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Summary

Until now, the question of how arginine (Arg) biosynthesis operates in oxygenic
phototrophs at high salt concentrations has not been addressed experimentally.
This makes a green alga Dunaliella salina attractive for studying the molecular
events underlying the adjustment of Arg metabolism to high salinity. Enzyme assay
and Western blotting show that N-acetyl-L-glutamate kinase (NAGK) activity
decreases with increasing salinity and DsPII expression in cells is impaired.
Using GC-MS analysis, we also identified that the resulting levels of free Arg
are dependent on ornithine flux to putrescine and proline. These observations
suggest that NAGKSs may have an alternative common PlI-independent mode
of activation, raising important questions about the relationship between NAGK
control and the development of salinity tolerance during evolution.
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Introduction

Arginine metabolism has been one of the key
catabolic and anabolic processes through the evo-
lution of the adaptive responses of both animals
and plants (Llacer et al., 2008; Winter et al., 2015;
Rodriguezetal., 2017). Amongthe 21 proteinogenic
amino acids, arginine (Arg) has the highest nitrogen
to carbon ratio, which makes it especially suitable as
a storage form of organic nitrogen.

In plants, arginine regulates its own synthesis
via allosteric inhibition of the N-acetyl-L-glutamyl-
phosphate formation (Llaceret al., 2008). This rate-

limiting step in the ornithine/arginine biosynthesis
pathway is catalyzed by N-acetyl-L-glutamate
kinase (NAGK), which phosphorylates N-acetyl-
L-glutamate to N-acetyl-L-glutamyl-phosphate
(Fig. 1; Selim et al., 2020a). In Cyanobacteria and
Archaeplastida, NAGK is the target of PII, asignaling
protein, which orchestrates metabolic adaptations
to nitrogen/carbon abundance (Selim et al., 2020b;
Forchhammer et al., 2022). By binding to NAGK
when ammonia is abundant, PII relieves NAGK from
arginine inhibition and allows nitrogen to accumulate
asarginine (Sugiyama et al., 2004; Chen et al., 2006;
Beez et al., 2009; Lapina et al., 2018).
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Fig. 1. Abbreviated pathway for the biosynthesis
of arginine in Dunaliella salina in its connection
to the formation of putrescine and proline from
ornithine. Dotted blunted line symbolizes the
inhibition of NAGK by arginine. NAGK/PII
double-headed arrow denotes the regulatory
interaction of NAGK and PII proteins in Cyano-
bacteria and Archaeplastida (Selim et al., 2020a).
N-AcGlu, N-acetylglutamate; N-AcGlu-5-P,
N-acetylglutamyl-5-phosphate.

Besides protein synthesis, a number of distinct
metabolic pathways catabolize Arg, thus serving dif-
ferent functions that frequently are concomitantly
active in the same cell. In plants, Arg serves as a
precursor for ornithine, proline and polyamines
(Majumdar et al., 2016). Animal-type nitric oxide
synthases (NOS), which generate nitric oxide (NO)
and citrulline from Arg, function only in some algae
(Foresietal., 2010; Jeandrozet al., 2016; Ermilova,
2023).

Amongthe green algae, Dunaliella salina (Duna-
liella hereinafter) has become a good model system
for revealing important facts about the regulation of
salt tolerance in the halophytes. Progress has been
made in characterizing genes encoding components
involved in salt stress response, with an emphasis
on transport mechanisms, glycerol and carotenoid
metabolism and photosynthetic apparatus remo-
deling (Polle et al., 2020; Ramachandran et al.,
2023). Interestingly, unlike other green algae that use
a single nitrate reductase (NR) to assimilate nitrate
(Fernandez and Galvan, 2007), Dunaliella has two
differently regulated NR isoforms depending on
salinity (Zalutskaya et al., 2023), which indicates
adaptation of N metabolism to salt stress. Therefore,
Dunaliellais an attractive model system for exploring
the adjustment of N metabolism to high salinity.

Until now, the question of how Arg biosynthesis
operates in Dunaliella at high salt concentrations has
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not been addressed experimentally. The apparent
gap in information about the mechanisms involved
in the control of Arg levels in Dunaliella prompted
us to investigate the regulation of NAGK activity in
cells, which is a key step in the arginine biosynthesis.
The present study is the first to address the control of
NAGK activity and arginine levels in the halophilic
alga, where the signal protein PII is impaired and
appeared not involved in the regulatory network.

Material and methods
STRAINS AND CULTIVATION CONDITIONS

The D. salina strain IBSS-2 was kindly provided
by Prof. A. Borovkin (Hydrobionts collection of
the World Ocean, A.O. Kovalevsky Institute of
Biology of the Southern Seas of RAS). Cells were
grown in modified Johnson’s medium (Sathasivam
and Juntawong, 2013) supplemented with 0.1 M,
1.5 M or 2.5 M of NaCl. The 6 mM urea was used
as a nitrogen source. Alga was cultivated in 250 ml
flasks in a chamber (KBWF 240, Binder GmbH,
Tuttlinger, Germany) at 22 °C under continuous
illumination by white light (effluence rate of 45
photons pmol m-2 s-1) with continuous agitation
(90 rpm).

At each harvesting time, the number of cells was
recorded using a counting chamber. Four hundred
cells from each sample were scored for three
biological replicates. The number of viable cells was
counted microscopically with the use 0f 0.05% (v/v)
Evans blue (Dia-M, Moscow, Russia) as described
previously (Baker and Mock, 1994). The number
of non-viable (stained) and viable (unstained) cells
were determined.

Chlamydomonas reinhardtii strain CC3491,
obta-ined from Chlamydomonas Resource Center
(University of Minnesota, St. Paul, MN, USA), was
used as a control in Western blotting. Chlamydomo-
nas cells were grown in Tris-acetate-phosphate
(TAP) medium (http:// www.chlamy. org/ TAP.
html) under continuous illumination by white light
(effluence rate of 45 umol m-2 s-1) at 22 °C with a
constant orbital agitation at 90 rpm.

NAGK ASSAYS In vivo

To determine NAGK activity, Dunaliella (2
10° cells ml-' in 100 ml) grown at various salinities
was used. Cells were harvested from lag, log or
stationary phase of growth by centrifuging them at
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5000 g for 5 min, and after resuspending in 150 pl
of buffer, pH 7.4 (50 mM Tris-Cl, 0.5 mM EDTA,
1 mM DTT and 0.5 mM benzamidine), they
were disrupted by glass beads (0.45 mm diameter)
using disintegrator (Minilys, Bertin technologies,
Montigny-le-Bretonneux, France). The suspension
was centrifuged at 20000 g for 15 min at 4 °C, and
the resulting supernatant was used as a source of
enzyme. All the operations were performed at 0 °C.
Protein concentration was assessed by the Pierce™
BCA protein assay kit (No 23227, Thermo Fisher
Scientific, Rockford, USA).

The NAGK activity was measured as described
earlier (Haas et al., 1995; Heinrich et al., 2004).
Briefly, freshly prepared protein extracts (0.4 mg)
were added to a reaction mixture (400 pl) containing
400 mM NH,OH « HCI, 400 mM Tris (base), 20 mM
MgCl, and 10 mM ATP. The reaction was started
by adding 40 mM N-acetyl-L-glutamate. After
incubation at 37 °C for 1 h, the reaction was stopped
by the addition of 400 pl of a solution containing 5%
(w/v) FeCl,+6 H,0, 8% (w/v) trichloroacetic acid
and 0.3 M HCI. Blank reactions were performed by
omitting N-acetyl-glutamate from the assay. The
activity was determined spectrophotometrically
following the hydroxamate Fe** complex formation
using a molar extinction coefficient 456/M cm at
510 nm. One unit of NAGK refers to the amount
of enzyme required to catalyze the conversion of
1 pumol of N-acetyl-glutamate/min. The specific
activity of DSNAGK was expressed as units per mg
of protein. Measurements were carried out on at least
three separate cultures (biological repeats).

QUANTITATIVE REAL-TIME PCR

The total RNA was isolated with Trizol according
to the manufacturer’s instructions (Invitrogen,
USA). DNA contamination was avoided by treat-
ment of the RNA samples with RNase-Free DNase
I (ThermoFisher Scientific, Lithuania). Reverse
transcription was performed with Revert Aid H
Minus First Strand cDNA Synthesis Kit according
to the manufacturer’s instructions (Thermo Sci-
entific, USA). Gene expression analysis was car-
ried out by real-time quantitative PCR (RT-qPCR)
on the QuantStudio™ 5 Dx Real-Time PCR System
(Applied Biosystems, USA) using SYBR Green |
following a previously reported protocol (Zalutskaya
et al., 2016). The relative gene expression ratios
were normalized with B-actin gene using the
AACT method (Livak and Schmittgen, 2001).
The primer pairs used for RT-qPCR were as fol-

Vitalina Vlasova, Tatiana Lapina, Zhanneta Zalutskaya, et al.

lows: 5’- CCAGGGCGTCACACACAACT -3
and 5’- TCCATGAACGAGGACGCAGC -3’ for
Dusal.0374s00005, 5’-GCGCATCTGGCAAGAA
AGCC -3’ and 5’- TTGTAGCCCTGCTCCCC
TGT -3’ for ArgJ, and 5’- ACCACACCTTCT
TCAACGA -3’ and 5°'-GGATGGCTACATACAT
GGCA for B-actin. Values were obtained from at
least three biological replicates; each replicate was
analyzed three times.

ProTEIN 1s0LATION, SDS-PAGE AND WESTERN-
BLOTTING

Dunaliella (1—-2 x 10° cells ml-' in 100 ml) and C.
reinhardtii CC3491 (2—4 x 10° cells ml-! in 100 ml)
were collected by centrifugation (3000 g, 5 min) and
resuspended in 0.1M DTT, 0.1M Na,CO,. Then,
0.66 vol of 5% SDS, 30% sucrose was added and
suspension was boiled in a water bath for 45 s. The
protein concentration was determined by staining
with amido black, using BSA as a standard (Popov et
al., 1975). After separation of the proteins by SDS-
PAGE on a 12% polyacrylamide gel (Laemmli,
1970), they were transferred to nitrocellulose
membranes (Carl Roth, Karlsruhe, Germany) by
a semidry blotting (Trans-blot SD, Bio-Rad, Bio-
Rad Laboratories, Geylang, Singapore). Blots were
blocked in 5% non-fat dry milk in Tris-buffered
saline solution with 0.1% Tween 20 for 1 h, prior to
an incubation in the presence of anti CrPII primary
antibodies (1:4,000) (Ermilova et al., 2013). As a
secondary antibody, the horseradish peroxidase-
conjugated anti-rabbit serum (Sigma, USA) was
used at a dilution of 1:10,000. The peroxidase activity
was detected with Clarity™ Western ECL Substrate
(BioRad, USA).

DETERMINATION OF ARG AND PRO CONTENTS

To determine intracellular levels of Arg and
Pro, the cells (2 x 10° cells ml-' in 100 ml) were
pelleted (4000 g, 5 min) and resuspended in 250 pl
of MilliQ H2O for 20 min at 95 °C; the supernatant
was analyzed after centrifugation (12,000 g, 15 min,
4 °C). Total free Arg was measured as described
previously (Sakaguchi, 1950; Vlasova et al., 2023).
Briefly, 40 pl of 0.2% 8-hydroxyquinoline and
40 pl of 2 M NaOH were added to 200 pl of the
sample, and the reaction mixture was incubated for
10 min on ice. After adding of 40 ul of 19% sodium
hypochlorite and vortexing for 30 s, the reaction was
stopped with 40 pl of 40% urea. The absorbance was
estimated at 500 nm.



Intracellular Pro content was measured as de-
scribed earlier (Bates et al., 1973). Briefly, 0.16
ml of 5% ninhydrin in 60% acetic acid and 20%
ethanol was added to 0.08 ml of the sample and
the reaction mixture was incubated for 20 min at
95 °C. Absorbance was measured at 520 nm. All
measurements were performed at least in three
biological replicates, each analyzed in triplicate.

DETERMINATION OF PUT AND GLU CONTENT

The measurement and calculations of Put and
Glu were conducted as described previously (Zalu-
tsakay et al., 2020). Briefly, 5 x 107 cells were col-
lected for these assays by gentle centrifugation at
4000 g, and each pellet was immediately frozen with
liquid nitrogen. The metabolites were extracted and
derivatized as previously reported (Puzanskiy et al.,
2017). GC-MS analysis was performed by an Agilent
6850 chromatograph (Agilent Technologies, Santa
Clara, CA, USA) with an Agilent 5975 mass selective
detector. Separation was performed on an HP-5ms
column. For accurate target peak identification,
standards of Put and Glu (Sigma-Aldrich, St. Louis,
MO, USA) were analyzed. Arbitrary quantification
was conducted as the normalization of the metabolite
peak area by the internal standard (tricosane) peak
area. Then, calibration with the putrescine standard
was conducted for absolute quantification. Spectra
and peak areas were extracted by PARADISE soft-
ware (Johnsen et al., 2017). Statistical processing
was performed in the language environment R 4.1.0
“Camp Pontanezen” (R Core Team 2021).

STATISTICAL ANALYSIS

The values for the quantitative experiments
described above were obtained from at least three
independent experiments with no fewer than three
technical replicates. Data are presented as means
+ standard error (SE). When necessary, statistical
analyses were followed by the Student’s t test (p <
0.01).

Results

DsNAKG ACTIVITY AND EXPRESSION UNDER DIFFERENT
SALINITIES

There is evidence that the activity of Chlamy-
domonas NAGK is dependent on the growth phase
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(Vlasovaetal., 2023). We wanted to find out whether
the DsNAGK activity also depends on the phase
of cell growth. However, Dunaliella is able to grow
in a broad range of NaCl concentration. To select
optimal conditions for studying the activity of
NAGK invivo, we analyzed the growth of Dunaliella
IBSS-2 cells in the media supplemented with urea
as a nitrogen source and various concentrations
of NaCl. As shown in Fig. 2 (A), the strain IBSS-
2 demonstrated the most optimal growth in the
interval of NaCl concentrations of 0.1—2.5 M. These
conditions were chosen for further comparative
analysis of enzyme activity.

The maximum NAGK activity was observed
in cells grown in a medium with 0.1 M NaCl (Fig.
2, B). The enzyme activity increased slightly at the
log phase, and then remained at the same level even
after entering the stationary phase. When NaCl
concentration was increased to 1.5 or 2.5 M NaCl,
the enzyme activity at these salt concentrations
decreased by 32-14% compared to 0.1 M NaCl. At
the same time, there was no significant difference in
NAGK activity in Dunaliella taken from the media
with 1.5 and 2.5 M NaCl (Fig. 2, B). In addition, in
both media the enzyme activity was independent of
the growth phase. Moreover, there was no obvious
difference in the expression of the gene of interest
between cultures grown in 1.5 and 2.5 M NaCl.
The relative expression level of Dusal.0374s00005.1
was higher in cells from 0.1 M NaCl-supplemented
medium compared to those from 1.5 M- or 2.5 M
NaCl-supplemented media in log- and stationary
phases of growth. Therefore, a decrease in NAGK
activity with increasing salinity may be due, at least
in part, to a reduction in this gene transcription
(Fig. 2, C).

Notably, arise in enzyme activity in log-phase of
cellsin 0.1 M NaCl did not correlate with the gene
expression (Fig. 2, C, D), hinting the involvement
of post-transcriptional control. Since glutamate
(Glu) is the precursor of N-acetyl-L-glutamate
(NAG), which activates NAGKs, we assumed that
Glu levels might differ in Dunaliella at different
salinities. Indeed, cells exhibited a significantly
higher Glu content when grown at 0.1M NaCl than
at 1.5 M or2.5M NaCl (Fig. 2, D). Interestingly, the
expression of the gene Dusal.0079s00017 for Argl
(N-acetylornithine:glutamate acetyltransferase)
regenerating NAG (Slocum, 2005) was reduced in
1.5 M and 2.5 M NaCl compared to 0.1 M NaCl
(Fig. 2, E).
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Fig. 2. Effects of salinity on cell growth, NAGK activity and expression of genes, glutamate content and PII
protein abundance. A — The growth curves were analyzed in the presence of 0.1 M, 1.5 M or 2.5 M NaCl. Values
are means * SE of three independent experiments; B — time course of the DsNAGK activity during growth
of cells at different salinity. Cells were grown as described in (A). Values are means + SE of three independent
experiments. * denotes significant differences between cells in 0.1 M NaCl and in 1.5 M or 2.5 M NaCl
according to the Student’s t test (P value < 0.01); C — Time course of the DsNAGK transcripts accumulation
during growth of cells at different salinity. The relative gene expression was normalized to the expression of
B-actin gene (Zalutskaya et al., 2023) and calculated using 2-2¢T. Values are means = SEs of three biological
replicates and three technical replicates. * denotes significant differences between cells in 0.1 M NaCl and in
1.5 M or 2.5 M NaCl according to the Student’s t test (P value < 0.01); D — time course of Glu content in
cells grown at different salinity. The amino acid content is expressed in pg per 10° cells. Values are means + SE
of three independent experiments; E — time course of the DsArg]J transcripts accumulation during growth of
cells at different salinity. The relative gene expression was normalized as described in (C). * denotes significant
differences between cells in 0.1 M NaCl and in 1.5 M or 2.5 M NaCl according to the Student’s t test (P value
<0.01); F - PII protein abundance in C. reinhardtii strain CC3491 (Cr) and Dunaliella (Ds). Dunaliella cells
were grown in 0.1 M NaCl for 5 days. Each line corresponds to 30 pg of soluble proteins extracted from samples.
Protein loading was normalized by Coomassie staining.

ExpPrESsION OF PII PROTEIN IN DUNALIELLA CELLS

To clarify the role of the DsPII protein in
DsNAGK regulation in vivo, we analyzed the levels
of the signaling protein in Dunaliella cells. We have
used a polyclonal antibody against the Chlamydomo-
nas PII (CrPII) that reacted with recombinant
DsPII (Ermilovaetal., 2013). Asshown in Fig. 2 (F),
the level of mature DsPII (~17.4 kDa) in the total
cell extract proteins from cells grown in 0.1 M NaCl-
supplemented medium was almost undetectable
compared with the level of processed CrPII (~17.5
kDa) in Chlamydomonas cells. Moreover, only
a faint band corresponding to full-length DsPII
(~23.6 kDa) was immunologically detected in
the total cell extract proteins. Collectively, these

experiments showed that the expression/processing
of the full-length PII appears to be noticeably
impaired in Dunaliella cells compared with that in
Chlamydomonas and Chlorella variabilis (Ermilova
et al., 2013; Minaeva and Ermilova, 2015).

INTRACELLULAR ARGININE, PUTRESCINE AND PROLINE
LEVELS ARE DEPENDENT ON SALINITY

Since in this halophilic alga Arg, putrescine
(Put) and proline (Pro) are synthesized from
ornithine (Orn) (Fig. 1), we hypothesized that Arg
levels may be closely dependent on levels of these
two protective molecules. Thus, we first compared
Arg content in Dunaliella grown in the media with
different salinity levels. A significant difference was
found in the concentration of Arg in cells cultured
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Fig. 3. Effects of salinity on Arg, Put and Pro contents. A — Arg; B — Put; C — Pro. Cells were grown as described
in Fig. 2, A. The amino acids and Put content are expressed in ug per 10° cells. Values are means + SE of three

independent experiments.

in the media of different salinities: the lowest
concentration of the amino acid was present in cells
incubated in 2.5 M NaCl and the highest in 0.1 M
NaCl (Fig. 3, A).

It was previously shown that polyamines are
synthesized by Dunaliella to overcome the salinity
effects (Liu et al., 2015; Lin and Lin, 2018). The
GC-MS analysis demonstrated that Put levels were
markedly higher when the cells were grown with 1.5
M or 2.5 M NaClthan with 0.1 M NacCl (Fig. 3, B).
In addition to the increase in Put concentration in
Dunaliella under higher salt concentrations (1.5
M or 2.5 M NaCl), a simultaneous increase in Pro
content, a potential osmoprotectant, was registered
in cells from lag- and log-phases of growth (Fig.
3, C). Taken together, these data indicate that the
concentration of free Arg is negatively correlated
with the cellular abundance of the protective mo-
lecules Put and Pro.

Discussion

Dunaliella, as the most halotolerant photosyn-
thetic eukaryote, grows in extremely saline envi-

ronments and exhibits efficient acclimation mecha-
nisms (Polle et al., 2020; Ramachandran et al.,
2023). This alga remodels the photosynthesis ap-
paratus in the chloroplast to cope with the hypersali-
ne conditions (Ramachandran et al., 2023). Like
non-halophilic algae, the Dunaliella chloroplast
carries out essential anabolic functions including
amino acid biosynthesis. We aimed to understand
whether the control of Arg biosynthesis in Dunaliella
has changed during the adaptation of this alga to
high salinity.

The highest levels of DsNAGK activity were seen
in cells grown in 0.1M NaCl, where free Arg levels
were the greatest, suggesting that concentrations of
this amino acid were insufficient to inhibit enzyme
in Dunaliella cells (Fig. 2, B; 3, A). Western blotting
showed that the DsPII expression/translocation
into chloroplast was significantly impaired (Fig. 2,
F). Here, the scenario possibly would be that gene
for DsPII became significantly inactivated once its
function was no longer required in highly specialized
niche. In accord with an endosymbiotic origin of the
PII gene, the plant PII proteins are close relatives
of the proteins from cyanobacteria (Sant’Anna et
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al., 2009; Uhrig et al., 2009). In cyanobacteria, the
PII protein acts as a multitasking signal-integra-
ting regulator (Forchhammer and Selim, 2020;
Forchhammer et al., 2022). However, there is no
direct evidence of interaction between the PII
protein and any target other than NAGK in green
or red algae (Minaeva et al., 2015; Li et al., 2017,
Lapina et al., 2019; Selim et al., 2020b). Moreover,
loss of PII proteins by several green and red algae
(Chellamuthu et al., 2013; Selim et al., 2020a) and
deterioration of PII expression in Dunaliella (Fig.
3, E) support the idea that NAGK may be a single
target in red and green algae. Future research in this
field may reveal additional actors of this scenario.

In contrast to higher plants and the close rela-
tive, Chlamydomonas, Dunaliella is not able to syn-
thesize Put from Arg (Fig. 1; Terashimaetal., 2011;
Majumdar et al., 2016). Importantly, Orn, apart
from being a precursor for Arg biosynthesis, serves
as a precursor to Put and Pro, which are known to
have osmoprotective functions (Winteret al., 2015;
Dar et al., 2016; Majumdar et al., 2016; Chun et
al., 2018; Lin and Lin, 2018; Khajuria et al., 2018;
Zalutskaya et al., 2020). We surmised that the
production of Arg is affected by increased utilization
of Orn into Orn-Put and Orn-Pro pathways. Indeed,
in Dunaliella, Arg and Put/Pro are regulated in
a reciprocal manner: in higher-salinity medium,
the content of free Arg was the lowest and Put/
Pro the highest (Fig. 3). Taken together, the results
suggest that productions of Arg, Put and Pro are
coupled processes, and lowering the concentration
of free Arg through promoting Put/Pro formation
may bypass the requirement for PII-dependent
control of NAGK. However, we cannot rule out
the existence of an alternative common mode of
NAGKSs activation.

Collectively, our findings extend the knowledge
of the regulation of Arg synthesis in unicellular algae.
Some specific conclusions from this study are: (1)
expression of DsPII is impaired; (2) the resulting
levels of free Arg are dependent on Orn flux to Put
and Pro and are insufficient to inhibit DsSNAGK in
actively growing cells under high salinity conditions.
In the future, it would be of interest to investigate the
properties of NAGKSs in other marine Chlorophyta
and Rhodophyta lacking PII to reveal whether the
unique feature of NAGK regulation in Dunaliellais
related to the development of tolerance to salinity
during evolution.
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