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Abstract

Background: Growth-temperature stress causes biochemical changes in the cells and reduction of biomass yield.
Quantitative proteome of Arthrospira platensis C1 in response to low- and high temperature stresses was previously
analysed to elucidate the stress response mechanism. The data highlighted the linkage of signaling proteins and
proteins involved in nitrogen and ammonia assimilation, photosynthesis and oxidative stress.

Results: After phosphoproteome analysis was carried out in this study, the tentative temperature response cascade
of A. platensis C1 was drawn based on data integration of quantitative proteome and phosphoproteome analysis
and protein-protein interaction (PPI) networks. The integration revealed 31 proteins regulated at the protein-
expression and post-translational levels; thus, this group of proteins was designated bi-level regulated proteins. PP
networks were then constructed based on A. platensis C1 gene inference from publicly available interaction data.
The key two-component system (TCS) proteins, SPLC1_S082010 and SPLC1_S5230960, were identified as bi-level
regulated proteins and were linked to SPLC1_S270380 or glutamate synthase, an important enzyme in nitrogen
assimilation that synthesizes glutamate from 2-oxoglutarate, which is known as the signal compound that regulates
the carbon/nitrogen (C/N) balance of cells. Moreover, the role of the p-site in the PPIs of some phosphoproteins of
interest was determined using site-directed mutagenesis and a yeast two-hybrid system. Evidence showing the
critical role of the p-site in the PPl was observed for the multi-sensor histidine kinase SPLC1_S041070 (Hik28) and
glutamate synthase. PPl subnetwork also showed that the Hik28 involved with the enzymes in fatty acid
desaturation and nitrogen metabolism. The effect of Hik28-deletion was validated by fatty acid analysis and
measurement of photosynthetic activity under nitrogen depletion.

(Continued on next page)

* Correspondence: apiradee@biotec.or.th

'Biochemical Engineering and Systems Biology Research Group, National
Center for Genetic Engineering and Biotechnology, National Science and
Technology Development Agency at King Mongkut's University of
Technology Thonburi, Mailing Address: IBEG/BIOTEC@KMUTT, 49 Soi Thian
Thale 25, Tha Kham, Bang Khun Thian, Bangkok 10150, Thailand

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12860-020-00285-y&domain=pdf
http://orcid.org/0000-0002-3285-4196
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:apiradee@biotec.or.th

Kurdrid et al. BMIC Molecular and Cell Biology (2020) 21:43

Page 2 of 22

(Continued from previous page)

Conclusions: Taken together, the data clearly represents (i) the multi-level regulation of proteins involved in the
stress response mechanism and (ii) the key point of the temperature stress response at the interconnection of C-

and N- metabolism.
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Background
The elevation and reduction of growth temperature are im-
portant environmental factors for cell viability, growth and
capacity to economically synthesize high-value chemicals.
Low-temperature stress leads to impaired protein biosyn-
thesis, the stabilization of DNA and RNA secondary struc-
tures, and, particularly, a reduction in membrane fluidity,
whereas high-temperature stresses causes protein aggrega-
tion and denaturation; to cope with these stresses, a cellular
response occurs. Thus, various stress response mechanisms
are well evolved to adapt to physical and biochemical
changes in the cellular microenvironment. In Spirulina
(Arthrospira), a cyanobacterium, when the cells are mass
cultivated in outdoor ponds, temperature fluctuations are
typically encountered, causing relevant effects on the bio-
mass yield and the biochemical content of the cells, which
can have economic value due to pharmaceutical properties,
e.g., in the case of polyunsaturated fatty acids. Cells undergo
many cellular modifications under thermal stress conditions,
and these modifications are generated by a network of genes
regulated either simultaneously or in a cascade.
Phosphorylation is one of the most biologically rele-
vant post-translational modifications and plays a crucial
role in many cellular mechanisms, including signal
transduction in response to various stresses. Protein
phosphorylation-based signaling is regulated by a revers-
ible enzyme-catalyzed process, in which protein kinases
and protein phosphatases participate in an antagonistic
manner. Several studies have suggested that Ser/Thr/Tyr
phosphorylation plays a key role in the regulation of cel-
lular responses and physiological processes in prokary-
otes [1, 2]. In cyanobacteria, a two-component system
comprised of a histidine kinase and its specific response
regulator functions by a phosphorylation-based signal
transduction mechanism [3]. Therefore, the signal trans-
duction cascade through the phosphorylation of serine,
threonine and tyrosine residues in response to stresses
involves both a two-component system and Ser/Thr/Tyr
kinases [3, 4]. Moreover, in response to a signal, the ex-
pression of many corresponding genes will either be in-
duced or reduced for cellular adaptation to a particular
stress. Gene regulation at the transcriptional level via
promoter recognition by a sigma factor is a cellular
process tightly associated with phosphorylation [5, 6].
After the Spirulina (Arthrospira) platensis C1 genome
was completely analyzed and published [7], high-

throughput approaches, including gel-based and non-
gel-based proteomics, were applied in previous studies
to analyze the temperature response of this organism
[8-10]. Using a bioinformatics approach, the results of
comparative proteome analyses of low- and high-
temperature stresses and potential protein-protein inter-
action networks in response to both stress conditions
have led to four important developments [10]. First, the
data indicate that proteins involved in nitrogen and
ammonia assimilation are associated with temperature
stress responses. Second, low-temperature stress is
tightly linked with photosynthesis and oxidative stress;
however, no specific mechanism has been revealed in
the high-temperature stress response. Third, the results
highlight the crosstalk between signaling pathways, e.g.,
Hik14, Hik21 and Hik28, revealing potential interactions
between differentially expressed proteins identified in
both temperature stress conditions. Finally, a yeast two-
hybrid system (Y2H) was employed to examine differen-
tially expressed proteins identified in the Spirulina
protein-protein interaction network, and the results sug-
gested that the potential protein-protein interaction
(PPI) network may generate interactions in Spirulina.
Therefore, in contrast to proteome analyses of knockout
mutants, the bioinformatics approach used in the ana-
lysis of the protein-protein interaction network helped
to directly examine the specificity or crosstalk between
signaling components and their target proteins.
Previously, the phosphoproteomes produced in re-
sponse to heat and cold stresses were investigated in
Saccharomyces cerevisiae [11]. However, the present
study is the first to use a phosphoproteomics strategy to
identify phosphorylated proteins under low- and high-
temperature conditions to analyze temperature stress re-
sponse mechanisms in cyanobacteria, which are photo-
synthetic organisms. Moreover, comparative analyses of
the phosphoproteome profile under both temperature
stresses were also performed. In addition to the com-
parative phosphoproteomics analysis, an integrated po-
tential PPI network of phosphorylated proteins and
differentially expressed proteins identified in previous
studies was constructed using a bioinformatics approach
to determine the biological significance of the proteo-
mics data. PPI pairs involved in signal transduction
mechanisms and presented in the bi-level regulated
network were examined for their potential roles in
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phosphorylation using a yeast two-hybrid system (Y2H).
Moreover, the possible role of the protein in signal
transduction mechanism, Hik28, involved in fatty acid
desaturation and nitrogen metabolism suggested by the
PPI subnetwork was also validated by fatty acid analysis
and determination of photosynthetic activity of its
deletion mutant under nitrogen-depleted condition.

Results

General overview of the quantitative proteome and
phosphoproteome data

The Arthrospira (Spirulina) platensis strain C1 genome
contains 6108 ORFs, among which 2983, 10 and 4 pro-
teins were hypothetical, of unknown function and
uncharacterized proteins, respectively [7]. In a previous
A. platensis C1 proteome coverage study, 3434 and 1370
proteins (a total of 4804 proteins) were identified using
gel- and non-gel-based techniques, respectively [10].

In the present study, comparative analyses of the
quantitative proteome and phosphoproteome of A. pla-
tensis C1 grown under optimal temperature and after
temperature shifts to 22 °C and 40°C for 180 min were
carried out. The data obtained from LC-MS/MS was
analyzed according to the flowchart in Fig. 1. The total
number of identified proteins after the threshold cut-off

Page 3 of 22

was 668 proteins, consisting of 101 phosphoproteins and
567 differentially expressed proteins (Box 6, Fig. 1).
Then, the proteins regulated at the translational and
post-translational levels or designated bi-level regulated
proteins were identified (Box 7, Fig. 1). The details on
each group of proteins in Fig. 1 are discussed in the
following sections.

Quantitative proteome analysis: expression patterns of
differentially expressed proteins and their protein-protein
interaction networking

In our previous studies, the differentially expressed pro-
teins obtained from proteome analysis of samples col-
lected from different time points were clustered by their
expression patterns as adaptive, tolerant and resistive re-
sponses [10, 12]. The time point at 180 min after the
temperature shift showed saturation of the number of
differentially expressed proteins. Therefore, in the
present study, wherein comparative analysis of the quan-
titative proteome and phosphoproteome was carried out
to identify the bi-level regulated proteins, the fold-
changes of protein expressed levels at 180 min after low-
and high-temperature stresses were analyzed. Sixty-
seven and twenty-eight proteins were found to be upreg-
ulated after temperature shifts to 22°C and 40°C,

-
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respectively, whereas 51 and 90 proteins were downreg-
ulated after the upshift and downshift of the temperature
(Fig. 2a). The heatmap hierarchical clustering of the pro-
tein expression pattern showed the association of the
pattern under the optimal growth condition and under
low temperature stress (Fig. 2b).

Upon comparative analysis of the protein regulation at
22°C and 40 °C, the proteins could be grouped accord-
ing to their regulation under both temperatures. There
were 17 and 35 proteins which were up- and downregu-
lated under both stress temperatures, respectively. More-
over, two groups of proteins showed diverse directions
of regulation after temperature upshift and downshift.
The group of 49 proteins was upregulated at 22 °C and
downregulated at 40 °C, whereas the other 17 proteins
were downregulated at low temperature and upregulated
at high temperature (see Additional file 1). Then, the
PPI subnetwork (see Additional file 2A-D) of each group
was generated using STRING, and the A. platensis C1
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proteins were inferred using A. platensis NIES39 via
orthologous grouping because A. platensis C1 proteins are
not present in the STRING database. The pathway ana-
lysis showed the connection of each group of proteins
with various pathways (Table 1), and it should be noted
that the proteins in nitrogen metabolism were upregulated
at 22°C and vice versa at 40 °C. In contrast, the proteins
involved in carbon fixation and carbon metabolism were
downregulated under both stress temperatures.

Phosphoproteome analysis: phosphorylation patterns,
protein-protein interaction networks and data validations
Phosphorylation patterns

There were 527 phosphoproteins that passed the high-
stringency criteria cut-off, as shown in Box 3 of Fig. 1.
The ratio of pS/pT/pY was 50.7%:40.1%:9.2%, which is dif-
ferent from that of Synechocystis sp. PCC6803 and Syne-
chococcus sp. PCC7002 (42.3%:51.5%:6.2%). Phosphoserine
was the majority p-site in A. platensis C1. After threshold
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Fig. 2 Protein expression level obtained from quantitative proteome analysis; (@) Venn diagram showing the numbers of up- and down-
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(b) Heatmap hierarchical clustering of the protein expression under the three experimental conditions
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Table 1 List of metabolic pathways which the proteins in the PPl networks of up- and down- regulated proteins were involved

Pathway/Protein regulation level at 22 °C - 40°C

down - down up - up

down - up up - down

Metabolic pathways Metabolic pathways
Ribosome

Carbon fixation in photosynthetic organisms Photosynthesis
Oxidative phosphorylation Purine metabolism
Biosynthesis of amino acids

Photosynthesis - antenna proteins

Microbial metabolism in diverse environments
Carbon metabolism

2-Oxocarboxylic acid metabolism

Nicotinate and nicotinamide metabolism
Valine, leucine and isoleucine biosynthesis

Biosynthesis of secondary metabolites

Oxidative phosphorylation

Metabolic pathways Ribosome

Oxidative phosphorylation  Nitrogen metabolism

Photosynthesis

Alanine, aspartate and glutamate metabolism

Aminoacyl-tRNA biosynthesis

filtering, 101 phosphoproteins were identified (Box 6, Fig. 1
and Additional file 3), and the ratio of the three p-sites was
similar to that obtained after the high-stringency cut-off.
The MS/MS spectra of some peptides of interest are shown
in Additional file 4.

According to the phosphoproteome data (Box 3, Fig. 1)
of A. platensis C1, eight phosphorylated Ser/Thr kinases
were detected in their phosphorylated form. SPLCI1_
S032990 was the only Ser/Thr kinase after the threshold
cut-off (Box 6 of Fig. 1). Notably, (i) dephosphorylation of
the two p-sites of SPLC1_S032990 occurred upon a
temperature upshift (see Additional file 5), and (ii) none
of Ser/Thr kinases identified in the present study had
orthologs in Synechocystis sp. PCC6803, for which the sig-
nal transduction systems under abiotic stresses have been
extensively studied.

Protein-protein interaction networks
The PPI subnetwork of the 101 phosphoproteins was con-
structed using STRING (see Additional file 6). The network
represents the connections of proteins involved in several
pathways, and some, i.e., nucleotide excision repair, mis-
match repair, glycine, serine and threonine metabolism,
and selenocompound metabolism, were different from
those of the group of differentially expressed proteins.
Among these proteins, three histidine kinases, i.e.,
SPLC1_S041070, SPLC1_S540750 and SPLC1_S081620,
were found (see Additional file 3). SPLC1_S041070 or
Hik28 contains eight p-sites, pT598, pT793, pT837,
pS805, pS911, pS976, pS1136 and pS1482, all of which
were detected only under low temperature. The PPI sub-
network of Hik28, NIES39 D04330, was constructed
using STRING (see Additional file 6). It revealed the as-
sociation of this low-temperature responsive Hik with
other key proteins, i.e., several TCS proteins, response

regulator receiver/diguanylate cyclase (PleD), serine/
threonine kinase (SPLC1_S240280) and proteins in ni-
trogen assimilation. Moreover, the PPI subnetwork of
the SPLC1_S041070-orthologous protein, SIl0474, in
Synechocystis sp. PCC6803 presented its association with
the proteins involved in fatty acid desaturation and
N-metabolism (see Additional file 7).

Bi-level regulated proteins and their protein-protein
interaction (PPI) networking

The 40 proteins (Box 7, Fig. 1) regulated at the protein
expression and post-translational levels were identified.
Among the 40 phosphorylated proteins, there were 31
proteins that were significantly up- or down regulated
more than or equal to 1.5-fold in response to stress. The
PPI subnetworks of these proteins were constructed
using SVG graphics on the Synechocystis template vali-
dated by Y2H (Fig. 3) and STRING (see Additional file 8)
[13, 14]. In Fig. 3, the network illustrates the direct
interaction between a bi-level regulated protein, GIsF,
and a multi-sensor hybrid histidine kinase (Hik),
NIES39_D04330, in the same orthologous group as
SPLC1_S041070 or Hik28 of A. platensis C1.

Data validation of A. platensis C1-Hik28, SPLC1_S041070,

by site-directed mutagenesis and yeast two hybrid system

To validate the role in protein binding of Hik28, the
Y2H technique was applied for the binding study of the
wild-type (WT)- SPLC1_S041070, Hik28, and the site-
directed-mutant S976A- SPLC1_S041070 with their pos-
sible client proteins, TCS proteins, PleD, Ser/Thr kinase
and GIsF suggested by the STRING database (Table 2
and see Additional file 9). The positive results were ob-
served between the WT-Hik28 and the client proteins,
whereas the negative results were shown in case of the
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Fig. 3 PPl network of bi-level requlated proteins constructed using an in-house tool. Nodes: The proteins with six-sector circle-shaped nodes were
bi-level regulated proteins. In the circle nodes, the upper three sectors of the total six sectors represent the temperature condition that the
protein was identified in the quantitative proteome study (from left to right; pink for high, light green for optimal, and blue for low temperature),
and the lower three represent the temperature condition that the protein was identified in the phosphoproteome study (from left to right;
orange for high, green for optimal, and cyan for low temperature). The cyan-bordered circle nodes indicate the up- or down regulated proteins
with the expression level = 1.5-fold, whereas the pink ones indicate the up- or down regulated proteins with the expression level < 1.5-fold
compared to that of under the optimal condition. In the grey-bordered rectangular nodes, the leftmost pink strip indicates high temperature, and
the rightmost blue strip indicates low temperature. All other proteins are indicated in black-bordered diamond-shaped nodes. Edges: The green
edges indicate interaction-paths between bi-level regulated proteins (circle nodes), whereas the purple edges indicate interaction-paths between
bi-level regulated proteins and differentially expressed proteins (rectangle nodes). Note: The protein SPLC1_S230960 does not have orthologous
in Synechocystis sp. that is the template for PPl network construction of the in-house tool. Thus, there were no edges around its node, which is
different from PPl network constructed by using STRING (see Additional file 12)

S976A-mutant and the clients. It is worth noting that
the two TCS proteins in the PPI subnetwork, SPLC1_
S$540750 (Hik21) and SPLCI1_S360070, also showed
interaction with the response regulator, PleD (see
Additional file 9).

Data validation of Hik28 by its orthologous gene deletion
and analyses of fatty acid and photosynthetic activity in
Synechocystis sp. PCC6803

To elucidate the possible role of SPLC1_S041070 or
Hik28, the deletion mutant of its orthologous protein,
S110474, was constructed in Symechocystis sp. PCC6803
(see Additional file 10) due to (i) the specific gene trans-
fer is unavailable in A. platensis and (ii) the ortholog of

SPLC1_S041070 is absent in the other model cyanobac-
teria, Synechococcus sp. PCC 7942.

After the fatty acid analysis of the wild type Synecho-
cystis sp. PCC6803 and the Asll0474 mutant grown
under the three experimental temperatures, the data
showed the accumulation of 16:1%° in the mutant strain
(Table 3 and Additional file 11). When compared be-
tween the two strains, the composition of 16:1%° was sig-
nificantly (p <0.05) increased in the mutant, whereas,
the change of the 16:1%° composition in the mutant was
temperature independent (p > 0.05) (Table 3).

In case of photosynthetic activity measurement, the
WT and the Asll0474 cells were grown in the nitrogen
depletion media under the optimal temperature and low
temperature stress. The chlorophyll content and O,
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Table 2 Protein-protein interaction analyses of the proteins of interest by using yeast two-hybrid system (Y2H)
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Bait (pGBKT7-) Prey (pGADT7-) Y2H results
No. Growth on Colonies growth
Locus tag Protein name Locus tag Protein name QDO/X/A plate [on QDO/X/A plate
(Triplicates)
Positive control  [pGBKT7-53 Positive control [pGADT7- T-SV40  |(+) Blue colonies .
Negative control  [pGBKT7-Lamin C  |Negative control |pGADT7- T-SV40  |(-) White colonies .
SPLC1_S041070 |Multi-sensor Hybrid .
- +
! Histidine Kinase (+) Blue colonies -
SPLCI_S240860 Eﬁg;‘: sensory
SPLCI S04107 | Multi-sensor Hybrid , . r
2 OS976A_ Histidine Kinase (-) White colonies \
(Mutant S976A )
3 SPLC1_S041070 M.ulFl—.senso.r Hybrid (+) Blue colonies
Histidine Kinase Similar sensory box
SPLCI_s540750 |Mistidine
Multi Hvbrid - kinase/response
SPLCI_S04107 |, i-sensor Hybr regulator (Hik21) . .
4 0S976A Histidine Kinase (-) White colonies
(Mutant S976A )
5 SPLC1_S041070 Mulpfensor Hybrid (+) Blue colonies
Histidine Kinase .
Possible two-
SPLC1_S081620 |component hybrid —
SPLCI S04107 M.ulFl-Asenso.r Hybrid sensor and regulator - A
6 0S976A Histidine Kinase (-) White colonies |
(Mutant S976A )
7 SPLC1 _S041070 l\/[.ulFl—'senso.r Hybrid (+) Blue colonics
Histidine Kinase
Two-component
SPLC1_S360070 |hybrid sensor and
SPLCI S04107 M.ulFl—'senso.r Hybrid regulator ) ) |
8 0S976A Histidine Kinase (-) White colonies |
(Mutant S976A ) | |
9 SPLC1_S041070 MlulFl-'sensolr Hybrid (+) Blue colonies
Histidine Kinase L .
Similar multi-sensor
] - SPLC1 _S203560 |signal transduction ~ —
SPLC1_soa107  [Multi-sensor Hybrid histidine kinase . A ‘
10 0S9T6A Histidine Kinase (-) White colonies
(Mutant S976A ) -
1 SPLC1_S270380 gl‘;;f)mate synthase | ) Blue colonies .
SPLC1_S041070 | Multi-sensor Hybrid
Histidine Kinase
SPLCI S270380 Glutamate synthase ' .
12 v237 S_ (gIsF) (Mutant (-) White colonies
Y237A)
Multi-sensor Hybrid
13 gg;%gsomm Histidine Kinase ~ |SPLC1_S$270380 ?ll‘;;“)mate synthase | ' \yhite colonies :
(Mutant S976A ) £
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Table 3 Fatty acid analysis of Synechocystis sp. PCC6803 WT and Asll0474 mutant by using gas chromatography
Strain Fatty acid (% Composition)
C16:0 c16:1 C180 c18:1 C18:2 c183 c183 C184
(A9) (A9,12) (A6,9,12) (A9,12,15) (A6,9,12,15)

Cells grown at 30°C

WT 477 + 24 31408 10 + 05 68 +30 19.1 + 44 189 + 25 19 + 009 14+ 006

MTAsNI0474 499 + 10 373+78 06 + 0.02 24 +03 41429 45407 08 + 001 05 + 001
Cells grown at 16 °C

WT 468 + 22 35410 09 + 04 60+ 15 192 + 40 206 +13 26+13 04 + 002

MTAsNI0474 499 + 1.1 326+ 95 07 +004 24 +0.1 58+ 1 66+ 17 13 4 005 06 + 0.02
Cells grown at 45 °C

WT 489 + 238 29406 11406 7.7 + 34 189 + 4.1 176 + 29 16+003 12 +004

MTASNI0474-45 494 + 06 428 + 06 04 + 004 24 +02 24 +02 21 +02 02 + 002 03 + 001
evolution rate represented photosynthetic growth were  mutant- Ser/Thr kinase with the histidine kinase,

measured. Their significant reduction after N-depletion
in both WT and MT was observed under the optimal
temperature, whereas the increasing degree of the reduc-
tion was found in the MT strain under the low
temperature stress and vice versa in the WT strain
(Table 4).

Data validation of A. platensis C1-serine/threonine kinase,
SPLC1_5240280, by site-directed mutagenesis and yeast two
hybrid system

To examine the role in PPI of pS254 of the Ser/Thr kin-
ase, the Y2H experiments of the WT- and the S254A

SPLC1_S081620, were carried out. The WT protein
showed positive result with the histidine kinase in con-
trast to the S254A mutant protein (see Additional file 9).

Discussion

Histidine kinases obtained from phosphoproteome
analysis

Phosphorylation sites

Three histidine kinases, i.e., SPLC1_S041070, SPLC1_
$540750 and SPLC1_S081620, were found (see Add-
itional file 3). SPLC1_S041070, or Hik28, can be classi-
fied by COG-category into the regulatory function

Table 4 Chlorophyll a content and oxygen evolution rate of Synechocystis sp. PCC 6803 WT and Asll0474 mutant under nitrogen-

and low temperature stress

Strain +NO3 -NOs
Day0 Day1 Day2 Day0 Day1 Day2
Cell grown at 30 °C
Chlorophyll content
(mg/1)
WT 594002 64+ 003 6.69 + 001 59+0.13 594007 491 + 001
MTAsNI0474 55 +045 56 +0.24 587 + 005 55+ 042 51 +004 413 +004
0, evolution content
(umolO,mg'Chlhr )
WT 3731+16 3804 + 129 3909 + 29 3726+23 2616 +10.5 2522 + 6.1
MTAslI0474 3791 + 22 3273+ 171 381.1 +126 3812 4+ 148 2534+ 36 2443 1+ 68
Cell grown at 16 °C
Chlorophyll content
(mg/l)
wWT 5.5 + 0.59 52 +0.06 480 +0.14 56 + 063 48+ 014 400 +0.14
MTAsI10474 54+ 007 4.8 + 001 4.22 + 003 544007 434013 230+ 012
0, evolution content
(pmoIO2mg”ChIAhrf])
WT 3689 + 249 3545 + 107 309.5+ 29 3689 + 249 3063 + 4.9 3039 + 1.1
MTAsII0474 3793 4+ 203 2707 + 143 2032 + 37 3782+ 69 2656 + 7.1 1443 + 204
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group, and the kinase contains eight p-sites, all of which
were detected only under low temperature. pT598,
pT793, pT837 and pS805 are located in the membrane
spanning domain, whereas pS1482 is in the SsrA do-
main. The two p-sites, pS911 and pS976, are located in
the Bae domain of the protein. The BaeS superfamily do-
main is involved in the signal transduction mechanism
[15], was found on NifC, a negative regulator of nitrogen
fixation, and has also been reported to play a role in
binding with NifA [16]. Thus, S976 was chosen for fur-
ther study on its possible role in protein-protein inter-
action using the Y2H system.

Protein-protein interaction networks

According to the PPI subnetwork of Hik28, NIES39_
D04330 or SPLC1_S041070, constructed using STRING
(see Additional file 6), the association of this low-
temperature responsive Hik with other key proteins, i.e.,
several TCS proteins, response regulator receiver/digua-
nylate cyclase (PleD), serine/threonine kinase (SPLC1_
$240280) and proteins in nitrogen assimilation was re-
vealed. The evidence indicated the possible role of the
key TCS protein, Hik28, in the protein binding.

Validations of the possible role of Hik28

(i) Role in protein binding The Y2H technique was ap-
plied for the binding study of the wild-type (WT)-
SPLC1_S041070 and the site-directed-mutant S976A-
SPLC1_S041070 with their possible client proteins, TCS
proteins, PleD, Ser/Thr kinase and GIsF suggested by the
STRING database (Table 2). The positive results were ob-
served between the WT-Hik28 and the client proteins,
whereas the negative results were shown in case of the
S976A-mutant and the clients. The evidence indicated the
role of Hik28 in the protein binding, most likely at the
S976 residue. It is also worth noting that the two TCS
proteins in the PPI subnetwork, SPLC1_S540750 (Hik21)
and SPLC1_S360070, also showed interaction with the
response regulator, PleD (see Additional file 9).

(ii) role involved fatty acid desaturation The PPI sub-
network of the orthologous protein of SPLC1_S041070,
S110474, a signal transduction response regulator protein
containing receiver domain showed its connections to a
group of proteins in the two-component system includ-
ing the ones involved in chemotaxis (see Additional file
7). Furthermore, the protein relates to the glycerolipid
metabolism, including delta-9 desaturase encoded by
desC gene, via the proteins in the two-component sys-
tem, S1l0041 and S10043. Therefore, the ASI0474 mu-
tant was constructed in Synechocystis sp. PCC6803 to
examine its role involved the fatty acid desaturation. In
cyanobacteria, the fatty acids, C18:0 and C16:0, are at
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the sn-1 and sn-2 positions of glycerolipids. The data in
Table 3 clearly showed the accumulation of 16:1%° in the
mutant strain.

The cyanobacteria, A. platensis and Synechocystis sp.
PCC6803 are classified into group 3 and 4, respectively
[17]. A. platensis have only one desC gene, unlike Syne-
chocystis sp. PCC6803, which desC1 and desC2 that spe-
cific to A9-desaturation at the sn-1 and su-2 positions
are present [18]. It should be noted that A. platensis-
desC contains the same conserved domains as the Syne-
chocystis sp. PCC6803-desCI [17]. Thus, the accumula-
tion of 16:1°° at the sn-2 position in the mutant strain
suggests that S110474 or Hik28 plays a role in the activity
of desC1 that specific to the A9-desaturation of C18:0 at
the su-1 position. The data leads to the possibility that
in A. platensis, the specificity of the desC gene is con-
trolled by signaling proteins instead of having two iso-
forms of the gene. Thus, the result strongly supports the
protein networking in Additional file 7.

(iii) role involved N-metabolism The association of
S110474 and N-metabolism via nitrogen regulatory protein
PII (GInB), which is well known as signal perceiving pro-
tein for the C/N balance, was also shown in the PPI sub-
network (see Additional file 7) [19]. To elucidate the
possible role of Hik28 involved in N-metabolism, the
photosynthetic activity of the WT and the Asll0474 cells
grown under nitrogen depletion at 35°C and 16 °C were
measured. The significant reduction of the photosynthetic
activity after N-depletion in both WT and MT was de-
tected under the optimal temperature. Moreover, the in-
creasing of the reduction level observed in the MT strain
and vice versa in the WT strain after the temperature
downshift suggests the possible roles of Hik28 in low
temperature response and N-assimilation (Table 4).

Other phosphoproteins

In addition to the group of phosphorylation histidine ki-
nases, a group of four phycocyanin proteins, ApcC,
ApcE, ApcF, and CpcB, were identified in their phos-
phorylated forms. Phosphorylation of phycocyanin has
been found earlier by several research groups [20, 21].
Recently, Chen et al. reported the p-sites S22, S49, T94
and S154 on CpcB of Synechocystis sp. PCC 6803 and
proposed that the p-sites were involved in the energy
transfer and state transition of photosynthesis in the
model cyanobacteria [22]. According to our phospho-
proteome data, CpcB of A. platensis C1 was phosphory-
lated at S46 and T50 after exposure to 40°C.
Interestingly, S46 and T50 are not conserved between
Arthrospira and Symechocystis; however, they are con-
served between Phormidium and Lyngbya spp., which
are marine cyanobacteria. Moreover, the S46 and S49
are located exactly at the dodecamer interface
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(polypeptide binding sites) of CpcB. Therefore, it is pos-
sible that pS46 plays a role in the formation of dodeca-
mers under high-temperature stress.

Bi-level regulated proteins: their protein-protein
interaction (PPI) networking and possible role in PPI
under stress temperatures

The bi-level regulated proteins (Box 7, Fig. 1) were iden-
tified due to the hypothesis that these proteins and their
PPI network should play crucial roles in responses to
temperature stresses because of their tight regulation.
Thus, the networking of this group of proteins was used
as the point of origin to follow and, subsequently, reach
the affected points in biological pathways.

Accordingly, an important enzyme in nitrogen metab-
olism, SPLC1_S270380 or ferredoxin-dependent glutam-
ate synthase (GIsF, GItB or Fd-GOGAT), was found in
this group. GIsF is an enzyme at the inter-connection of
carbon and nitrogen metabolism. It is a complex iron-
sulfur flavoprotein that catalyzes the reductive synthesis
of L-glutamate from 2-oxoglutarate and L-glutamine via
intramolecular channeling of ammonia [23]. The enzyme
was drastically upregulated upon a low-temperature
shift. Its phosphorylated form at T234 was detected at
35°C and 22 °C, whereas the form at Y237 was found at
the three experimental growth temperatures. The
phosphorylated residue pY237 of GIsF is located in the
glutamine amidotransferase class-1I (GATase) domain
(Table 5). The GATase domain catalyzes the amide ni-
trogen transfer from glutamine to the appropriate sub-
strate. In this process, glutamine is hydrolyzed to
glutamic acid and ammonia [24]; therefore, this domain
is important for the catalytic activity of the enzyme.
Thus, it is likely that phosphorylation of Y237 under all
growth temperatures is required for the catalytic activity.
In contrast, dephosphorylation of T234 occurred at
40°C and was possibly related to the high-temperature
response mechanism.

In terms of signaling proteins, two multi-sensor histi-
dine kinases, SPLC1_S082010 and SPLC1_S230960, were
bi-level regulated under the temperature stresses, and
the p-sites were detected on serine, threonine and tyro-
sine residues. The signal transduction mechanism is the
first response mechanism when cells encounter stresses;
thus, the mechanism is also focused on in this study. Ac-
cording to the hypothesis that the proteins tightly regu-
lated at the translational and post-translational levels
could possibly play critical roles in the response mech-
anism, attention was drawn to the two multi-sensor his-
tidine kinases. First, the SPLC1_S082010 (orthologous of
NIES39_MO02160) was in its phosphorylated form,
pS210, at 35°C and 40°C. This p-site is located in the
CBS domain known to play a role in ligand binding [25].
Moreover, the expression level of the TCS was
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upregulated in response to low temperatures. In con-
trast, SPLC1_S230960 (ortholog of NIES39_L00910) was
upregulated at 40 °C, and the protein contained several
p-sites. However, there were two specific sites found
only after the low-temperature shift, pT215 and pS220,
which are located in the sensory domain-DICT super-
family. In contrast, pT320 and pS322, located in the
DUF domain of the protein, were detected under all
experimental temperatures.

In accord with the domain analysis mentioned above,
the regulation pattern of the TCS proteins under
temperature stress was revealed by identification of the
bi-level regulated proteins. The two key TCS proteins
presented different levels of regulation in response to
the two stress temperatures. Moreover, PPl sub-
networking revealed the connections between the two
TCS proteins and the nitrogen regulatory protein PII
(GInB) that is directly connected to the ammonium
transporter, which is associated with glutamate synthase
(see Additional file 12). In addition to the protein in the
nitrogen assimilation pathway, the networks of the two
TCS proteins (see Additional file 12) also showed a link
with proteins in chemotaxis, CheY and CheW. The evi-
dence clearly indicated the key TCS proteins in the
temperature stress response mechanism of S. platensis
C1 and their first target pathway, nitrogen assimilation,
at the point involving regulation of the C/N balance in
the cells.

Using STRING, the interactions between the PleD-like
GGDEF-domain containing protein, GIsF, and the two
TCS proteins, including SPLC1_S041070, were revealed
(see Additional file 13). PPI analysis using STRING sug-
gested that PleD might act as a connector between TCS
and N-assimilation. There are several GGDEF domain-
containing proteins in A. platensis C1, which can be an-
notated as PleD-like proteins. SPLC1_S490280 is a PleD-
like protein containing a GGDEF domain at the C-
terminus, and it showed a high identity with the PleD
protein, SPLC1_S531000. The GGDEF domain is widely
present in bacteria and is involved with a variety of cell
signaling proteins [26, 27]. The sequence alignments of
PleD and PleD-like proteins of A. platensis C1 and their
orthologs are shown in Additional file 14. It should be
noted that a PleD-like protein, SPLC1_S490280, was pre-
viously detected as an upregulated protein found in
common under the two temperature stresses [10]. Thus,
the PleD-like protein SPLC1_S490280 was selected to
represent PleD-like proteins to validate the PPL

The protein pairs suggested by STRING were exam-
ined for their interactions using the Y2H technique (see
Additional file 9). The positive results were observed be-
tween PleD and glutamate synthase and TCS proteins,
suggesting the possible role of PleD-like proteins in
signal transduction between TCS and GIsF in N-
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metabolism. Furthermore, protein sequences in the same
orthologous group as SPLC1_S082010, or TCS, SPLC1_
S$540750 and SPLC1_S360070 were also identified using
CyanoCOG (http://www2.sbi.kmutt.ac.th/orthoCOG/
cyanoCOGnew/home) and examined for their PPI sub-
networks using STRING (see Additional file 15A-C).

Evidence of the cross-phosphorylation of Hik and Ser/Thr

kinases

Rapid responses to environmental changes are important
for cell survival. Proteins in signal transduction mecha-
nisms are the first group of proteins regulated upon
sensing external stimuli. TCS is a well-known signal
transduction system in prokaryotes, including cyanobac-
teria, in which His/Asp residues are phosphorylated. Re-
cently, increasing attention has been drawn to Ser/Thr
kinases, which undergo autophosphorylation and/or
transphosphorylation by another kinase. These kinases
are activated via autophosphorylation of the activation
loop, which is induced by ligand binding [28]. A previ-
ous study showed that the pT on the activation loop of
Ser/Thr kinases is preferentially involved in interactions
with proteins containing FHA domains, contributing to
the physiological roles of this group of kinases [29].

In the A. platensis C1 phosphoproteome, the pT of the
activation loop was not identified. However, upon
temperature stress exposure, SPLC1_S240280 contained
p-site in the p-loop, whereas the p-sites were located in
the aG- and aH- loops of SPLC1_S032990 and the oF-
loop of SPLC1_S5280030 and SPLC1_S541370 (see Add-
itional file 5A-B). The p-loop plays an important role in
phosphoryl transfer and ATP/ADP exchange during en-
zyme catalysis. The conformational changes allow the
transfer of y-phosphate from ATP to the phospho-
acceptor Ser or Thr residue in the substrate protein [30,
31]. The oF- loop is involved in protein-protein interac-
tions with regulatory proteins, while the aG-loop located
on the interface of the front-to-front dimer plays a role
in dimerization of this kinase [32, 33]. This dimerization
creates an allosterically activated kinase that could phos-
phorylate and, thereby, activate other kinases [33].

Moreover, previous reports have shown that bacterial
Ser/Thr kinases show homology in their catalytic do-
mains with eukaryotic Ser/Thr kinases, eSTKs [33]. The
eight phosphorylated Ser/Thr kinases identified in the
present study showed homology with the eSTKs, as
shown in Additional file 5A-B. The consensus catalytic
domain, HRDLKxxN, was first reported as a eukaryotic
Ser/Thr kinase [34], and later, its homologs,
HRDVKxxN and YRDLKxxN, were revealed in prokary-
otic cells [33]. According to A. platensis C1 phosphopro-
teome data, all of the identified phosphorylated Ser/Thr
kinases represented HRDIKPxN or YRDIKPxN. Both pS
and pT were detected on these kinases, whereas pY was
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only detected on SPLC1_S580170 after a temperature
downshift (see Additional file 16). The p + 1 loop was re-
ported as a critical point for the binding of these kinases
and their substrates, leading to distinct substrate specifi-
city between Ser/Thr and tyrosine kinases [28, 35]. How-
ever, the p-sites detected on these two kinases were not
located in the p + 1 loop.

Notably, cross-phosphorylation of Ser/Thr kinase
(donor) and TCS (recipient) was revealed in both Gram-
negative and Gram-positive bacteria [33]. Accordingly,
in the present study, evidence of PPI between the Ser/
Thr kinase and the TCS was also observed using Y2H
experiments (Table 2). Thus, the presence of pS and pT
on the TCS proteins in the present phosphoproteome
data might reflect cross-phosphorylation. Although the
roles of pS and pT on TCS proteins have not been stud-
ied as extensively as phosphorylated histidine, there is
some evidence showing roles in functional regulation
and ligand binding [36]. This evidence emphasizes the
critical role of phosphorylation in regulation at the inter-
actome level.

In addition to the cross-phosphorylation event, an-
other possible cause of the presence of pS and pT on the
multi-sensor histidine kinase proteins is non-canonical
TCS. In plants, significant evidences of non-canonical
TCS have been reported. Phosphorylated serine residues
of Hik, produced by phosphotransfer from histidine resi-
dues of Hik, have been found, suggesting that histidine
kinases can evolve into kinases that exhibit serine/threo-
nine kinase activity [37, 38]. However, there was a report
on the autophosphorylation of the serine residue in Hik-
based ethylene signal transduction in plants that did not
involve the conserved histidine on the Hik-domain, lead-
ing to the conclusion that the signal transduction did
not occur by a phosphorylation mechanism [39].

To validate the protein interactions obtained from PPI
network, the SPLC1_S240280 Ser/Thr kinase was chosen
as the representative of the group for PPI analysis be-
cause it contained a p-site at the critical loop for phos-
phoryl transfer. Y2H analysis showed that the kinase
could interact with several TCS proteins, ie., Hik21,
Hik28, and SPLC1_S081620. This suggested that cross-
phosphorylation events most likely occurred in A. pla-
tensis Cl1 under the experimental conditions (see
Additional file 9).

Integration of bi-level regulated proteins, their PPI
network and differentially expressed proteins: revealing
low- and high-temperature response mechanisms

When the data on the bi-level regulated proteins and
their PPI networks were integrated with the differentially
expressed proteins, the effect of temperature stresses on
enzymes and proteins in the pathways of A. platensis C1
could be simplified as shown in Fig. 4. First, the two
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component system proteins in the signal transduction path-
way were examined due to their direct role in sensing and
transducing signals. As mentioned earlier, SPLC1_S230960
and SPLC1_S082010 were bi-level regulated in response to
low- and high-temperature stress, respectively. Both TCS
proteins associated with glutamate synthase were also bi-
level regulated. It should be addressed that phosphoglycerate
dehydrogenase catalyzing 2-oxoglutarate (2-OG) biosynthesis
from 2-hydroxyglutarte was upregulated approximately 1.5-
fold at the protein-expression level under both stresses. This
suggests an increasing level of 2-OG, which is known as the
metabolite that senses the C/N balance of cyanobacteria [23].
Moreover, several enzymes at the interconnection of C- and
N-metabolism were also differentially expressed upon
temperature stresses (Fig. 4). Thus, this evidence supports
that the C/N ratio is tightly regulated in the temperature-
stress response mechanism.

In addition to controlling the C/N balance, pathways af-
fected by bi-level regulated proteins were determined by
following the interaction paths in the PPI network of the
bi-level regulated proteins detected under low- and high-
temperature stress (Fig. 4). Fatty acids and unsaturated
fatty acids biosynthesis, lipopolysaccharide biosynthesis,

pyruvate metabolism and oxidative phosphorylation were
affected only by the low temperature, whereas the high
temperature response of the cells acted on photosynthesis,
carbon fixation, glycine/serine/threonine metabolism and
glyoxylate/dicarboxylate metabolism.

Regarding energy metabolism under the temperature
stresses, the enzyme ATP synthase was upregulated
under both stress temperatures, whereas the enzyme ad-
enylate kinase, which catalyzes the reversible reaction of
2ADP production from ATP and AMP, was upregulated
only upon temperature upshift. Its function is to main-
tain a constant concentration and fixed ratio of adenine
nucleotides and to monitor the cellular energy state
through nucleotide sensing and signaling [40]. The en-
zyme was reported to keep a high ATP level in mito-
chondria by recycling ADP as the phosphate acceptor in
oxidative phosphorylation, and a similar process was
found in cyanobacteria [40, 41]. This evidence from the
present comparative proteome analysis shows the possi-
bility of the energy production via ATP synthase under
both stresses and via combined action of ATPase and
adenylate kinase only under high-temperature stress.
The finding was supported by the report of Burkart
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et al., which indicated that the induction of the unfolded
protein response, which is known to occur upon high-
temperature exposure [42], is linked to mitochondrial
energy metabolism via adenylate kinase [41].

Conclusions

The present study shows the integration of multi-level
analyses to explore the temperature stress response
mechanisms of A. platensis C1. The identification of bi-level
regulated proteins obtained from quantitative proteome and
phosphoproteome analyses could reveal the key TCS pro-
teins for low- and high-temperature stresses, together with
evidence that supported the cross-phosphorylation of the
two-component system and Ser/Thr kinases. Moreover, the
comparative pattern profiling of phosphoproteins could
imply switching between functional- and non-functional
forms of the proteins via their phosphorylation patterns.
The role of the p-site in the protein-protein interactions in
the present work supported the previous reports on a critical
role in protein-protein interaction of the p-sites, especially
in the signal transduction mechanism [43, 44]. Taking the
quantitative and phosphoproteome data together leads to
the conclusion that in response to growth-temperature
stress, the signaling mechanism can be linked to the metab-
olite that controls the C/N balance and the key enzyme in
N-assimilation of the cells.

Methods

Culture conditions and temperature stresses

Axenic cultures of A. platensis strain C1, obtained from
Prof. Avigad Vonshak, Algal Biotechnology, Ben-Gurion
University of the Negev, Israel, were grown at the opti-
mal growth temperature, 35°C, under illumination by
100 uEm™ %5~ fluorescent light with continuous stirring
in 1.5L of Zarrouk’s medium [10]. For exposure to
temperature stresses, the culture was grown at the opti-
mal temperature until the optical density at 560 nm
reached 0.4 (mid-log phase), at which time a cell sample
was harvested by filtration before shifting the growth
temperature (t=0min). The growth temperature was
immediately shifted from 35°C to 22°C for the low-
temperature stress and from 35 °C to 40 °C for the high-
temperature stress for 180 min, followed by cell harvest-
ing using paper filtration (see Additional file 17). Three
biological replicates were prepared for each condition.
The time-point at 180 min after the stress exposure was
chosen according to the data obtained in the previous
studies [8—10], which showed the saturated expression
of the majority of the stress-response proteins.

In case of Synechocystis sp. PCC 6803, wild-type (WT)
and mutant (MT), the cultures were grown in BG-11
medium under the light intensity of 70 wuEm™%s™' at
30 °C until the optical density at 750 nm reached 0.8-0.9
(mid-log phase). Then, the wild type and the deletion
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mutant cultures were immediately shifted from 30 °C to
16°C and 45°C for 60min for the low- and high-
temperature stress, respectively, before subjected to fatty
acid analysis. In case of response to nitrogen depletion,
after the WT and MT cells were grown until the mid-
log phase was reached; the cells were then transferred to
the nitrogen depletion BG-11 media and cultivated for
48h at 30°C and 16°C. The chlorophyll content and
O,-evolution of the cultures were determined [45, 46].

It should be noted that the critical temperature for
low- and high temperature stress of A. platensis C1 and
Synechocystis sp. PCC 6803 are different.

Protein sample preparation and protein digestion

The freeze-dried harvested cells, approximately 120 mg,
were dissolved in freshly prepared lysis buffer containing
one tablet of complete protease inhibitor (Roche, USA),
one tablet of phosSTOP phosphatase inhibitor cocktail
(Roche, USA), 20 mM ammonium bicarbonate, pH 8.5,
6 M urea and 2 M thiourea. Subsequently, the cells were
lysed by sonication on ice, and the supernatants were
obtained by centrifugation at 10,300xg, under 4 °C for
30 min. The supernatants were subsequently purified
and concentrated by ethanol precipitation (9 volumes of
absolute ethanol were added to 1 volume of the super-
natant) overnight at — 20 °C, followed by centrifugation.
The pellets were washed with ice-cold absolute ethanol
and subsequently dissolved in 20 mM ammonium bicar-
bonate, pH 8.5. The protein concentration was deter-
mined using the 2D-Quant kit (GE Healthcare Life
Sciences, USA). Subsequently, 10 mM dithiothreitol
(DTT) was added to the remaining supernatant and in-
cubated at 60°C for 10 min. The soluble proteins were
purified and digested with trypsin using the FASP pro-
tein digestion kit (Expedeon Asia, Singapore). The
iodoacetamide (IAA) solution contained in this kit was
added to the sample solution, and the mixture was incu-
bated for 20 min at room temperature in the dark. Sub-
sequently, the trypsin stock solution (1 mg/ml) was
mixed with the samples at a ratio of 1:75 (w/w). The
mixture was incubated at 37 °C for 16 h. Subsequently,
the peptide mixture was acidified to pH <3 using tri-
fluoroacetic acid (TFA) and passed through a Cig
column for desalting.

Phosphopeptide enrichment using TiO, and desalting

TiO, beads were used to selectively capture and enrich
the phosphopeptides. The phosphopeptides from Spiru-
lina platensis C1 were only enriched in the first level
using eight 10-pl TiO,-Cg tips (Titansphere Phos-TiO,
Tip, GL Sciences, Japan) for one-pot enrichment. Prior
to phosphopeptide enrichment, the samples were pre-
pared by adding buffer B containing 0.1% TFA and 50%
acetonitrile and buffer C containing 300 mg/ml of lactic



Kurdrid et al. BMIC Molecular and Cell Biology (2020) 21:43

acid at a 1:1 ratio. Briefly, the TiO,-Cg tips were washed
with 1% ammonia, preconditioned with buffer B and
equilibrated with buffer C. Subsequently, the peptide
samples were loaded into the TiO,-Cg tips and washed
five times with buffer B and two times with buffer D
(0.1% TFA in ultrapure water), respectively. The phos-
phopeptides were eluted with elution buffer containing
1% ammonia, pH11.3. The eluents were acidified to
pH < 3 with trifluoroacetic acid (TFA) prior to desalting
using Cig tips. The Cig tips were preconditioned with
buffer B and equilibrated with buffer A containing 0.1%
TFA and 5% acetonitrile. Subsequently, the samples
were loaded into the C;g tips and washed with buffer A.
The desalted phosphopeptides were eluted with buffer B.
The resulting phosphopeptide eluents from the one-pot
procedure were desalted using a 10-ul ZipTip (Millipore,
USA) and subsequently dried almost to completeness
using a speed-vacuum prior to liquid chromatography
and tandem mass spectrometry (LC-MS/MS) analysis.
The overall workflow is illustrated in Additional file 17.

It should be noted that at least three biological and
technical replicates were carried out for each sample,
which obtained from each experimental condition, sub-
jected to proteome and phosphoproteome analyses.
Moreover, at least two injections were performed on
LC-MS/MS for each replicate.

Liquid chromatography and tandem mass spectrometry
(LC-MS/MS)

Hardware: All quantitative proteome and phosphopro-
teome experiments were performed on an Agilent 1260
infinity HPLC-chip/MS interfaced to the Agilent 6545
Q-TOF LC/MS system (Agilent Technologies, USA). In
case of column, a Phosphochip II, a microfluidic HPLC-
chip/MS technology (Part number G4240-62021, Agi-
lent Technologies, Germany), comprising a 40 nLTiO,
enrichment column sandwiched between two high pH
stable 100 mL reverse phase enrichment columns, was
used in this HPLC-chip/MS system. The tryptic peptides
were analyzed on a 75 pm x 150 mm separation column
packed with C18-AQ (5 um). It should be noted that the
Phosphochipll can be used for both quantitative prote-
ome and phosphoproteome in the same run.

Mobile phase and LC condition: The following mobile
phases were employed in the studies: for the capillary
pump, (A1/B1) 2% acetonitrile, 0.6% acetic acid and 2%
formic acid in water; and for the nanopump, (A2) 0.6%
acetic acid and 0.5% formic acid in water and (B2) 0.6%
acetic acid and 0.5% formic acid in acetonitrile. The
dried peptide samples were solubilized in 3% acetonitrile
and 0.3% formic acid in water. The samples were loaded
onto the enrichment column at a 4-pL/min-flow rate
using 50% A1l and B1. For the non-phosphorylated pep-
tide analysis, the 35-min gradient used for the analytical
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column was initiated at 40% B2, increased to 70% B2 at
33 min, maintained until 34 min and subsequently re-
duced to 3% B2 at 35 min. For the phosphorylated pep-
tide analysis, the 36-min gradient used for the analytical
column was initiated at 30% B2, increased to 60% B2 at
30 min and 70% B2 at 32 min, maintained until 35 min
and subsequently reduced to 3% B2 at 36 min. The col-
umn was equilibrated using the polarity setting at the
negative mode for 5min prior to subsequent runs to
help the column clean-up.

MS/MS condition: Q-TOF MS/MS operating in high
resolution, 4 GHz, and positive ion mode was used for
all the experiments. The following MS source conditions
were used: source temperature 150 °C, capillary voltage
1950V, fragmentor voltage 140V and drying gas flow
rate 6 L/min. Auto data acquisition mode was performed
at a mass range of 100-1400 m/z for MS mode and 80—
2000 m/z for MS/MS mode. The acquisition rate for MS
and auto-MS/MS mode was 3 spectra/sec.

Software: Agilent MassHunter software version B.06.01
was used to control the LC-MS/MS system and to per-
form data acquisition. Then, the data was analyzed fur-
ther by Spectrum Mill (version Rev. B.05.00.181 SP1)
and Mass Profiler Professional, or MPP, (version
B.14.00), which described below.

Quantitative proteome and phosphoproteome data
analyses

The data obtained from LC-MS/MS was analyzed as il-
lustrated in Fig. 1. Data analyses were performed using
Agilent Technologies software. LC/MS and LC-MS/MS
data were acquired, extracted and evaluated using Mas-
sHunter (version B.06.01). Spectrum Mill (version Rev.
B.05.00.181 SP1) was used for protein identification,
peptide/phosphopeptide distribution and phosphorylated
site (p-site) identification. Mass Profiler Professional, or
MPP, (version B.14.00) was employed for analysis of pro-
tein expression levels and statistical evaluation of tech-
nical reproducibility.

The following data extraction criteria were used: modi-
fication, carbamidomethylation (C); precursor MH4+,
600-6000 Da; and scan time range, 0-300 min. In the
MS/MS search, the following criteria were high-
stringency criteria: trypsin digestion, allowing up to 2
missed cleavages; fixed modification, carbamidomethyla-
tion (C); variable modifications, phosphorylated Ser (S),
phosphorylated Thr (T) and phosphorylated Tyr (Y);
precursor mass tolerance +20ppm; and product mass
tolerance +50 ppm. For the low-stringency criteria, a
precursor mass tolerance +50 ppm and product mass
tolerance +100 ppm were used. However, the high-
stringency criteria were always used in the study unless
otherwise indicated. The reverse database scores for %
false discovery rate (% FDR) were calculated in the
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search mode. Samples from three different conditions
(35°C, 22°C and 40 °C) were analyzed and searched in-
dividually with each result set. Peptide and protein iden-
tification were performed using the most updated
Arthrospira platensis C1 database, October 2016, (http://
www.sbi.kmutt.ac.th/arthrobase/).

Before statistical analysis of the proteome data, the
data were filtered by signal threshold. Signals lower than
3 times the noise signals were removed. To identify the
proteins and peptides significantly detected by LC-MS/
MS, the data obtained was analyzed using the MPP ver-
sion B.14.00 program. Quality control of all samples was
performed by principal components analysis, or PCA, in
the quality control mode of the MPP program. Then,
significance analysis was performed using appropriate
statistics methods, i.e., t-test against zero, unpaired t-test
and one-way ANOVA for one group of experimental
conditions (all samples under a designated temperature),
two groups each with their replicate (comparing between
the optimal and a stress temperature) and three groups
each with their replicates (comparing among the three
temperature conditions), respectively. The cut-off criter-
ion was a p-value less than or equal to 0.05. The signifi-
cantly expressed proteins detected by LC-MS/MS were
then analyzed for their P-sites. For analysis of the pro-
tein expression level, proteins that passed the signifi-
cance cut-off criterion were analyzed for fold-change
level, and proteins with a differential expression level
equal to or more than 1.5 were considered.

Potential protein-protein interaction (PPI) network
construction

Phosphoprotein and bi-level regulated protein networks
presenting protein-protein interactions in response to
temperature stresses in A. platensis C1 were constructed
based on the prototype PPl data of Synechocystis
PCC6803. Prototype construction was based on a graph in
which the nodes and edges represented homologous pro-
teins and their interactions, respectively. All homologous
proteins were identified as COGs (cluster of orthologous
groups of proteins) by reciprocal BLAST searches between
two species below a threshold e-value of less than 1 x
107'°. The COGs analysis was performed using the
OrthoMCL software tool (v1.4) [47], and their group
members were subsequently confirmed by similar struc-
tures of protein domains when compared against the Pfam
database (v24) [48]. An edge was drawn from the bait pro-
tein, denoted by a diamond arrow, and targeted to its prey
protein at the tail. The network graph demonstrates all
Synechocystis-referable interactions between selected
nodes containing homologous proteins. The phosphory-
lated proteins identified in the present study and differen-
tially expressed proteins reported in previous studies
[8—10] were mapped to their corresponding nodes.
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To obtain the most updated details on the PPI net-
work, STRING (http://string-db.org, last accessed: Oct,
2018) [13], a useful web-based tool with the most up-
dated databases, was used. Thus, in the case of PPI-
subnetwork construction, the A. platensis strain C1 pro-
teins were inferred using their orthologous genes present
in A. platensis strain NIES39 or A. maxima, for which
the data are stored in the STRING database. The inter-
actions/associations of interest in the subnetworks were
further analyzed for protein-protein binding using Y2H.

Site-directed mutagenesis and protein-protein interaction
analysis using a yeast two-hybrid system (Y2H)
To validate the key interactions between the bi-level reg-
ulated proteins and their client proteins suggested by
STRING and to determine the role of phosphorylation
in protein binding, Y2H assays of these protein pairs
were performed. Y2H is a technique widely used for
protein-protein and/or domain-domain interaction as-
says [39, 49]. The role of p-sites in protein-protein inter-
actions was elucidated by site-directed mutagenesis of
the designated amino acid residues, and the binding was
subsequently verified using Y2H.

Cloning of TCS (SPLC1_S041070, _S540750, and

_8360070), Ser/Thr Kinase (SPLC1_S5240280), glutamate

synthase (SPLC1_S270380) and PleD-Like (SPLCI_
§490280) and site-directed mutagenesis of S976 of
SPLC1_5041070: A Phusion Site-Directed Mutagenesis
Kit (Thermo Scientific, USA) was used for constructing
target plasmid DNA with desired point mutations. The
genomic DNA of Spirulina C1 was used as template
DNA for PCR amplification of the designated genes and
the mutants by using oligonucleotide primers containing
single-point mutation, as shown in Additional file 18.
After PCR amplification, the PCR products were cloned
into pGBKT7 and pGAT7 (see Additional file 19), which
are the vectors for cloning and transformation of bait-
and prey proteins into Saccharomyces cerevisiae.

Yeast Two-Hybrid System (Y2H): The bait-containing
plasmid system, Y2HGold, and the prey-containing plas-
mid system, Y187 (Clontech, USA), were used for the
designated plasmid DNA transformation. Bait autoacti-
vation was used to detect false positive results prior to
the experiments. The bait- and prey-containing plasmids
were mated in 300 uL of 2xYPDA broth. The positive
control (plasmid pGBKT7-p53 in Y2HGold mated with
plasmid pGADT7-T in Y187) and negative control (plas-
mid pGBKT7-Lam in Y2HGold mated with plasmid
pGADT7-T in Y187) were also mated under identical
conditions. The yeast mating cultures were incubated at
30°C with shaking at 200 rpm for 24h. The cultures
were subsequently spread onto SD/-Leu/-Trp/X-«a-gal/
AbA dropout (DDO/X/A) and SD/-Leu/-Trp (DDO)
plates and incubated at 30°C for 3days. The blue
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colonies were picked, streaked onto high-stringency SD/
—-Ade/-His/-Leu/-Trp/X-a-gal/AbA dropout (QDO/X/
A) plates, and incubated at 30 °C for 3-5 days. Finally, to
confirm the specific interactions between bait and prey
proteins, the yeast strains were switched for the bait-
containing plasmid and the prey-containing plasmid.
The DNA probes used in this work for bait and prey
gene cloning are listed in Additional file 18.

Construction of the s//0474 deletion mutant

The deletion mutant of Sll0474 (Asll0474) was con-
structed in Synechocystis sp. PCC6803 to examine the
effect of the designated protein, which is an orthologous
of SPLC1_S041070. The recombinant plasmid was de-
signed using pGEM-T Easy vector consisting of up-
stream and downstream regions of sl[0474 gene and a
spectinomycin resistance gene inserted between the up-
stream and the downstream regions. PCR was used to
amplify the upstream and the downstream sequences of
sll0474 gene and the spectinomycin resistance gene by
using oligonucleotide primers as shown in Add-
itional file 18. The deletion mutation occurred via
homologous recombination.

Fatty acid analyses of Synechocystis sp. PCC 6803 wild
type and deletion mutant

Synechocystis sp. PCC 6803, WT and MT cells, were grown
under the three experimental conditions as mentioned
above. After the temperature shifts, the cells were then har-
vested by centrifugation at 8300xg for 10 min and washed
by using 5mM HEPES pH8.0 before freeze dried. The
freeze-dry cells were then subjected to transmethylation by
using Heptadecanoic acid: C16H33COOH (Sigma, USA) as
the internal standard. The transmethylated fatty acids were
analyzed by using gas chromatography (GC) [50].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512860-020-00285-y.

Additional file 1. List of up- and down- regulated proteins detected
after 180 min after the temperature shift by using non-gel proteome
analysis.

Additional file 2. PPI subnetworks of four groups of the differentially
expressed proteins; (A) proteins upregulated at 22 °C and downregulated
at 40 °C, (B) proteins downregulated at 22 °C and upregulated at 40 °C,
(C) proteins upregulated at both temperatures (D) proteins
downregulated at both temperatures. The subnetworks were constructed
by using STRING. The A. platensis C1 proteins were inferred to that of the
A. platensis NIES39 via orthologous group.

Additional file 3. List of 101 proteins after the threshold filtering.
Additional file 4. MS/MS spectra of some peptides of interest.

Additional file 5. Protein sequence alignment of the eukaryotic type
Ser/Thr kinase, PkA, and the Ser/Thr kinases of A. platensis C1; (A)
SPLC1_S240280, SPLC1_5032990 and SPLC1_5280030, and (B)
SPLC1_S200190, SPLC1_S208550, SPLC1_5532860, SPLC1_S580170 and
SPLC1_S541370. The conserved protein domains are labeled.
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Additional file 6. PPI subnetwork of Hik28. The subnetwork was
constructed by using STRING. The A. platensis C1 proteins were inferred
to that of the A. platensis NIES39 via orthologous group.

Additional file 7. PPl subnetwork of Hik28 and enzymes involved in
fatty acid desaturation. The subnetwork was constructed by using
STRING. The A. platensis C1 proteins were inferred to that of the
Synechocystis sp. PCC6803 via orthologous group.

Additional file 8. PPI subnetwork of the bi-level regulated proteins. The
subnetwork was constructed by using STRING. The A. platensis C1 pro-
teins were inferred to that of the A. platensis NIES39 via orthologous
group.

Additional file 9. Protein-protein interaction analyses of the proteins of
interest by using yeast two-hybrid system (Y2H).

Additional file 10. Construction of Asll0474 mutant in Synechocystis sp.
PCC6803; (A) Map of the recombinant plasmid containing the upstream
(us) and the downstream (ds) regions of the sll0474 gene, and the
spectinomycin resistant gene (Spec) cloned in pGEM T-Easy vector (B)
Enzymatic digestion of the recombinant plasmids as shown in (A) repre-
sented the inserts (The recombinant plasmids in the last two lanes of the
agarose gel were digested with EcoRI&Hindlll and Pstl, respectively.) (C)
PCR products of Synechocystis sp. 6803WT and Asll0474 mutant amplified
by using US-sll0474ERIFW and DS-sll0474pstIRVprimers (D) PCR products
of Synechocystis sp. 6803WT and Asll0474 mutant amplified by using
SII0474ERIFW and SIl0474BaHIRV primers.

Additional file 11. Fatty acid analysis profile obtained by using gas
chromatography of Synechocystis sp. PCC6803 WT and Asll0474 mutant.

Additional file 12. PPI subnetworks of the two multi-sensor histidine ki-
nases, SPLC1_S082010 (orthologous of NIES39_M02160) and
SPLC1_S230960 (ortholog of NIES39_L00910), and the glutamate syn-
thase, GIsF. The subnetworks were constructed by using STRING. The A.
platensis C1 proteins were inferred to that of the A. platensis NIES39 via
orthologous group.

Additional file 13. PPI subnetwork of the SPLC1_S531000: PleD-like
GGDEF-domain containing protein and its client proteins, GlsF,
SPLC1_S041070, SPLC1_S082010 and SPLC1_S230960. The subnetwork
was constructed by using STRING. The A. platensis C1 proteins were in-
ferred to that of the A. platensis NIES39 via orthologous group.

Additional file 14. Protein sequence alignment of PleD from A. platensis
C1 and PleD-like proteins in the same orthologous group. It shows the
conserved GGDEF domain in this group of proteins.

Additional file 15. PPI subnetworks of the proteins in the same
orthologous group as (A) SPLC1_S082010, (B) SPLC1_S540750 and (C)
SPLC1_S360070. The subnetworks were constructed by using STRING. The
A. platensis C1 proteins were inferred to that of the A. platensis NIES39 via
orthologous group.

Additional file 16. List of the 527 phosphorylated proteins after filtering
by the high stringency criteria.

Additional file 17. Experimental design and workflow for the
phosphoproteome analysis of Spirulina in response to immediate
temperature elevation and reduction.

Additional file 18. List of primers used for gene cloning, site-directed
mutagenesis and construction of SII0474 deletion mutant.

Additional file 19. Pictures of pGBKT7 and pGADT7 AD vectors
(Clontech Laboratories, Inc. USA).
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Trp: Tryptophan; WT: Wild-type; Y2H: Yeast two-hybrid system; YPDA: Yeast
extract/peptone/dextrose/adenine hemisulfate
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