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Calcium-dependent protein kinases (CDPKs) regulate plant development and many stress signalling pathways
through the complex cytosolic [Ca2+] signalling. The genome of Ostreococcus tauri (Of), a model prasino-
phyte organism that is on the base of the green lineage, harbours three sequences homologous to those en-
coding plant CDPKs with the three characteristic conserved domains (protein kinase, autoregulatory/autoin-

hibitory, and regulatory domain). Phylogenetic and structural analyses revealed that putative OfCDPK pro-
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environment.

teins are closely related to CDPKs from other Chlorophytes. We functionally characterised the first marine
picophytoeukaryote CDPK gene (OtCDPK1) and showed that the expression of the three OtCDPK genes is
up-regulated by nitrogen depletion. We conclude that CDPK signalling pathway might have originated early
in the green lineage and may play a key role in prasinophytes by sensing macronutrient changes in the marine

©2017.

1. Introduction

Calcium ion (Ca2+) is a ubiquitous and conserved second messen-
ger in all eukaryotes. Specific Ca?" signatures are decoded by sev-
eral sensor proteins that trigger changes in metabolism by modulat-
ing gene expression. Among these sensors, Ca2+-dependent protein ki-
nases (CDPKs) are confined to extant members of plants (Viridiplan-
tae) and to a few apicomplexans (supergroup SAR) (Billker et al.,
2009). Plant CDPKs participate in the response to many abiotic and bi-
otic stresses (Wan et al., 2007; Tsai et al., 2007; Hu et al., 2016; Zeng
et al., 2017), and in metabolic and physiological processes, such as
starch accumulation, root development, abscisic acid response, stom-
ata closure, pollen tube growth, and seed development (Frattini et al.,
1999; Kumar et al., 2004). Comprehensive phylogenetic and evolu-
tionary analyses have concluded that CDPKs might have predated the
first land plants and that the Chlorophya-Streptophyta split played a
key role in the evolution of CDPKs (Hamel et al., 2014; Delaux et al.,
2015).

CDPKs are normally called sensor/responder proteins because they
harbour both sensing function through Ca*-binding and protein ki-
nase activity as responder within a single gene product (Sanders et al.,
2002). Typical CDPKs have four characteristic domains: the highly
variable N-terminal region, the Ser/Thr kinase catalytic domain,
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the autoregulatory/autoinhibitory portion (a pseudosubstrate se-
quence), and the calmodulin-like region (regulatory domains that con-
tain EF-hands for binding calcium ions) (Harmon et al., 2000). CDPKs
are activated by binding to calcium via the calmodulin-like domain
leading to a conformational change in the autoinhibitory domain,
which results in the exposure of the active site (Harper et al., 1991;
Harmon et al., 2000). The N-terminal extension is a variable region,
associated to protein localization and in vivo phosphorylation (Schulz
et al., 2013). This domain may contain myristoylation and palmotyla-
tion sites that are implicated in CDPK-membrane associations (Cheng
et al., 2002; Simeunovic et al., 2016).

In unicellular green algae, CDPK protein purification, activity de-
termination, and/or protein detection have been reported in chloro-
phytes belonging to the classes Chlorophyceae (Dunaliella tertiolecta,
D. salina and Chlamydomonas moewusii) (Guo and Roux, 1990;
Yuasa and Muto, 1992; Yuasa et al., 1995; Siderius et al., 1997) and
Ulvophyceae (Ventricaria ventricosa) (Sugiyama et al., 2000), and in
the streptophyte Closterium ehrenbergii, belonging to the class Con-
jugatophyceae (Yuasa and Hashimoto, 2006). The first algal CDPK
encoding sequence was reported for D. tertiolecta (Pinontoan et al.,
2000). Recent studies in Chlamydomonas reinhardtii showed that
CDPK3 isoform plays a role in flagellar biogenesis (Liang and Pan,
2013), and CDPK1 and CDPK3 are transcriptionally regulated in re-
sponse to nutrient starvation (Motiwalla et al., 2014). However, there
is no comprehensive characterisation of the CDPK family from unicel-
lular algae of the genera Micromonas, Bathycoccus and Ostreococcus,
placed in Mamiellophyceae (prasinophyte clade II), the largest clade
of prasinophytes (Leliaert et al., 2012). This group diverged earlier
in the green lineage and is composed by unicellular picoeukaryotes
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that play a major role in biogeochemical cycling in the oceans, es-
pecially in oligotrophic areas (Li, 1994). Ostreococcus tauri is the
smallest known free-living eukaryote with a single mitochondrion and
chloroplast, and a compact nuclear genome (Derelle et al., 2006).

In the present study, we compared CDPKs from O. tauri
(OtCDPKs) with known CDPKs from plants and other green algae,
and functionally characterised the highest transcribed isoform. We
also present evidence that the expression of the three members of the
OtCDPK family is up-regulated by nitrogen deficiency, suggesting
that they may be involved in the low-nitrogen stress response, and sup-
porting the ancient origin of the CDPK signal transduction pathway.

2. Materials and methods
2.1. Biological material and culture conditions

Ostreococcus tauri OTTH0595 (RCC745) was purchased from the
Roscoff Culture Collection (RCC). Cells were grown in K medium
(Keller et al., 1987) supplemented with f/2 vitamin solution in the
presence of penicillin 25 pg mL ™, neomycin 20 pg mL ! and
kanamycin 25 pgmL !, at 20+ 1 °C and under 60 pE illumination
with a 12 h/12 h photoperiod (light/dark). For nitrogen-deficient ex-
periments, cells were cultured in K medium lacking NaNO; and
NH,CI, which were replaced by equal quantities of NaCl.

Escherichia coli DH50. and BL21(ADE3):pLysS (Novagen) strains
were grown in Luria Bertani medium supplemented with
50 ug.mLflcarbenicillin (Martinez-Noél et al., 2007).

2.2. RNA isolation and quantitative reverse transcription

O. tauri cells harvested at exponential phase were sonicated at
40 W in an ice bath (10 cycles of 10s, followed by a 10 s pause
each) (Sonics Vibra Cell, Sonics and Materials Inc.). Total RNA was
isolated using the RNeasy plant mini kit (Qiagen). A post-extraction
DNase digest was performed at 37 °C for 1 h using DNase Turbo
(Ambion, Life Technologies).

Quantitative reverse transcription PCR (qQRT-PCR) was performed
in a two-step assay. In the first step, single-stranded cDNA was made
from treated total RNA (3 pg) and MMLV (Moloney murine leukemia
virus) reverse transcriptase (Promega) and random hexamers
(Promega). To enable experimentation on OtCDPKs differential ex-
pression (second step), qPCR primers for the three genes and two
commonly used endogenous control genes (OtGAPDH and
Ot18S-rDNA, GenBank accession numbers CAL52398 and Y 15814,
respectively) were designed (Supplemental Table 1). gPCR assays
were performed using a Step One real time PCR system (Applied
Biosystems) in a Micro Amp Fast Optical 48-well reaction plate
(0.1 mL), with 15 pL reaction volume containing 1x Power Sybr
Green PCR Master Mix (Thermo Fisher), 0.2 uM of each primer and
1.5 uL of ¢cDNA. Cycling parameters were: one cycle of 95 °C for
10 min, 40 cycles of 95 °C for 15 s followed by 40 cycles of 54 °C
for 1 min. Real-time data were collected during the annealing/exten-
sion step. Each primer set was tested for amplification specificity by
analysing the melting-curve with the following conditions: 95 °C for
15s, 60 °C for 1 min and 95 °C for 15s. Secondary PCR products
and primer dimers were not detected in the melting-curve profile. The
linear range for each primer set was calculated using serially diluted
(1-1:100) cDNA for each one. The relative standard curve method
between the experimental conditions was assessed using qPCR. Ot-
GAPDH and Ot18S rDNA expression were used as internal controls
for standardizing experimental data from OtCDPK genes. The expres-

sion of OtNAR?2 (accession number XM 003081480, coding for a ni-
trate high-affinity transporter accessory protein) was used as positive
control in the nitrogen depletion experiment.

2.3. Cloning and expression of OtCDPK1 coding sequence

The OtCDPK]1 full-length coding sequence (1458 bp) (accession
number XP 003078254) was PCR-amplified using specific primers
(Supplemental Table 1), cloned into a pGEM®—T Easy vector
(Promega), ascertained by sequencing, and finally sub-cloned between
the Bg/ll/Hindlll sites of the expression vector pRSET-A (Invitro-
gen). The construct was transferred to E. coli BL21(ADE3):pLysS
cells (Novagen) and the expression of the recombinant protein was
induced with 0.5 mM isopropyl B-D-thiogalactoside. After 16-h in-
duction at 18 °C, cells were harvested and homogenised. The fusion
protein (His,:OfCDPK 1) was partially purified by Co?'-affinity chro-
matography (TALON® resin, Clontech), dialyzed, and concentrated
for further characterisation (Martinez-Noél et al., 2007). Proteins from
the cell-free E. coli extracts and partially purified His,:OtCDPK1 were
quantified according to Bradford (1976). Immunoanalysis was car-
ried out by using recombinant potato CDPK antibodies (Chico et al.,
2002), which were a kind gift from R. Ulloa (INGEBI-CONICET, Ar-
gentina) after polypeptide separation by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), transfer to a membrane,
and visualization with luminol (Biolumina Pb-L).

2.4. CDPK activity assay

CDPK activity was assayed according to Chico et al. (2002) in a
60-uL reaction mixture containing 20 mM Tris—HCI (pH 7.5), 10 mM
MgCl,, 10 mM B-mercaptoethanol, 50 uM [y-32P]-ATP (specific ac-
tivity 122 Bq-pmolfl, New England Nuclear), and 25 uM Syntide-2
(Sigma-Aldrich) with the addition of 1 mM EGTA or 100 uM CaCl,.
After incubation at 30 °C for 10 min, a 40-uL aliquot was placed on
P81 paper. The reaction was stopped with 75 mM phosphoric acid and
radioactivity was determined in a scintillation counter.

2.5. Sequence and phylogenetic analysis

BLASTDp searches in the O. tauri OTH95 genome (http://www.jgi.
doe.gov) were performed using Triticum aestivum CDPK (TaCDPK1,
accession Q6KCKO6) as query. Multiple protein sequence alignments
were conducted using ClustalW from the MEGAS software (Tamura
et al.,, 2011) and consensus sequence logos were made using the
WebLogo 3 server (Crooks et al., 2004). Domain organization was
studied using ScanProsite database (de Castro et al., 20006).

Subcellular localization signals were predicted using BaCelLo
(www.biocomp.unibo.it/bacello) (Pierleoni et al., 2006), Mitoprot-II
(www.ihg.gsf.de/ihg/mitoprot), (Claros and Vincens, 1996), ChloroP
(www.cbs.dtu.dk/services/ChloroP) (Emanuelsson et al., 1999), Pro-
tein  Prowler 1.2  (http://bioinf.scmb.uq.edu.au:8080/pprowler
webapp_1-2) (Bodén and Hawkins, 2005; Hawkins and Bodén, 2006),
TargetP1.1 (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson
et al., 2007), and WoLF PSORT (https://wolfpsort.hgc.jp/) (Horton et
al., 2007).

Phylogenetic analysis was carried out with Neighbour-Joining ap-
proach using MEGAS software (Tamura et al., 2011), using 1000
replicates in a non-parametric bootstrapping to assess tree branching
support. The myristoylation and palmitoylation sites were predicted
by Myristoylator (Bologna et al., 2004) and CSS-Palm 2.0 (Ren et al.,
2008).
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3. Results and discussion
3.1. Identification of CDPK encoding genes in the O. tauri genome

Previous work reported diverse numbers of putative CDPK se-
quences (0, 15, 2 and 3) in the O. tauri genome (Ye et al., 2009; Wang
et al., 2010; Hindle et al., 2014; Hamel et al., 2014). We retrieved
only three sequences homologous to CDPK genes (0t03g03440,
0109203470 and Ot15g01210 locus) located in chromosomes 3, 9 and
15, respectively, with one intron each in the N-terminal region (Fig.
1), whose deduced amino-acid sequences (OtCDPK1, OrCDPK2 and
OrCDPK3) had the typical CDPK structure containing an N-termi-
nal highly variable region, a protein kinase domain (PKD), an au-
toinhibitory region, and a calmodulin-like domain with four EF-hands
(Supplemental Fig. 1). BALSTp searches using wheat 7aCDPK1 as
query also retrieved three additional sequences that lack the typi-
cal CDPK structure (Supplemental Fig. 2). Regarding OtCDPK2, our
analysis differs from that reported by Hamel et al. (2014) who pre-
dicted only three EF-hand motifs.

Subcellular localization signals on the primary amino-acid se-
quence of OtCDPKs were investigated using computational methods.
The tools used predicted that OfCDPK1 is likely to be a cytosolic pro-
tein; while, OtCDPK2 and OfCDPK3 may be targeted to mitochon-
dria (Supplemental Table 2). In addition to the N-myristoylation site
in OtCDPK2 sequence reported by Hamel et al. (2014), we found a
putative S-palmitoylation site in OtCDPKI1. In plants, these posttrans-
lational modifications have diverse biological functions in signalling,
associated with proteins targeted to membrane locations. N-myris-
toylation promotes protein-membrane and protein—protein interaction
and N-palmitoylation can stabilize the interaction between protein and
membrane (Martin and Busconi, 2001). Palmitoylation and myristoy-
lation seems to be correlated, being the myristoylation event neces-
sary to allow palmitoylation (Martin and Busconi, 2001; Mohanta et
al., 2017). Thus, it is more likely that O/CDPK2 and not OtCDPK3
may be a membrane-associated protein. Subcellular distribution en-
ables CDPKs to sense the local Ca** concentration and to interact with
their targets (Simeunovic et al., 2016).
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Fig. 1. CDPK family in Ostreococcus tauri OTTH0595 genome. BLASTp searches in the O. tauri genome (http://genome.jgi.doe.gov/) were carried out using Triticum aestivum
TaCDPK1 (Q6KCKS6) full-length sequence as query. A) Genomic region vicinity and gene structure of the three putative OtCDPKs. Ot03g03430, Ot09g03470, and Ot15g01210
correspond to the open reading frames named OtCDPK1, OtCDPK?2, and OtCDPK3, respectively. Adjacent sequences are annotated as: Ot03g03410, DNA-binding protein jumonji/
RBP2/SMCY that contains JmjC domain; Ot03g03420, hypothetical protein; Ot03g03440, FKBP-type peptidyl-prolyl cis-trans isomerase; Ot03g03450, MLH_TETTH Micronuclear
linker histone polyprotein; Ot09g03450, meltrins, fertilins and related Zn-dependent metalloproteinases of the ADAMs family; Ot09g03460, MGC53924 protein, O-methyltrans-
ferase, family 3; Ot09g03480, hypothetical protein; Ot09g03490, splicing coactivator SRm160/300, subunit SRm160 (contains PWI domain); Ot15g01190, 60s ribosomal protein
L15/L.27; Ot15g01200, hypothetical protein; Ot15g01220, cytoplasmic exosomal RNA helicase SKI2, DEAD-box superfamily; Ot15g01230, oxygen-evolving complex-related. Fine
black lines and black bars represent introns and exons, respectively. B) Structure of the three putative OfCDPK proteins. Orange boxes: Ser/Thr protein kinase domain (PKD), green
boxes: EF-hands. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Phylogenetic analysis of OtCDPKs

BLASTDp searches against non-redundant databases using as query
OtCDPK1, collected homologs from green lineage genomes and other
photosynthetic organisms belonging to the Stramenopiles or Het-
erokonta phylum. A phylogenetic analysis showed that OtCDPK1
and OfCDPK2 cluster with algal Clade I as reported by Hamel et
al. (2014). Both proteins have the average size of typical CDPKs
(~475-550 amino-acid residues) (Supplemental Table 3). On the con-
trary, OtCDPK3, a larger protein (737 amino-acid residues), groups
in Clade IV (Fig. 2) and has a long N-terminal extension
(232 amino-acid residues) similar to other prasinophyte CDPKs (O.
lucimarinus, OIluCDPK 42946; M. pusilla RCC299, MpuCDP-
K 58196; M. pusilla CCMP1545, MpuCDPK _16149; and B. prasinos
RCC1105, BprCDPK 02g01830) (Supplemental Table 3).

Similar tree topologies were obtained when the phylogenetic
analysis was performed using full-length sequences or lacking the
N-terminus extension (data not shown). A comparative sequence
analysis of OtCDPK typical domains with those of other unicellu-
lar algae and characterised plant CDPKs showed that they are highly

Green lineage

conserved in the green lineage (Supplemental Table 3). Mamiellales
contain two or three putative CDPKs that have the typical domains
(Figs. 3 and 4). This low number of CDPK isoforms seems to be suf-
ficient to fulfil their role of directly sensing, responding, and translat-
ing Ca®" signals due to environmental changes in aquatic habitats. It
is likely CDPKs have continued to evolve from the common ancestor
of chlorophytes (independently from plant CDPKs) and further gene
duplications might give rise to atypical CDPKs or to the appearance
of long N-terminal in prasinophytes.

3.3. OtCDPK1 encodes a CDPK protein

The three putative OtCDPK genes are transcribed in cells grown
under standard culture conditions (Supplemental Fig. 3). We function-
ally characterised OtCDPK]1, the encoding sequence of a putative cy-
tosolyc isoform (Supplemental Table 2), by heterologous expression
in E. coli cells, immunocharacterization, and further determination of
calcium-dependent kinase activity of the resulting recombinant pro-
tein (Hisy,:OtCDPK1) (Fig. 5). This is the first report of a functional
CDPK from a prasinophyte, an algal group that diverged earlier in the
green lineage.

Streptophyta [0 Land Plants

Green lineage

B Mamiellophyceae
I Trebouxiophyceae

B Chicrophyceae
Chiorophyta

Pelagophyceae
Cryptophyceae

L Prymnesiophyceae
Coscinodiscophyceae

Chromalveoclata

Fig. 2. Relationship among CDPKSs from Prasinophyceae and representative CDPKs from green algae and land plants. Full-length sequences encoding CDPKs from members
of the class Mamiellophyceae [Ostreococcus tauri (OtCDPK1, OtCDPK2 and OtCDPK3 are marked with red circles), O. lucimarinus (OluCDPK_42946, OluCDPK_49278, and
OluCDPK_24253), Bathycoccus prasinos (BprCDPK_02g01 and BprCDPK_09g03620), Micromonas pusilla RCC299 (MpuCDPK_97075 and MpuCDPK_58196), and M. pusilla
CCMP1545 (MpuCDPK 126044 and MpuCDPK _16149)], from green algae belonging to Chlorophyceae [Coccomyxa subellipsoidea (CsuCDPKs), Volvox carteri (VcaCDPKs),
Chlorella variabilis (CvaCDPKSs), Chlamydomonas reindhartii, (CreCDPKs) and Dunaliella salina (DsaCDPKs)], and from Arabidopsis thaliana (AthCPKs) were included in this
analysis. Accession numbers are in Supplemental Table 3. A. thaliana CDPK sequences cluster in four groups (I to IV) as reported by Hamel et al. (2014). Sequences were aligned
with Clustal W. Resulting alignments were submitted to MEGAS software to generate a neighbour-joining tree derived from 5000 replicates. As a comparison, we added Chromalve-
olata CDPK sequences since many chromalveolates were considered among plants because of their photosynthetic ability. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 3. Relationship between representative green lineage members and their corresponding CDPK structures. Full-length /8S rRNA sequences [A. thaliana (X16077), P.
patens (X80986), S. moellendorffii (X83520), C. subellipsoidea (KF673374), C. variabilis (Ab260893), V. carteri (X53904), C. reinhardtii (IN903984), D. salina (AF506698),
M. pusilla CCMP1545 (AY954994), M. pusilla RCC299 (DQ025753), B. prasinos (AY425315), O. lucimarinus (AY329636), O. tauri (Y15814)] were aligned with ClustalW and
submitted to the MEGAS software to generate a neighbour-joining tree derived from 1000 replicates (on the left). The number of CDPK sequences retrieved from fully sequenced
genomes, as well as the protein structures are shown on the right. CDPKs from D. salina were retrieved from https://phytozome.jgi.doe.gov. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Effect of nitrogen depletion on OtCDPKs expression

In plants, CDPKs have been reported to be involved in nitrogen
assimilation and in several stress signalling pathways (Asano et al.,
2010). However, very few studies deal with sensing, uptake, and as-
similation of inorganic and organic nitrogen in marine microorgan-
isms (Berg et al., 2008). For the marine phytoplankton, responsible
for ocean primary production, nitrogen is often considered a limiting
resource (Falkowski, 1997). Thus, we investigated OtCDPKs expres-
sion in Ostreococcus cells grown in Keller medium and then trans-
ferred to a nitrogen deficient medium. As shown in Fig. 6, the tran-
scription of the three OtCDPKs is up-regulated in response to nitro-
gen starvation. A similar response has been reported in the fresh-
water model alga C. reinhardtii (Chlorophyceae) (Motiwalla et al.,
2014). In fact, the most extensive study on nitrate acquisition and
regulation was carried out on Chlamydomonas (Sanz-Luque et al.,
2015). External nitrate is incorporated by nitrate/nitrite transporters
(NRT2), which require a two component high affinity nitrate trans-
port system second protein (NAR2) anchored to the membrane by
a transmembrane domain. Inside the cell, nitrate is reduced to ni-
trite by the action of the enzyme nitrate reductase, which requires
among other prosthetic groups, molybdenum cofactor. Interestingly,
some NRT2 proteins are two-component systems, mechanisms that
allow organisms to sense and respond to changes in environmen-
tal conditions. In Micromonas (prasinophytes order Mamiellales), the
expression of the putative low-/dual-affinity NRT transporters were
sensitive to changes during N-depletion. All gene targets were up-
regulated during the N-starvation period (McDonald et al., 2010).
Findings in Chlamydomonas could be extrapolated to O. tauri, since
the complete cluster for nitrate acquisition (NARI-NIA1-NII1-Cyt-
b5R-NAR2-NRT2-MOT1-CNX2CNXS5) is present in the genome
(Derelle et al., 2006; Sanz-Luque et al., 2015).

Our data in O. tauri strongly support a role for OtCDPKs in sens-
ing the nitrogen status in the marine environment. Ostreococcus may

respond to changes in nitrate concentration through a stimulus-re-
sponse coupling mechanism utilizing CDPKs for signal transduction.
One of the most difficult and important challenges is to identify the
OtCDPKs in-vivo targets.

4. Conclusion

The occurrence of functional CDPKs in Mamillophyceae, a group
that includes photosynthetic picoplanktonic species placed in the base
of the green lineage, supports the ancestral origin of a Ca2+-dependent
signalling pathway. Interestingly, the adaptation to aquatic environ-
mental changes, such as nitrogen depletion, could be sensed by a low
number of CDPKs (two or three), according to the sequences retrieved
from O. tauri, O. lucimarinus, B. prasinos, and M. pusilla genomes.
Interestingly, the transcription of the three OtCDPK genes is up-regu-
lated after nitrogen starvation, suggesting a major role for them in the
signal transduction pathway of the low-nitrogen stress response. We
conclude that CDPKs may be key actors in biogeochemical cycling in
oligotrophic areas, and consequently, in the ocean primary productiv-
ity. O. tauri could be a good model to study green alga Ca’*-depen-
dent signalling in the marine picophytoplankton.
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: 433  OICDPK (xP001418307)

: 376  BpCDPK (xP007510931)
2390 Mp...,,CDPK (xP002489897)
: 388 Mpeou...COPK (XP003055256)

CreCDPK3 (001690644) 334 362 CreCDPK3 (001680844)
ZmCDPKT (BAA13232) 398 : 426  ZmCDPKT (BAA13232)
TaCDPK1 (CAF18446) 373 : 401 TaCDPK1 (CAF18446)

OCDPK1 418 : FEERFKEMT : 448 OICDPK1
OtCDPK2 404 FQRALESLS : 434 OICDPK2
OICDPK3 847 VAELIFEDW : 677 OICDPK3
OICDPK (xP001416697) 411 : FEQAFKEMS : 441  OICDPK (xP001416637)
QICDPK (xP001418307) 473 FQSALDTMS : 503 OICDPK (xP001418307)
BpCDPK (%P007510931) 417 FKMBLDEMP : 447  BpCDPK (xP007510931)

Mpic.-«~CDPK (xP002408897) 431 :
MPecuss: COPK (XP003055256) 429

VQEVITDE- : 460 Mp,....,COPK (XP002499897)
LEEVIKEN- : 458  Mp.cu.... COPK (XP0OD30552586) B
LEQELKKEG : 433 CreCDPK3 (001690644) 424 : IYDDAKE

CreCDPK3 (001690644) 403 :
ZmCDPKT (BAA13232) 487 LOQQACKEH- : 496 ZmCDPK7 (BAA13232) 499 : ~-DAFMD
TaCDPK1 (CAF18448) a4z LEEALKKY- : 471 TaCDPK1 (CAF18446) 475 : DDRTMED;

DereDl. D FF

Fig. 4. Comparison of CDPK conserved domains in Mamiellophyceae (the largest clade of prasinophytes), Chlorophyceae and land plants. Multiple alignments of the CDPK
domain sequences (protein kinase domain, autoinhibitory-junction domain and EF-hands) were performed with ClustalW. WebLogos were generated from the canonical motif of
each domain. OfCDPK1 amino-acid deduced sequence was compared with those of other prasinophyte CDPKs [OfCDPK2 and OfCDPK3 from O. tauri; OICDPKs (XP_001416697
and XP_001418307) from O. lucimarinus; BpCDPK (XP_007510931) from B. prasinos; MpCDPKs (XP_002499897 and XP_003055256) from M. pusilla], with the Chlorophyceae
CreCDPK3 (XP_001690644) from C. reindhartii, and with the plant CDPKs ZmCDPK (BAA13232) from Z. mays and TaCDPK1 (Q6KCK®6) from T. aestivum.
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Fig. 5. Functional characterisation of OfCDPKI1 by heterologous expression in
E. coli. A) Immunodetection of Hiss-tagged recombinant OtCDPK1. Protein extracts
from bacteria transformed with a construct to express OtCDPKI1 were resolved on
10% SDS-PAGE and immunoanalysed with His-tag antibodies. Concentrated super-
natant of total protein extract, (lane 1), purified Hiss-tagged OfCDPK1 (lane 2), and
recombinant potato CDPK (StCDPK2), positive control, (lane 3). B) OtCDPKI1 ac-
tivity determination. Aliquots from bacterial crude extract (grey bars) and purified
Hisg-tagged OfCDPK 1 (white bars) were incubated with [y-"PJATP at room tempera-
ture for 30 min, in the presence of Syntide-2 peptide (exogenous substrate), and with (+)
or without (—) addition of 100 uM Ca®" or 1 mM EGTA (Ca2+ chelator). Enzyme activ-
ity was quantified on P-81 paper in a scintillation counter and protein content (5.8 and
0.24 ng p.L71 in the crude extract and purified recombinant protein, respectively) was
determined by Bradford (1976). Specific enzyme activity was expressed as picomoles
of *?P incorporated per min per pg of protein. Error bars indicate the standard errors of
the means (n = 3).
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Fig. 6. Effect of nitrogen deprivation on OtCDPKs expression. Total RNA from cells
cultured in Keller medium (MK, control) or harvested after 2 (light grey bars) or 4 h
(dark grey bars) of nitrogen starvation were used to conduct expression analysis by
qRT-PCR. Quantitative PCR is indicated as fold-change of experimental treatments rel-
ative to control samples (MK) determined by relative standard curve method between
the experimental conditions. OtGAPDH (GenBank accession number CAL52398) was
used as internal control. Mean values and SDs were obtained from two replicates.

Tecnologica (PICT 2012-1288); and Universidad Nacional de Mar del
Plata (EXA743/15).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.plaphy.2017.07.009.
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