (Millipore, Burlington, MA, USA, WBKLS0500) and autoradiography (Cytiva,
Marlborough, MA, USA, Amersham Hyperfilm MP 28906845). To evaluate the loading of
the lanes, we used a modification-insensitive polyclonal anti-histone H3 antibody (Abcam,
Cambridge, United Kingdom, ab1791) at a 1:5000 dilution.

2.6. Treatments with Pharmacological Agents

Unless noted otherwise, stock solutions of the chemicals were prepared in dimethyl
sulfoxide (DMSQO), added to cell cultures 1 h before the start of the experimental treatments
(i.e., before exposing the cells to 100 mM NaCl or N-deprivation), and left in the medium
for the duration of the experiments (usually, 6 h for NaCl stress and 48 h for N-deprivation).
The compounds were used at the following final concentrations: cycloheximide 150 pg
mL~! (Sigma, 239763-M); N-acetyl-L-cysteine 5 mM (Sigma, A7250); spectinomycin 100 g
mL~! (Sigma, 567570); staurosporine 1 uM (Sigma, 569397); and Torinl 1 uM (Cayman
Chemicals, Ann Arbor, MI, USA, 10997). Unlike the other compounds, okadaic acid (Sigma,
495604) was added to the cultures 24 h before the start of the experimental treatments
at a final concentration of 10 nM (or as indicated in the figures). The stock solution of
cycloheximide was prepared in ethanol and that of spectinomycin in water.

2.7. Proteomic Analyses

Transgenic AcV5-tagged GPD2 protein was purified from cells in the middle of the
logarithmic phase maintained in HS medium (HS) or exposed to 100 mM NaCl for 6 h
(HS+NaCl) by using a previously described protocol [39] with some modifications. Briefly,
for each treatment, ~10'° cells were resuspended in 10 mL of lysis buffer [20 mM Tris-HCl
(pH 7.0), 150 mM NaCl, 0.1 mM EDTA, 2.0 mM Mg(CH3COO);, 2.0 mM Benzamidine,
0.2 mM phenylmethanesulfonyl fluoride (PMSF), and 10% glycerol] containing 5 uL. mL~*
plant protease inhibitor cocktail (Sigma, P9599), and phosphatase inhibitor cocktail (Sigma,
PhosSTOP, PHOSS-RO; 1 tablet in 10 mL of buffer). Cells were broken by two passages
through a French press at ~5000 psi and the lysate was clarified by centrifugation at
16,000 % g for 30 min at 4 °C. The extract was centrifuged again at 80,000 g for 90 min
and the supernatant was then incubated at 4 °C with 20 pg of a mouse anti-AcV5 antibody
(Thermo Fisher Scientific, 14-6995) for 1 h followed by overnight incubation with protein G-
agarose beads (Sigma, P7700; ~200 pL of packed resin per 40 mL of original cell extract). The
beads were collected by centrifugation (5000 x g for 5 min) and washed five times with wash
buffer [20 mM Tris-HCl (pH 7.0), 300 mM NaCl, 0.1 mM EDTA, 2.0 mM Mg(CH3COO),,
2.0 mM Benzamidine, 0.2 mM PMSE, 0.1% Triton X-100, and 10% glycerol] containing
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5 uL. mL~! plant protease inhibitor cocktail and phosphatase inhibitor cocktail. Bead-bound
proteins were then processed for liquid chromatography with tandem mass spectrometry
(LC-MS/MS) analyses, as previously described [40]. Data were analyzed in Proteome
Discoverer 2.2 software (Thermo Fisher Scientific) with MS Amanda 2.0 and SeQuest HT as
search tools. The analytical pipeline has been described in detail before [40].

2.8. GPD2 Glycerol-3-Phosphate Phosphatase Domain Structure Predictions

Three-dimensional (3D) models of the C. reinhardtii GPD2 phosphatase domain were
predicted in automated mode with Swiss Model [41], using as templates the crystal struc-
tures of D. salina dsGPDH 6iuy.1.a [17] or human phosphoserine phosphatase (hPSP)
6hyj.1.A. or 6hyj.2.A [42]. Evaluations of the models, analytic comparisons, and alternative
visualizations and coloring were carried out within the Swiss Model workspace. We also ex-
amined an AlphaFold predicted 3D structure of C. reinhardtii GPD2 (AF-A0OAOB5KTL4-F1),
generated by a machine learning algorithm that combines knowledge from bioinformatics
and physical Protein Data Bank approaches [43].

2.9. Statistical Data Analyses

Student’s t-tests and one-way analyses of variance (ANOVA) were carried out using
the “stats” package in the RStudio software AGPL v3 [44]. Based on the results, post hoc
pairwise comparisons of group means were performed using the Tukey Honest Significant
Difference (HSD), to identify the statistically different pairs (p < 0.05) in the data.

3. Results
3.1. Chlamydomonas reinhardtii GPD2 Transgenic Strains

Since we were primarily interested in examining the proposed post-translational
regulation of bidomain GPD2, we decided to generate transgenic strains expressing this
protein under the control of the C. reinhardtii PSAD regulatory sequences (i.e., promoter,
5" and 3’ untranslated regions, and terminator) (Figure 2A). PSAD is a nuclear gene that
encodes an abundant chloroplast-targeted protein, the subunit II of the Photosystem I
reaction center [34]. Various transgenes constructed with PSAD regulatory sequences have
been demonstrated to be expressed constitutively and at high levels in C. reinhardtii grown
under continuous light [34]. Thus, PSAD:GPD2:PSAD transgenic strains would be expected
to express the GPD2 protein in the absence of any environmental stress, when cultured in
HS minimal medium under continuous light.

We generated several overexpression strains that showed substantial increases in
GPD?2 transcript abundance relative to the wild type (CC-124) when grown in HS medium
(Figure 2B, OX-9, OX-12, and OX-30). However, when cells were subject to salinity stress, the
upregulated GPD?2 transcript levels were similar in the wild type and overexpression strains
(Figure 2C). We next tested whether the overexpression strains could accumulate glycerol
or non-polar lipids, such as TAGs, when cultured under normal environmental conditions
in HS medium. Because of similar preliminary results with all overexpression strains, we
focused our analyses on OX-12, showing intermediate GDP2 transcript levels (Figure 2B),
to avoid potential artifacts caused by excessive protein expression. Interestingly, the OX-12
strain, similarly to the wild type, only showed a significant increase in non-polar lipid
content, as examined by staining cells with the lipophilic fluorophore Nile Red, when cells
were subject to nitrogen deprivation (Figure 2D). Likewise, glycerol accumulation above
background levels was only detected in cells cultured for 6 h in HS medium containing
100 mM NaCl (Figure 2E), and no significant differences in glycerol content were observed
between OX-12 and the wild type. A previous study also generated GPD2 overexpression
strains, showing substantial increases in GPD2 transcript levels, by using transgenes
constructed with the tandem HSP70A-RBCS2 promoter [20]. These strains were grown
photoheterotrophically in TAP medium (containing acetate) with or without phosphorus
limitation. However, none of the overexpression strains showed changes in glycerol
accumulation, relative to the wild type, under the conditions tested. They did exhibit
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increased total lipid content but only under low phosphorus stress, and the accumulated
amounts were slightly lower than in the wild type cultured under the same conditions [20].
These combined results indicated that, despite significant increases in GPD2 transcript
levels in overexpression strains grown under normal environmental conditions, the contents
of expected products of GPD2 activity did not differ from the background levels detected
in the wild type.
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Figure 2. Characterization of PSAD:GPD2:PSAD transgenic strains. (A) Schematic diagram of the
transgene designed to express the GPD2 protein constitutively. c¢TP, chloroplast transit peptide;
GPP, G3P phosphatase domain (related to phosphoserine phosphatase); GPDH, canonical G3P
dehydrogenase domains; AcV5, epitope from the GP64 envelope fusion protein of A. californica
multiple nuclear polyhedrosis virus; PSAD Pro, PSAD promoter; PSAD ter, 3'UTR and terminator
from PSAD. (B) GPD2 mRNA abundance in overexpression strains grown in minimal HS medium
relative to the wild type (CC-124). Transcript expression was determined by qRT-PCR, and values
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shown are the mean =+ standard deviation (SD) of three independent experiments (n = 3). Samples
indicated with an asterisk are significantly different from the wild type (p < 0.05) in a two tailed
Student’s t-test. (C) GPD2 mRNA abundance in overexpression strains grown in HS medium
containing 100 mM NaCl (HS+NaCl) relative to CC-124 cultured under the same conditions. (D) Non-
polar lipid accumulation in the wild type and overexpression strain OX-12 cultured under normal
conditions (HS), high salinity (HS+NaCl) for 6 h, or nitrogen deprivation (HS-N) for 48 h. Non-polar
lipid content was estimated by staining cells with the lipophilic fluorophore Nile Red. Fluorescence
was normalized to cell density and expressed in arbitrary units (A.U.). Values indicate the mean + SD
of three independent experiments (n = 3). Different lowercase letters indicate a significant difference
among means (one way ANOVA with post hoc Tukey HSD test, p < 0.05). (E) Glycerol content in the
wild type and overexpression strain OX-12 cultured as described above.

3.2. Transgenic GPD2 Protein Abundance and Stability

We designed our transgenic construct with an epitope from the GP64 envelope fusion
protein of Autographa californica multiple nuclear polyhedrosis virus (i.e., the AcV5 tag) [33]
integrated at the carboxyl end of the GPD2 protein (Figure 2A). This allowed us to monitor
protein expression by immunoblotting with an anti-AcV5 monoclonal antibody. Transgenic
GPD2 protein was clearly detected in all overexpression strains when cells were grown in
HS medium, in the absence of any environmental stress (Figures 3A and S1). Interestingly,
when cells were cultured for 6 h in HS medium containing NaCl, the abundance of the
transgenic GPD2 protein was substantially reduced relative to that in cells maintained in
HS medium (Figures 3A and S1). Similar results were observed when de novo cytoplasmic
protein synthesis was inhibited by incubating cells with cycloheximide [45]. GPD2 protein
levels remained stable in cells cultured in HS medium containing cycloheximide and de-
creased markedly in cells cultured in HS medium containing both NaCl and cycloheximide
(Figure 3A).

Despite the production of transgenic GPD2 protein when cells were grown in HS
medium, as already discussed, the glycerol content in overexpression strains did not dif-
fer from the background level detected in the wild type (Figure 2E). This suggested that
transgenic GPD2, or at least its GPP domain, was inactive under normal environmental
conditions. Thus, we designed an experiment to test whether the protein could be activated
(or de-repressed) under salinity stress, coincidental with the observed changes in protein
stability (Figure 3A). As already mentioned, the response of C. reinhardtii to hypersalinity
involves the transcriptional upregulation of the GPD2 gene, which is expressed at very low
levels in the absence of environmental stresses (Figure 2C, wild type CC-124). Incubation
of cells with cycloheximide is expected to abolish this response, since de novo cytoplasmic
protein synthesis from the newly synthesized transcripts would be inhibited. In over-
expression strains treated with cycloheximide before the NaCl stress, only pre-existent
transgenic GPD2 protein would be able to function. When untreated cells were cultured for
6 h in HS medium containing NaCl, glycerol content increased substantially and to similar
levels in the wild type and OX-12 strains (Figure 3B, Ctrl). However, this response was
completely abolished in the wild type strain when cells were incubated with cycloheximide
for 1 h prior to the addition of NaCl (Figure 3B, Chx). In contrast, OX-12 cells treated with
cycloheximide were still able to accumulate glycerol when stressed with NaCl (Figure 3B,
Chx), although at a somewhat lower level than untreated cells. As an additional control, in-
hibition of organellar (particularly chloroplastic) protein synthesis with spectinomycin had
no measurable effect on glycerol accumulation in any of the strains under the conditions
tested (Figure 3B, Spec).

We also examined transgenic GPD2 protein abundance when overexpression strains
were subject to nitrogen deprivation for 48 h (Figure 3C). Again, when OX-12 cells
were grown in minimal HS medium, despite the production of transgenic GPD2 protein
(Figure 3C), non-polar lipid content did not differ from that in the wild type (Figure 2D).
Substantial accumulation of non-polar lipids, presumably TAGs, was only observed under
nitrogen deprivation (Figure 2D). However, in contrast to the salinity stress experiment, the
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abundance of transgenic GPD2 protein changed in a similar manner in cells cultured under
nitrogen deprivation as in those maintained in HS medium for the same period (Figure 3C).
Likewise, in cells incubated with cycloheximide to prevent de novo cytoplasmic protein
synthesis, the abundance of transgenic GPD2 protein decreased similarly in cells subject to
nitrogen deprivation as in those cultured in nutrient replete medium (Figure 3C, +Chx).
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Figure 3. Analysis of GPD2 protein abundance and glycerol accumulation in overexpression strain
OX-12 upon inhibition of cytoplasmic protein synthesis by cycloheximide. Cells were pre-incubated
with cycloheximide for 1 h before the start of the experimental treatments. (A) Immunoblot analysis
of transgenic GPD2 protein levels detected with an anti AcV5 antibody. OX-12 cells were cultured,
for the indicated times, in minimal HS medium or HS medium containing 100 mM NaCl (HS+NaCl),
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in the presence or absence of cycloheximide (Chx). Immunodetection of histone H3 was used as a
control for equivalent loading of the lanes. The zero time (0 h) controls indicate that 1 h pre-incubation
with cycloheximide did not alter, by itself, GPD2 protein abundance. (B) Glycerol content in the wild
type and OX-12 strains grown for 6 h in HS medium or HS medium containing NaCl. Cells were
cultured in the media alone (Ctrl) or with the addition of cycloheximide (Chx) or spectinomycin
(Spec). Values indicate the mean 4 SD of three independent experiments (n = 3). Different lowercase
letters indicate a significant difference among means (one way ANOVA with post hoc Tukey HSD
test, p < 0.05). (C) Immunoblot analysis of transgenic GPD2 protein levels detected with an anti AcV5
antibody. OX-12 cells were cultured, for the indicated times, in minimal HS medium or HS medium
lacking nitrogen (HS-N), in the presence or absence of cycloheximide (Chx). Immunodetection of
histone H3 was used as a control for equivalent loading of the lanes.

The simplest interpretation of these observations is that the GPP domain of transgenic
GPD2 is inactive when cells are grown in HS medium, under normal environmental
conditions (please see Discussion). However, under salinity stress in the presence of
cycloheximide, pre-existent GPD2 protein becomes activated (or de-repressed) to synthesize
glycerol (Figure 3B, OX-12 HS5+NaCl+Chx) but, at the same time, it is rapidly destabilized
(Figure 3A, OX-12 H5+NaCl+Chx). Both effects might be related to conformational changes
in the GPP domain ultimately triggered in response to NaCl stress (please see Discussion).
In contrast, transgenic GPD2 protein stability was similar in cells cultured under nitrogen
deprivation as in those maintained in nutrient replete medium (Figure 3C). Conceivably,
only the canonical GPD domains of GPD2 might be active under these conditions (please see
Discussion), where no increases in glycerol content were observed in the OX-12 strain. As
previously reported for the wild type [15], C. reinhardtii overexpression strains accumulate
appreciable amounts of non-polar lipids when subject to nitrogen deprivation (Figure 2D),
suggesting that the G3P backbone is being produced. In nutrient replete medium, however,
an expected increase in glycerol-3-phosphate dehydrogenase activity brought about by
transgenic GPD2 might not alter the carbon flux directed to the synthesis of membrane
glycerolipids (rather than storage TAGs) in rapidly growing cells. Indeed, when cells
were grown in nutrient replete TAP medium, GPD2 overexpression strains only showed
a significant increase in diglycerides relative to the wild type, but no differences in other
lipid classes [20].

3.3. Control of Glycerol Accumulation under Salinity Stress

To explore the hypothesis that the GPP domain of GPD2 is activated (or de-repressed)
under salinity stress, we examined glycerol accumulation in the wild type and OX-12 strains
under a variety of treatments, aimed at identifying a plausible regulatory mechanism(s),
including light exposure, scavengers of reactive oxygen species, and inhibitors of protein
phosphatases or protein kinases. We first tested whether light was required for glycerol
accumulation in C. reinhardtii under hypersalinity conditions. Cells, in the middle of the
logarithmic phase, were cultured for three days in minimal HS medium under continuous
darkness (to deplete them from stored starch), and then incubated for an additional 6 h
under continuous light or dark in HS medium or HS medium containing 100 mM NaClL
Salinity stress triggered substantial glycerol accumulation in light-exposed cells, as be-
fore, but this response was abolished in the starch-depleted dark-incubated cells (Figure
S2A). The same experiment was repeated with cells cultured in TAP medium, containing
acetate as a source of carbon. In this case, dark-incubated cells also were capable of accu-
mulating glycerol upon exposure to NaCl (Figure S2B), suggesting that acetate provided
a carbon source for glycerol synthesis. Please also note the change in scale when com-
paring Figures S2A and 52B, indicating that cells cultured in acetate-containing medium
accumulate much higher levels of glycerol than those cultured in minimal HS medium.
These results are consistent with prior studies in several Dunaliella species indicating that
light does not play a regulatory role in the synthesis of glycerol upon salinity /osmotic
stress [12,46]; although photosynthesis does provide carbon skeletons and reducing power
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for glycerol production. In Dunaliella spp., the products of both photosynthesis and starch
breakdown contribute to glycerol synthesis in the light, whereas in the dark glycerol is
mostly synthesized at the expense of starch degradation [12,46,47].

Besides its osmotic effects, high salinity can also stimulate the production of reactive
oxygen species (ROS), leading to oxidative damage [6,16]. Thus, we also tested whether
ROS signaling might be involved in triggering glycerol synthesis upon exposure of cells
to NaCl. N-acetyl-L-cysteine (NAC) is a synthetic precursor of intracellular cysteine and
glutathione, and it has antioxidant activity resulting from its free radical scavenging prop-
erty, either directly via its thiol-disulfide exchange activity or secondarily via increasing
glutathione levels in the cells [48]. NAC has been commonly used as a cell-permeable ROS
scavenger in diverse organisms, including C. reinhardtii [49,50]. However, incubation of
wild type and OX-12 cells with NAC did not affect the glycerol accumulation triggered by
NaCl stress in any of the strains (Figure S2C).

The response to hyperosmotic stress and accumulation of glycerol in the yeast Saccha-
romyces cerevisiae involves several conserved signaling pathways, with the high osmolarity
glycerol (HOG) pathway being the most prominent [11,16]. In this protein kinase cascade,
the signal is often transmitted by reversible protein phosphorylation, modulating proteins’
activity, localization and interactions with other proteins. Mitogen-activated protein ki-
nases (MAPKs), related to yeast HOGI, have also been implicated in glycerol production
under salt stress in D. salina and D. tertiolecta [51,52]. Moreover, proteomics analyses in
C. reinhardtii subject to osmotic shock have suggested the involvement of stress-related
kinases, such as MAPK®6, and phosphatases in the initial cellular responses [16]. Thus,
we tested whether protein phosphatase or protein kinase inhibitors might affect glycerol
accumulation in our strains.

Okadaic acid (OA), a polyether fatty acid, is a strong inhibitor of protein phosphatases,
specifically several serine/threonine phosphatases such as protein phosphatase 1 (PP1) and
protein phosphatase 2A (PP2A) homologs [53,54]. OA was successfully used to inhibit PP1
phosphatases in C. reinhardtii [55], but short incubation times with the inhibitor failed to
affect PP2A3 [56]. Based on in vivo studies, the amount of OA required to inhibit protein
phosphatases varies, possibly because its uptake can be affected by pH, temperature, and
exposure time [56]. Given these observations, we tested several OA concentrations and
long, 24 h pre-incubation times in our experiments. Treatment of wild type C. reinhardtii
with OA led to somewhat increased glycerol accumulation, relative to untreated cells,
upon salt stress (Figure 4A). This was substantiated in a second experiment using the
lowest effective concentration of OA (i.e.,, 10 nM) to minimize any non-specific effects
(Figure 4B). However, under the same conditions, OX-12 cells incubated with OA did not
show significantly higher glycerol accumulation than untreated cells (Figure 4B).

In metazoans and fungi, the target of rapamycin (TOR) protein kinase assembles into
two complexes with distinct partners and independent functions [57,58]. In S. cerevisiae,
the target of rapamycin complex 2 (TORC2) plays a role, independently from the HOG
pathway, in a transient signaling response to hyperosmotic stress. High osmolarity pre-
vents TORC2-mediated phosphorylation and activation of another kinase, YPK1, which in
turn phosphorylates and inhibits one of the major glycerol-3-phosphate dehydrogenases,
GPD1 [11]. Thus, under normal growth conditions, TORC2 has a repressive effect on GPD1
activity. By contrast, microalgae and other photosynthetic organisms only possess the
target of rapamycin complex 1 (TORC1) [58], and the TOR kinase appears to have, at least
transiently, a positive role in land plant responses to drought and osmotic stress [59-61].

In several studies in C. reinhardtii [57,62], Torinl has been used to inhibit the TOR
kinase with high specificity. Interestingly, when wild type C. reinhardtii was incubated
with Torin1, glycerol accumulation triggered by NaCl stress was nearly entirely abolished
(Figure 4C). In contrast, OX-12 cells treated with Torin1 were still able to synthesize glycerol
when stressed with NaCl (Figure 4C). The effect of Torinl on glycerol accumulation in the
wild type and OX-12 strains was similar to that caused by the inhibition of cytoplasmic
protein synthesis with cycloheximide (Figure 3B). Indeed, in cells exposed to NaCl, pre-
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existent GPD2 protein was still able to synthesize glycerol in the presence of both Torin1
and cycloheximide (Figure 4D, OX-12 HS+NaCl+Tor1+Chx), suggesting that any post-
translational regulatory mechanism(s) might be largely independent of TOR kinase activity.
On the other hand, the TOR kinase appears to play a positive role in the accumulation of
glycerol in response to salinity stress in wild type C. reinhardtii. However, further work
will be necessary to assess its actual function, possibly affecting transcriptional and/or
translational responses.
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Figure 4. Effect of protein phosphatase and TOR kinase inhibitors on glycerol accumulation by the
wild type and OX-12 strains. (A) Glycerol content in the wild type cultured in minimal HS medium or
HS medium containing 100 mM NaCl (HS+NacCl) in the presence of the indicated concentrations of
the protein phosphatase inhibitor okadaic acid. Values shown are the mean + SD of three independent
experiments (n = 3). (B) Glycerol content in the wild type and OX-12 strains cultured in HS medium
or HS medium containing NaCl, in the absence (Ctrl) or presence of 10 nM okadaic acid (OA).
Values indicate the mean =+ SD of three independent experiments (n = 3). Different lowercase letters
indicate a significant difference among means (one way ANOVA with post hoc Tukey HSD test,
p < 0.05). (C) Glycerol content in the wild type and OX-12 strains cultured in HS medium or HS
medium containing NaCl, in the absence (Ctrl) or presence of the TOR kinase inhibitor Torin 1 (Tor1).
(D) Glycerol content in the wild type and OX-12 strains cultured in HS medium or HS medium
containing NaCl, in the absence (Ctrl) or presence of both Torin 1 and cycloheximide (Tor1+Chx).
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3.4. Post-Translational Regulation of Transgenic GPD2 Protein

To explore the possible involvement of other protein kinases in regulating glycerol
accumulation under salinity stress, we also examined cells treated with the protein kinase
inhibitor staurosporine. Due to its strong affinity for the ATP-binding site of kinases,
staurosporine is a prototypical ATP competitor, but has very little selectivity [63]. To ensure
that staurosporine was taken up by our C. reinhardtii strains, we first tested that it did
inhibit, as previously reported [64], the transcriptional induction of HEAT SHOCK FACTOR
1 (HSF1) after a heat shock treatment (Figure 5A). Of particular relevance to this study, the
incubation of cells with staurosporine also completely abolished the glycerol accumulation
triggered by salt stress in both wild type and OX-12 strains (Figure 5B). However, the
abundance of transgenic GPD2 protein was still reduced in OX-12 cells incubated with
staurosporine to an analogous extent as in untreated cells (Figure 5C, HS+NaCl). Similar
results were observed when cells were treated with both staurosporine and the translation
inhibitor cycloheximide (Figure 5D), indicating that staurosporine is blocking the NaCl-
triggered activation (or de-repression) of pre-existent transgenic GPD2 protein for glycerol
synthesis, but not its change in stability.
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Figure 5. Effect of the non-specific protein kinase inhibitor staurosporine on glycerol accumulation by
the wild type and OX-12 strains. (A) Semi-quantitative RT-PCR analysis of HEAT SHOCK FACTOR 1
(HSF1) transcript abundance after exposing wild type and OX-12 cells to heat stress (40 °C for 20 min)
in the absence or presence of staurosporine (STS). Amplification of the mRNA corresponding to ACT1
was used as a control for equal amounts of input RNA and for the efficiency of the RT-PCRs. The
panels show representative reverse images of agarose resolved PCR products stained with ethidium
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bromide. (B) Glycerol content in the wild type and OX-12 strains cultured in HS medium or HS
medium containing NaCl, in the absence (Ctrl) or presence of staurosporine (STS). Values indicate
the mean =+ SD of three independent experiments (n = 3). Different lowercase letters indicate a
significant difference among means (one way ANOVA with post hoc Tukey HSD test, p < 0.05).
(C) Immunoblot analysis of transgenic GPD2 protein levels detected with an anti-AcV5 antibody.
OX-12 cells were cultured, for the indicated times, in minimal HS medium or HS medium containing
100 mM Na(l, either in media alone or in the presence of cycloheximide (+Chx), staurosporine (+STS)
or both cycloheximide and staurosporine (+Chx+STS). Inmunodetection of histone H3 was used as a
control for equivalent loading of the lanes. (D) Glycerol content in the wild type and OX-12 strains
cultured in HS medium or HS medium containing NaCl, in the absence (Ctrl) or presence of both
staurosporine and cycloheximide (STS+Chx).

These results suggested that a protein kinase(s) may play a role in the proposed
post-translational regulation of transgenic GPD2 under salinity stress. However, it was
unclear whether GPD2 itself and/or a protein(s) affecting GPD2 function might be the
target of the putative kinase(s). We took advantage of the AcV5 epitope tag to partly
enrich, by affinity purification, transgenic GPD2 protein from OX-12 cells cultured in
HS medium or HS medium containing NaCl. These samples were examined by LC-
MS/MS, as previously described [40], to identify differentially phosphorylated peptides.
Unfortunately, GPD2 protein abundance was substantially reduced under salinity stress
(as discussed above) making it difficult to purify enough protein to identify modified
peptides with high confidence. In two independent experiments, a single phosphorylated
peptide was detected exclusively in the NaCl-treated samples, albeit at only low to medium
confidence (Figure S3A,B). The phosphorylated residue corresponded to Ser145 in the
GPP domain of GPD2 (Figure S3C,D), and it is part of a conserved motif in bidomain GPD
proteins from diverse microalgae (Figure S3B). However, in the predicted three-dimensional
structure of the GPD2 GPP domain, generated either by homology modeling [41] using
as a template the crystal structure of D. salina osmoregulated bidomain GPDH or by the
AlphaFold algorithm [43], Ser145 is located far away from the Mg?*-dependent catalytic
center (Figure S3C,D). Thus, the functional relevance of Ser145 phosphorylation remains
uncertain, although it could possibly be associated with conformational rearrangements of
the GPP domain. Also, we cannot rule out that a protein kinase(s) inhibited by staurosporine
might modify another protein which, in turn, affects GPD2 activity (via either interaction
and/or post-translational modification).

3.5. Three-Dimensional Structure Prediction of the GPD2 GPP Domain

In order to explore potential conformational changes triggered by salinity stress, the
GPP domain structure was predicted by homology modeling [41] using the crystal struc-
tures of D. salina osmoregulated bidomain GPDH (Figure 6A) or human phosphoserine
phosphatase (PSP) (Figure 6B,E) as templates. As described for these two enzymes [17,42],
the GPD2 GPP domain appears to consist of a Rossman-fold-like motif with alternat-
ing a-helices and (-strands. This motif was modeled with a high degree of confidence,
and corresponds to the putative catalytic core of the enzyme, including a Mg?* atom
(Figure 6A,B,E). Modeled with lower confidence was an «-helical cap domain (Figure 6A,B)
that, in the haloacid dehalogenase (HAD) superfamily of enzymes, is used to shield the
active site [42]. Detailed structural studies of the PSP family indicated that substantial
conformational rearrangements of the active site (from open to closed conformation of
the cap domain upon substrate binding) are required to catalyze the reaction [42,65]. An
a-helix from the cap domain closes (and completes) the active site after phosphoserine
binding, modeled for GPD2 GPP by using as template hPSP 6hyj.1.A (Figure 6B,D, “closed”
cap domain). After catalysis, the a-helix unfolds into an open loop, allowing the prod-
ucts to leave the enzyme, modeled for GPD2 GPP by using as template hPSP 6hyj.2.A
(Figure 6E, “open” cap domain). The “best fit” GPD2 GPP structure, modeled by using as
template D. salina osmoregulated bidomain GPDH 6iuy.1.A (Figure 6A,C), predicts a cap
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domain conformation somewhere in between the “closed” and “open” models. However,
in the crystal structure of the Dunaliella enzyme (6iuy.1.A) electron density was missing
for residues 248-256, and the folding of the cap domain was not completely solved [17].
Artificial intelligence-based structure prediction with the AlphaFold algorithm (43) resulted
in a model (Figure S3D) with somewhat greater similarity to the “closed” cap domain.
Nonetheless, these structural modeling analyses suggest that extensive conformational
rearrangements may characterize an active GPD2 GPP domain.
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Figure 6. Homology models of the three-dimensional structure of the GPD2 GPP domain generated
in automated mode with Swiss-Model. (A) Model constructed based on the crystal structure of
D. salina dsGPDH 6iuy.1.a, shown in cartoon representation and colored according to confidence
class. The green sphere corresponds to a Mg?* atom. (B) Model constructed based on the crystal
structure of human phosphoserine phosphatase 6hyj.1.A. (C-E) For comparison purposes, model
superposition is shown in cartoon representation and colored according to confidence gradient (blue
= high confidence --> orange = low confidence). The green sphere corresponds to a Mg?* atom.
(C) Full color saturation model based on D. salina dsGPDH 6iuy.1.a. (D) Full color saturation model
based on human phosphoserine phosphatase 6hyj.1.A. (E) Full color saturation model based on
human phosphoserine phosphatase 6hyj.2.A.

4. Discussion

Many chlorophytes accumulate intracellular glycerol, as a compatible solute, under
high salinity [1,2,5,6,12-17,66]. Although a freshwater alga, C. reinhardtii cell division is
strongly inhibited only at 200 mM NaCl, which corresponds to approximately 40% of seawa-
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ter salinity [13,67]. Chloroplast-localized bidomain GPD enzymes, consisting of canonical
glycerol-3-phosphate dehydrogenase domains fused with an N-terminal phosphoserine
phosphatase-like domain, have been implicated in the response to salt stress [5,15,17,18].
In C. reinhardtii, transcriptomic and RNA interference analyses also support a role for
these enzymes in triacylglycerol accumulation under nitrogen or phosphorus depriva-
tion [15,20,27,28]. However, the regulation of these bidomain GPDs under different en-
vironmental stresses is not clearly understood. As proposed before [15], for membrane
glycerolipid and TAG synthesis under normal or nutrient-deprived conditions, the pro-
duction of G3P catalyzed solely by the canonical GPD domains would be energetically
favored. On the other hand, under osmotic/salinity stress, the synthesis of glycerol would
also require an active G3P phosphatase domain.

The canonical GPD domains from several Dunaliella bidomain enzymes have been
reported to be active in diverse contexts: in in vitro assays with purified recombinant
proteins [17,25], in the complementation of yeast GPD deletion mutants [25], and in tests
with the partly purified, by DEAE cellulose chromatography, endogenous osmoregulated
enzyme [68]. The latter was also the case when the enzyme was purified from cells grown
at low NaCl concentration [68], which accumulate very little glycerol [12,46]. Likewise,
C. reinhardtii bidomain GPD enzymes have been reported to display glycerol-3-phosphate
dehydrogenase activity in the complementation of yeast deletion mutants [19,20] and in
in vitro assays with recombinant proteins [15]. In addition, C. reinhardtii GPD2 overex-
pression strains, grown in nutrient replete TAP medium, showed a significant increase
in diglycerides (but not glycerol) relative to the wild type [20], as expected if transgenic
GPD2 mostly synthesizes G3P under normal environmental conditions. Based on these
observations, we favor the hypothesis that the canonical GPD domains of the chloroplast-
localized bidomain enzymes are active in vivo under (nearly) all environmental conditions.
Additionally, in the experiments reported here, the stability of transgenic GPD2 protein
was very similar in cells cultured in nutrient replete medium as in those subject to nitro-
gen deprivation for 48 h (Figure 3C), possibly suggesting a similar enzyme conformation
under these conditions, where mainly G3P synthesis is expected. However, in several
algal species, transcriptional (and potentially translational) regulation may constrain en-
dogenous bidomain GPD protein expression only to cells subject to certain environmental
stresses [5,15,18-20,24,25,27,28].

In contrast, conflicting results have been published on the G3P phosphatase activity
of bidomain GPD enzymes. An ~86 kDa protein (likely a bidomain GPD enzyme), partly
purified from D. salina, showed unstable G3P phosphatase activity [69]. In addition, its Ky,
for G3P, about 2.7 mM, was considered unusually high [68,69]. Using purified recombinant
proteins in in vitro assays, no G3P phosphatase activity was detected for two D. viridis
bidomain GPD enzymes [25]. However, recombinant C. reinhardtii GPD2 and D. salina
osmoregulated GPDH were able to convert DHAP directly to glycerol in biochemical
assays [15,17]. Mutation of key aspartate residues in the phosphoserine phosphatase-like
domain of GPD2 abolished its G3P phosphatase activity, substantiating its function as a
GPP [15]. In the present work with overexpression strains, transgenic GPD2 protein was
clearly detected and fairly stable in cells grown photoautotrophically in minimal medium
(Figure 3A), but no glycerol accumulation was detected under these conditions (Figure 3B).
These observations suggested that GPP domain activity might be context dependent and
possibly regulated at the post-translational level.

Interestingly, the C. reinhardtii GPD2 gene was significantly upregulated upon expo-
sure of cells to NaCl ([15,19,20], this work) but, in several proteomic experiments examining
cells under osmotic/salt stress, the GPD2 protein was not detected [16,23]. Likewise, genes
encoding certain bidomain GPD enzymes were transcriptionally induced in Dunaliella
spp. exposed to hypersalinity [18,24,25] but, at least in D. tertiolecta [26] and D. salina [70],
no changes were detected in the abundance of the corresponding proteins. In this study, we
observed that the stability of the transgenic GPD2 protein was greatly reduced when cells
were cultured in HS medium containing NaCl (Figures 3A and S1). Yet, under these condi-
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tions, OX-12 cells (unlike the wild type) were able to accumulate glycerol in the absence of
de novo cytoplasmic protein synthesis blocked by the addition of cycloheximide (Figure 3B).
Thus, pre-existing transgenic GPD2 protein (and likely also endogenous bidomain GPDs)
appears to be altered by NaCl stress; and its destabilization may be related to activation (or
de-repression) of the GPP domain allowing glycerol synthesis (please see below).

We used several approaches, mostly relying on pharmacological treatments, to explore
the mechanism(s) involved in the proposed post-translational GPP domain regulation
under salinity stress. However, the ROS scavenger N-acetyl-L-cysteine, the protein phos-
phatase inhibitor okadaic acid, and the TOR kinase inhibitor Torin1 did not affect glycerol
accumulation by transgenic GPD2 strains upon salinity stress (Figure 4 and Figure S2C).
Only staurosporine, a non-specific protein kinase inhibitor, was able to prevent the NaCl-
induced synthesis of glycerol by pre-existing transgenic GPD2 (Figure 5D). Intriguingly,
we still observed GPD2 protein destabilization under these conditions (Figure 5C). Pro-
teomic experiments enriching AcV5-tagged GPD2 protein by affinity purification, followed
by identification of differentially phosphorylated peptides by LC-MS/MS only detected
Ser145 (within the GPD2 GPP domain) as potentially phosphorylated upon NaCl stress
(Figure S3A). While this residue is within a conserved motif in bidomain GPDs from diverse
microalgae (Figure S3B), it remains uncertain whether its phosphorylation is functionally
relevant. Moreover, the corresponding peptide was only identified at low /medium confi-
dence due to its low abundance. However, in cells grown photoheterotrophically in TAP
medium under normal conditions, the same peptide has been reported to be unphospho-
rylated [71]. Additionally, we cannot rule out that a kinase(s) inhibited by staurosporine
might modify another protein which, in turn, affects GPD2 activity. Nevertheless, our
results, taken together, strongly indicate that the GPD2 protein is post-translationally
regulated upon NaCl stress.

Post-translational regulation of enzymes involved in osmotic/salt stress responses
is supported by evidence in various organisms [6,11,14,21,72]. In D. salina, de novo pro-
tein synthesis was not required for the osmotic response, and the increase in glycerol
content triggered by exposure to high salinity [72]. In Phycomyces blakesleeanus, a G3P
phosphatase has been proposed to be activated by phosphorylation mediated by a cyclic-
AMP-dependent protein kinase [73]. Moreover, in C. reinhardtii, metabolome analysis
revealed that the proline-biosynthetic pathway is strongly induced upon salt stress but, in
parallel proteomic analyses, enzymes in this pathway did not change in abundance [21].
Other studies also reported very rapid metabolic changes and remodeling of primary
metabolism in C. reinhardtii when exposed to osmotic stress [16]. These observations sug-
gest that initial responses to osmotic/salinity stress may involve the post-translational
regulation of existing enzymes, allowing cells to adjust rapidly their metabolism to cope
with the stress. MAPKSs and other protein kinases have been characterized as components
of signaling pathways implicated in osmotic/salt stress tolerance in diverse organisms,
including microalgae [11,16,51,52]. Phosphorylation is also a common mechanism to mod-
ulate protein function in chloroplasts [74,75] and, based on the results of the staurosporine
treatments, a protein kinase(s) is apparently involved in the post-translational regulation of
plastid-localized GPD2.

Based on structural modeling analyses of the GPD2 GPP domain (Figure 6), some tenta-
tive hypotheses can be proposed regarding the observed changes in GPD2 protein stability
and activity under hypersalinity conditions. Assuming, as previously argued [15,17], that
GPP catalysis in bidomain GPDs is similar to that of phosphoserine phosphatases [42,65],
it is tempting to speculate that an active GPP domain will undergo dynamic switching
between open and closed conformations of its cap domain. The somewhat unfolded con-
formation in the open state would likely make the GPD2 protein more prone to protease
degradation, explaining its reduced stability under salinity stress. The initial change in
GPD2 conformation, from a supposedly inactive compactly folded GPP domain, could
possibly be triggered by alterations in the intracellular milieu when cells are exposed to
higher osmolarity/salinity, such as changes in pH, ionic composition, or molecular crowd-
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ing. Certainly, this appears to happen, at least in certain contexts, in recombinant bidomain
GPDs with demonstrated phosphatase activity in in vitro assays. A recombinant enzyme
locked in a partly open conformation of the cap domain would presumably be able to
function, but not at full enzymatic capacity. However, in vivo, dynamic switching between
open and closed states might be required for efficient multiple-turnover catalysis and rapid
glycerol synthesis. This dynamic switching could possibly be inhibited by staurosporine
but, if so, the mechanism(s) remains uncertain. In summary, our results suggest that the
GPP domain of bidomain GPD enzymes is activated post-translationally upon salinity
stress and a protein kinase may be involved in this process, but extensive additional work
will be needed to characterize the actual mechanism(s).

5. Conclusions

Some microalgae are remarkable in their ability to thrive under a wide range of salinity
conditions, which involves, among other responses [6,66], the capacity to rapidly adjust
their intracellular concentration of compatible solutes such as glycerol. As a probable adap-
tation to fluctuating osmolarity/salinity in their habitats, core chlorophytes have evolved
unusual, chloroplast-localized bidomain GPDs capable of converting DHAP directly to
glycerol. These enzymes possess canonical glycerol-3-phosphate dehydrogenase domains
fused to a glycerol-3-phosphate phosphatase domain, and have been implicated in both
glycerol and TAG synthesis. It is also becoming apparent that the expression and activity of
these enzymes are tightly regulated at multiple levels. Extensive evidence suggests that the
corresponding genes are transcriptionally controlled, and the work reported here supports
the existence, at least for C. reinhardtii GPD2, of intricate post-translational regulation.
Indeed, the GPP domain of GPD2 appears to be activated, via a mechanism(s) involving a
protein kinase(s), only upon exposure of cells to salt stress. Elucidating the molecular basis
of these mechanisms may provide insights into the fast acclimation responses of microalgae
to osmotic/salinity stress, but it may also have biotechnological implications. Pagliaro [76]
proposed that glycerol may become one of the key platform compounds for the synthesis
of biopolymers and other high-value chemicals in the upcoming bioeconomy. Microalgae
are being studied as biofactories for glycerol production by direct CO, capture, and the
introduction of bidomain GPDs into yeasts has been suggested as another way to improve
glycerol bioproduction [26,67,77]. However, successful metabolic engineering for glycerol
production employing bidomain GPDs, in either homologous or heterologous hosts, will
likely require a greater understanding of their regulatory controls.
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scavenger N-acetyl-L-cysteine (NAC) on glycerol accumulation by the wild type and OX-12 strains;
Figure S3. Phosphorylation of the GPP domain of GPD2 in OX-12 cells exposed to salinity stress.
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