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Abstract : Emiliania huxleyi is a marine phytoplankton that plays a critical role in global carbon and sulfur cycling. The genome
of E. huxleyi has been sequenced, and an in-depth proteomic profile of this organism has been reported. This study analyzed the
phosphoproteome of E. huxleyi and identified its changes under calcium-limited conditions. A TiO2 microcolumn was used for
phosphopeptide enrichment, followed by liquid chromatography-tandem mass spectrometry analysis. Overall, we identified
7,010 phosphorylated sites on 3,355 phosphopeptides associated with 2,929 phosphoproteins in E. huxleyi. Quantitative analysis
revealed changes in the phosphoproteome in E. huxleyi when ambient conditions changed to calcium-limited conditions, notably
the phosphorylation of some transporters was altered. This study provides an overview of protein phosphorylation in E. huxleyi
and paves the way for further investigations of its biological functions.
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Introduction

Protein phosphorylation is one of the most widespread
and essential types of post-translational modifications
(PTMs). It essentially influences all fundamental cellular
processes, such as growth, division, differentiation, metabolism,
organelle trafficking, motility, muscle contraction, membrane
transport, immunity, learning, and memory.1,2 The
phosphorylation of proteins is the transfer of a phosphate
group from adenosine triphosphate (ATP) to specific amino
acids in proteins mediated by protein kinases.3 In
eukaryotes, protein phosphorylation usually occurs in Ser,
Thr, and Tyr residues. After the addition of phosphate
groups, proteins change from a hydrophobic apolar to
hydrophilic polar form, allowing them to interact more

easily with other molecules.4 Mass spectroscopy-based
proteomics is an indispensable technique to study
biology.5-7 It is powerful to profile a large number of
proteins in a sample.8 Proteomics is also used to investigate
protein PTMs, including phosphorylation.9 A typical
workflow for a bottom-up phosphoproteomic study includes
protein digestion, phosphopeptide enrichment, and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. Since phosphopeptides are less abundant than
other peptides in the initial proteins, phosphopeptide
enrichment is critical before sample analysis.

Emiliania huxleyi is a unicellular marine phytoplankton
distributed throughout the ocean. It belongs to the
coccolithophores group and has a unique morphology.10 E.

huxleyi has been studied for application in various fields,
such as biogeography, geology, material science, medicine,
ecophysiology, and paleoclimatology.11 As a coccolithophore,
E. huxleyi can fix inorganic carbon into biomineralized and
photosynthetic products via photosynthesis and calcification.12

Consequently, it produces calcium carbonate mineral plates on
exoskeletons called coccoliths13, forming chalk and limestone
sediments.14 Therefore, E. huxleyi plays a crucial role in
global carbon and sulfur cycling.15 Furthermore, it
contributes to marine cloud formation and climate
regulation.14,16 The blooms formed by E. huxleyi can cover
areas up to 250,000 km2 on the ocean surface. 

In 2013, Read et al. reported the genome sequence
database of E. huxleyi CCMP 1516 with 30,569 protein-
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coding genes.17 Several researchers performed proteomic
studies of this species with a limited number of identified
proteins. Jones et al. studied E. huxleyi NZEH using one-
dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and LC-MS/MS and identified
99 proteins.18 Later, the same group used two-dimensional LC
and identified 115 homologous protein groups.19

Approximately 500 proteins were found in other LC-MS/
MS-based proteomic studies.20,21 Recently, we developed a
three-dimensional platform consisting of strong cation
exchange fractionation, high pH reversed-phase LC
fractionation, and low pH reversed-phase LC-MS/MS
analysis for the in-depth proteomic profiling of E. huxleyi

CCMP371.22 We identified more than 15,000 protein
groups (including single hits) in 70 fractions. The dataset
obtained has been used for the global discovery of PTMs.23

A total of 13,483 PTMs belonging to 25 different PTM
types were identified in 7,421 proteins, which increased the
protein identification to 18,780. In another study, we
investigated the de novo transcriptome profile of E. huxleyi

CCMP371 at different calcium concentrations and
observed calcium-associated regulation at the molecular
level.24

This study aimed to identify protein phosphorylation in
E. huxleyi CCMP371 and evaluate the effects of calcium-
limited conditions on the phosphoproteome of this species.
We used a typical bottom-up proteomics workflow consisting
of protein digestion, phosphopeptide enrichment with a
TiO2 microcolumn, and LC-MS/MS analysis. This is the
first study on the phosphoproteome of E. huxleyi CCMP371,
which is useful for future studies on this species.

Experimental

Materials

Ammonium bicarbonate, formic acid (FA), and iodoacetamide
(IAA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Sequencing-grade modified trypsin was purchased
from Promega (Madison, WI, USA). Tris (2-carboxyethyl)
phosphine (TCEP) was obtained from Thermo Fisher Scientific
(Rockford, IL, USA). HPLC-grade water and acetonitrile
(ACN) were obtained from J.T. Baker (Phillipsburg, NJ,
USA). All chemicals were of analytical grade and were
used as received without further purification.

Cell culture

E. huxleyi CCMP371 was purchased from the Provasoli-
Guillard National Center for Marine Algae and Microbiota
(NCMA, East Boothbay, ME, USA). Cells were cultured in
sterile artificial seawater at 20 ± 1oC under a 12:12 h
light:dark cycle with an irradiance of 50 µmol m-2s-1. The
artificial seawater was enriched with phosphates, nitrates,
trace metals, vitamins at f/2 concentration, and
selenium.25,26 The ambient calcium concentration (Ca2+)
was 10 mM. To induce calcium-limited conditions, cells

cultured at an ambient calcium concentration were collected
and centrifuged to remove the remaining medium. Subsequently,
the cells were inoculated in a fresh medium with a calcium
concentration of 0.1 mM. Cells acclimated under these
conditions were sub-cultured in fresh medium with
0.1 mM Ca2+ for more than 20 generations.24 Cell pellets
from two conditions (10 mM Ca2+ and 0.1 mM Ca2+) were
collected for proteomic analysis (n = 3). 

Proteomic analysis

Protein extraction and digestion

Protein extraction from cell pellets was performed as
described in a previous report.27 Briefly, the cell pellets
were placed in Maintainor® Tissue cards for heat
stabilization at 95oC in StabilizorTM T1 (Denator AB,
Gothenburg, Sweden) to stop degradation. Subsequently,
the samples were loaded into pre-chilled TT1 tissue
TUBETM (Covaris, Woburn, MA, USA) and frozen in
liquid nitrogen before pulverization using CryoPrep®

(Covaris). Lysis buffer (8 M urea and 0.1 M Tris-HCl, pH
8.5) was added to the sample, followed by sonication for
12 min at 18oC (Covaris). Proteins were extracted using the
acetone precipitation method. Briefly, the samples were
mixed with four volumes of acetone (pre-chilled at -20oC),
incubated at -20oC for 18 h, and centrifuged at 4,000 rpm
for 10 min at 4oC (Centrifuge 5810 R; Eppendorf,
Hamburg, Germany). After discarding the supernatant, the
protein pellets were collected, washed with acetone, and
subsequently dried in a ScanSpeed 40 centrifugal evaporator at
1,800 rpm for 3 h (Labogene, Lillerød, Denmark). The
proteins were resuspended in lysis buffer, and the protein
amount was quantified using the Pierce BCA Protein
Assay kit (Thermo Fisher Scientific).

Protein digestion was carried out using filter-aided
sample preparation (FASP) with Ultracel® YM-30
centrifugal filters (Merck Millipore, Darmstadt,
Germany).28,29 Proteins (100 µg/100 µL) were reduced with
1 µL of 500 mM TCEP at 37oC for 30 min. Subsequently,
the samples were alkylated with 10 µL of 500 mM IAA at
25oC for 30 min in the dark and digested with trypsin at
37oC for 18 h at an enzyme to protein ratio of 1:50. After
digestion, the peptide mixtures were collected. Thereafter,
FA was added to inactivate the trypsin, after which C18

microspin columns (Harvard Apparatus, MA, USA) were
used for sample desalting. The samples were then
concentrated by vacuum drying at 1,800 rpm for 3 h
(ScanSpeed 40 centrifugal evaporator).

Phosphopeptide enrichment

After desalting, the peptides were reconstituted in 0.1% FA/
water (solvent A). A TiO2 microcolumn (TitanspherePhos-TiO
kit; GL Sciences, Tokyo, Japan) was used for phosphopeptide
enrichment. The column was conditioned in solvent B (2%
trifluoric acid solution: ACN [20:80, v/v]) and equilibrated
in solvent C (lactic acid: solvent B [25:75, v/v]). Samples
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were loaded into the microcolumn, and 100 µL of solvent
C was added, followed by slow pipetting for mixing. Non-
phosphopeptides were removed by centrifugation at 3,000
rpm for 10 min. Next, solvents C and B were added for
rinsing. Phosphopeptides were then eluted with 50 µL of
5% ammonium hydroxide, followed by 50 µL of 5%
pyrrolidine (1,000 rpm, 5 min). After drying, the enriched
phosphopeptides were reconstituted in 50 µL of solvent A
(0.1% FA/water) and injected (1 µg) to an LC-MS/MS
system for analysis.

LC-MS/MS analysis

LC-MS/MS analysis of the samples was similar to that
conducted in a previous study.29 The LC-MS/MS system
consisted of a Dionex Ultimate 3000 HPLC coupled with
a Q Exactive™ Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific). The samples were loaded onto
an Acclaim™ PepMap™ 100 C18 nano-trap column
(75 µm × 2 cm, 3 µm particles, 100-Å pores; Thermo Fisher
Scientific) using solvent A at a flow rate of 2.5 µL/min for
5 min. Peptide separation was conducted using an Acclaim™
PepMap™ C18 100A RSLC nano-column (75 µm × 50 cm,
2 µm particles, 100-Å pores; Thermo Fisher Scientific).
The mobile phase solvent consisted of solvents A and B
(0.1% FA in ACN: water [80:20, v/v]), and the flow rate
was fixed at 300 nL/min. The gradient was set up as
follows: solvent B, equilibration at 4% for 14 min, 4–20%
for 61 min, 20–50% for 81 min, 50–96% for 1 min,
holding at 96% for 10 min, 96–4% for 1 min, and holding
at 4% for 17 min for column re-equilibration. The
operation parameters were as follows: spray voltage,
2.2 kV; capillary temperature, 320oC; isolation width, ±
2 m/z; scan range, 400–2,000 m/z; resolution of full-MS
scans, 70,000; and resolution of MS/MS scans at 200 m/z,
17,500. A data-dependent acquisition method was used,
wherein the top ten precursor ions with the highest
intensity were isolated in the quadrupole and fragmented
by the higher-energy collisional dissociation with 27%
normalized collisional energy. Dynamic exclusion was set
at 20 s to minimize repeated analyses of the same abundant
precursor ions.

Data analysis

For phosphopeptide identification, raw MS/MS data files
were converted to mzXML format using MSConvert.
Comet (version 2017.01 rev.0) was used to search MS/MS
spectra against the Uniprot database of E. huxleyi

(CCMP371). The following parameters were set for the
search: maximum of two missed cleavages with trypsin;
semitryptic cleavage, 10 ppm and 0.02 Da tolerances for
precursor ion masses and fragment ion masses, respectively;
static carbamidomethylation of cysteine; and variable
modifications including oxidation (methionine, +15.995
Da), carbamylation (protein N-term, +43.0006 Da), and
phosphorylation (serine, threonine, and tyrosine, +79.9663

Da). The search result files in pepXML format were
transferred to Trans-Proteomic Pipeline (TPP) version
5.1.0,30 and PeptideProphet31 was run. The peptides were
filtered at a false discovery rate (FDR) of ≤0.01. 

Phosphopeptide quantification was carried out using
MaxQuant version 1.5.8.3 (www.coxdocs.org) with the
Andromeda search engine.32 The parameters were set as
follows: maximum of two missed cleavages with trypsin,
20 ppm for first search peptide tolerance, 4.5 ppm for main
search peptide tolerance, and an FDR cutoff of 1%. Fixed
and variable modifications were the same as those in the
Comet search. The data were analyzed and visualized
using Mass Profiler Professional version 12.6.1 (Agilent
Technologies, Santa Clara, CA, USA). A Student’s t-test
with a Benjamini–Hochberg correction was used for
statistical analysis. Missing values were kept and a quantile
normalization was performed. Differentially expressed

Figure 1. Workflow of phosphoproteomic analysis of E. huxleyi

CCMP371 using FASP digestion, phosphopeptide enrichment,

and LC-MS/MS analysis.
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phosphopeptides were identified with a corrected p-value
≤0.05 and a fold-change ≥2. Gene Ontology (GO)33 and
Kyoto Encyclopedia of Gene and Genomes (KEGG)
pathway34 were categorized using Cytoscape version 3.7.2
(National Institute of General Medical Sciences, Bethesda,
MD, USA) via ClueGO version 2.5.6 (Cordeliers Research
Center, Paris, France).35 The GO terms and KEGG
pathways were filtered at a p-value ≤0.05.

Results and Discussion

In a previous study, we used a three-dimensional LC
combined with MS/MS analysis for the in-depth proteomic
profiling of E. huxleyi, which allowed the discovery of the
phosphoproteome in this species without an enrichment
method.23 We previously identified 1,120 phosphorylated sites
on 789 proteins, which was relatively low compared with those
in recent phosphoproteomic studies.36 Therefore, in the present
study, we performed a typical bottom-up proteomics workflow
to profile the phosphoproteome of E. huxleyi CCMP371. As
shown in Figure 1, after digestion using FASP, phosphopeptides
were enriched with a TiO2 microcolumn before LC-MS/MS
analysis. TPP with Comet search was used for phosphopeptide
identification, and MaxQuant was employed for comparative
analysis between phosphoproteomes under ambient and
calcium-limited conditions.

Identification of protein phosphorylation in E. huxleyi

CCMP371

Using TPP with a Comet search, we identified 4,200
peptides from all samples. Among them, there were 3,355
phosphopeptides (Table S1) associated with 2,929 proteins
and protein groups (hereafter, for simplification, “protein”
is used to denote both proteins and protein groups). The
enrichment efficacy was approximately 80%. From these
phosphopeptides, 7,158 phosphorylated sites were identified.
However, some phosphorylated sites that overlapped were
manually removed, finally resulting in 7,010 phosphorylated
sites. The numbers of phosphorylated sites and phosphoproteins
were 6.3- and 3.7-fold higher, respectively, than those obtained
in a previous study.23 However, the numbers of identified
phosphorylated sites and phosphoproteins were relatively
lower than those in other species, such as Saccharomyces

cerevisiae (40,000 phosphorylated sites in 3,000 phospho-
proteins), Mus musculus (156,000 phosphorylated sites in
11,000 phosphoproteins), and Homo sapiens (230,000
phosphorylated sites in 13,000 phosphoproteins).37 

Figure 2 summarizes the results of the phospho-proteomic
profiling of E. huxleyi in the present study. The number of
phosphopeptides per protein varied from 1 to 13 (Figure 2a),
with the majority (~89%) of phosphoproteins having one
phosphopeptide. The number of phosphorylated sites per
protein ranged from 1 to 26. Approximately 93% of the

Figure 2. Identification of phosphopeptides using the Trans-Proteomic Pipeline with Comet search. (a) Number of phosphopeptides

identified per protein. (b) Number of phosphorylated sites identified per protein. (c) Number of phosphorylated Ser (S), Thr (T), and Tyr

(Y) identification. (d, e, f) Distribution of molecular weight, isoelectric point (pI), and grand average of hydropathy (GRAVY) values of

identified phosphopeptides. P-peps: phosphopeptides.
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phosphoproteins contained 1–3 phosphorylated sites (Figure
2b). Notably, in protein R1D509 (polyketide synthase), we
identified 13 phosphopeptides and 26 phosphorylated sites.
Among the 7,010 phosphorylated sites, serine accounted for
more than 54%, while threonine accounted for approxi-
mately 31.5% (Figure 2c). We found a ratio of 55:31:14 for
Ser/Thr/Tyr in E. huxleyi, which was close to the ratio of
70:20:10 in Bacillus subtilis and relatively different from the
ratio of 86:12:2 in humans.38

The physicochemical properties of the identified phospho-
peptides were also assessed. The molecular weight (MW)
and isoelectric point (pI) of the phosphopeptides were
obtained from TPP. The pI value of a peptide is the pH at
which it carries no net charge. The grand average of
hydropathy (GRAVY) values of peptides were calculated
using the GRAVY calculator to signify the hydrophilicity
(GRAVY<0) or hydrophobicity (GRAVY>0).39 As shown in
Figure 2d, the majority of the identified phosphopeptides
had MW >3,000 Da (73%), pI <7 (81%), and GRAVY
between -1 and 0.5 (80%). 

Next, we used Cytoscape via ClueGo to categorize 2,929
phosphoproteins based on the GO database of E. huxleyi

(updated on October 31, 2019). We identified 93 biological
processes, 8 cellular components, and 73 molecular
functions with a p-value ≤0.05, and the number of genes
was found to be ≥3 (Table S2). As shown in Figure 3, most
of the identified GO terms had less than 40% associated
genes. The top five GO terms with the lowest p-values are
listed in Table 1. Typical biological processes associated with
phosphopeptides were transmembrane transport and metabolic

and biosynthetic processes. These phosphopeptides are
components of non-membrane-bound organelles and
plasma membrane protein complexes. In addition, they are
involved in binding functions and passive transmembrane
transporter activity (Table S2).

Effects of calcium concentration on phosphoproteome

of E. huxleyi CCMP371

We also evaluated the effects of calcium concentration

Figure 3. Gene ontology terms associated with phosphoproteins

of Emiliania huxleyi. The data were obtained using Cytoscape

via ClueGO. ■: biological processes; ∆: cellular components; ○:

molecular functions.

Table 1. Top 5 GO terms with lowest p-value.

GO ID GO term p-value Number of gene found

Biological processes

GO:0044267 Cellular protein metabolic process 1.5×10-6 229

GO:0005975 Carbohydrate metabolic process 8.3×10-6 92

GO:0007165 Signal transduction 2.2×10-5 54

GO:0005976 Polysaccharide metabolic process 2.8×10-5 10

GO:0043412 Macromolecule modification 3.0×10-5 204

Cellular components

GO:0000148 1,3-beta-D-glucan synthase complex 1.5×10-3 3.00

GO:0005739 Mitochondrion 3.1×10-3 9.00

GO:0043228 Non-membrane-bounded organelle 3.1×10-3 46.00

GO:0098797 Plasma membrane protein complex 3.1×10-3 9.00

GO:0008278 Cohesin complex 6.3×10-3 3.00

Molecular functions

GO:0071949 FAD binding 1.9×10-5 24.00

GO:0002161 Aminoacyl-tRNA editing activity 6.2×10-5 9.00

GO:0016810 Hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds 1.2×10-4 30.00

GO:0004553 Hydrolase activity, hydrolyzing O-glycosyl compounds 1.5×10-4 50.00

GO:0016798 Hydrolase activity, acting on glycosyl bonds 1.8×10-4 53.00
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on the phosphoproteome of E. huxleyi by culturing the cells
in ambient (10 mM Ca2+) and calcium-limited (0.1 mM Ca2+)
conditions for phosphoproteome profiling (n = 3). Using
MaxQuant, we quantified 400 phosphopeptides (Table S3).
Next, we selected 291 phosphopeptides found in at least 2
of the 6 samples and used Mass Profiler Professional to
analyze them statistically. Principal component analysis
(Figure 4a) revealed separation between the two groups.
Components 1, 2, 3, and 4 contributed 35.22%, 20.59%,
17.03%, and 14.16% of the total variance, respectively. A

volcano plot of 291 phosphopeptides (calcium-limited
versus ambient conditions) is shown in Figure 4b. As a result,
5 phosphopeptides associated with 4 phosphoproteins were
upregulated, and 13 phosphopeptides associated with 11
phosphoproteins were downregulated under calcium-
limited conditions (Table 2). In addition, we identified 105
phosphopeptides associated with 88 proteins that were only
quantified under calcium-limited conditions (up-phosphorylation
group) and 72 phosphopeptides associated with 55 proteins
that were only quantified under ambient conditions (down-
phosphorylation group) (Table S4). The differentially
expressed phosphopeptides are listed in Table 2. After
removing the six proteins that appeared in both groups,
we used these proteins to investigate the effects of
calcium-limited conditions on the phosphoproteome of E.

huxleyi. 
We used Cytoscape via ClueGo to categorize phosphoproteins

based on the GO database of E. huxleyi and identified
terms with a p-value ≤0.05 and the number of genes found
≥1. The phosphoproteins were those associated with
differentially expressed phosphopeptides (Table 2) and
exclusively quantified phosphopeptides in each group
(Table S4). A total of 66 biological processes, 7 cellular
components, and 32 molecular functions were found in the
up-phosphorylation group, whereas 60 biological processes, 8
cellular components, and 30 molecular functions were
found in the down-phosphorylation group (Table S5).
Under calcium-limited conditions, there was an increase in
the phosphorylation of some proteins associated with
transmembrane transporter activity (six proteins), regulation
of macromolecule metabolic processes (five proteins),
nucleobase-containing compound transport (three proteins),
other transporter activities (anion and carbohydrate derivatives),
and RNA splicing. In contrast, there were decreases in the
phosphorylation of proteins associated with hydrolase
activity (eight proteins), pyrophosphatase activity (eight
proteins), nucleoside-triphosphatase activity (seven proteins),
transmembrane transport (five proteins), non-membrane-
bounded organelle (four proteins), and other transporter and
binding activities were observed. Notably, the phosphorylation
levels of the Na+/Ca2+-K+ exchanger (R1DUD8) and
ammonium transporter (R1DMV7) decreased. 

Protein phosphorylation is crucial for eukaryotic cells
because it regulates cellular metabolism, enzymatic
reactions, protein–protein interactions, protein degradation,
and more importantly, photosynthetic acclimation to the
environment.3,40 In E. huxleyi, we previously reported a low
number of phosphorylated sites (1,120) and phosphoproteins
(789). The enrichment with the TiO2 microcolumn remarkably
increased the number of phosphorylated sites and
phosphoproteins. However, these were still relatively low
compared with those in yeast, mice, and humans.

Under calcium-limited conditions, coccolith formation
was inhibited; however, E. huxleyi grew undisturbed.24 It
has been previously found that under calcium-limited

Figure 4. Comparative analysis of phosphoproteome between

calcium-limited and ambient conditions. (a) Principal

component analysis. ■: calcium-limited condition (0.1 mM

Ca2+); ●: ambient condition (10 mM Ca2+). (b) Volcano plot

(calcium-limited condition versus ambient condition) of 291

phosphopeptides. ▲: up-regulated phosphopeptides; □: down-

regulated phosphopeptides; ●: un-regulated phosphopeptides.
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conditions, E. huxleyi exhibits some changes in the
expression of calcium transporters, inorganic transporters, and
ATP-binding cassette family transporters.24 In the present
study, we found a reduction in the phosphorylation of the Na+/
Ca2+-K+ exchanger and ammonium transporter as well as
alterations in phosphorylation of other transporter and binding
proteins. However, since many proteins in E. huxleyi have not
been characterized, the interpretation of the resulting dataset is
currently insufficient. It is expected that when the proteome of
this species is extensively studied, a re-analysis of this dataset
will reveal more information on its acclimation to the
environment by altering the phosphoproteome. 

Conclusions

Here, we identified the phosphoproteomic profile of E.

huxleyi with 7,010 phosphorylated sites on 2,929 proteins.
Enriched GO terms from the phosphoproteins included
transmembrane transport, metabolic and biosynthetic
processes, plasma membrane protein complex, some binding
functions, and passive transmembrane transporter activity. In
addition, we revealed changes in the phosphoproteome of E.

huxleyi under calcium-limited conditions. Notably, there
were alterations in the phosphorylation of the Na+/Ca2+-K+

exchanger, ammonium transporter, other transporters, and
binding proteins.
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