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Abstract

Background
Algae respond to chemical and environmental stimuli in a way similar to higher plants. However, their
receptors sensing stimuli remain a mystery.

Results
We identi�ed and characterized one putative abscisic acid-G-protein coupled receptor homologous
protein from red alga Pyropia haitanensis, Ph1205, and analyzed its evolution relationship, subcellular
localization, and ligand-binding properties. Ph1205 contains 9 predicted transmembrane domains.
Phylogenetic analysis revealed its early evolution. Recombinant expression of Ph1205-Egfp in HEK293T
cells and immuno�uorescence detection against N-terminal extracellular 14 amino acids (N14) of
Ph1205 in Ph1205-transfected HEK293T cells and P. haitanensis protoplast con�rmed its membrane
location. Both N14 and Ph1205-transfected cells displayed high a�nity with salicylic acid (SA) and
oligoagar, which activated cAMP response element in HEK293T cells and upregulated luciferase activity.
SA and oligoagar elicited similar but different transcriptional pro�les of P. haitanensis, mainly by being
involved in anabolic metabolism and cell growth. However, related intracellular signaling system in P.
haitanensis has not yet fully evolved and evidently responded.

Conclusions
Our results demonstrate that Ph1205 displays some structural and functional characteristics as an early
evolutionary membrane receptor, has potential extracellular-binding a�nity to SA and oligoagar, and can
activate heterotrimeric G-protein and CRE in animal cells.

Background
Algae are a variety of independent lineages positioned in the early stage of the evolution tree of
eukaryotes [1]. Unlike higher plants and mammals, they have no complex tissues or differentiated organs.
However, they are exposed to various environmental stresses. For example, algae living in the intertidal
zone are usually exposed to such stresses as desiccation, high temperature, and UV damage. In
particularly, marine algae resemble terrestrial plants in their basic mechanisms for pathogen recognition
and signaling transduction, suggesting possible existence of essential cellular functions of terrestrial
plants in marine algae [2]. Algae can respond to various stimuli, including oligosaccharides, salicylic acid
(SA), methyl jasmonic acid, and Flg22, which can upregulate defense-related genes, e.g. respiratory burst
oxidase homolog (rboh), and heat shock protein 70, activating signal pathways, such as oxylipins
pathway, shikimate pathway, and halogen metabolism; and stimulating the physiological defense
response, such as active oxygen burst, volatile compound emission and halogen production [3–7].
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Responses of organisms to chemical or environmental stimuli usually initiate with recognition of
extracellular signals by the corresponding membrane receptors [8–10]. Although there are a few studies
on the defense-related genes in algae, it is not clear how algae transduce external signals from
extracellular space into cells; whether algae have already evolved the related receptor genes and
expressed receptor proteins and whether such proteins may have receptor functions still remain a
mystery. These capabilities are crucial to the integrity of algal defense system.

Currently, a large number of G protein-coupled receptors (GPCRs), various heterotrimeric G-proteins and
their corresponding effectors with different functions have been identi�ed in mammal and fungi.
Approximately 800 GPCRs are identi�ed in the human genome, making GPCRs the largest family of cell-
surface receptors [11]. These receptors are responsible for sensing a wide variety of structurally diverse
ligands. With their activation, numerous cellular signaling cascades are triggered. GPCRs can couple with
intracellular heterotrimeric G-protein, leading to changes in cellular functions, including regulation of
growth, differentiation and defense [12]. However, to date, there have been fewer reports on plant-derived
GPCRs. For instance, one Arabidopsis gene (GCR1), most similar to GPCR E family cAMP receptors of
Dictyostelium, encodes a protein with signi�cant sequence similarity to non-plant GPCRs and a predicted
7-transmembrane (TM) domain structure characteristics of GPCRs. It physically interacts with the single
prototypical Gα (GPA1) in Arabidopsis. A null GCR1 mutant, gcr1, was less sensitive toward plant
hormones [13]. Two novel Arabidopsis proteins, named GPCR-type G proteins 1 and 2 (GTG1/2), were
identi�ed and characterized. They contain 9 predicted TM domains, which are not only similar to an
orphan vertebrate GPCR (GPCR89) and interact with GPA1 but also have intrinsic GTP-binding and
GTPase activity [14]. Arabidopsis mutants lacking both GTG1 and GTG2 exhibited hyposensitivity toward
abscisic acid (ABA). However, no algal GPCR orthologues have been identi�ed yet. We found a gene
functionally annotated as GPCR-like protein, named Ph1205, in Pyropia haitanensis genome. It triggered
our curiosity and prompted us to investigate Ph1205.

P. haitanensis, a species of red alga of Bangiales, Rhodophyta, is an early multicellular alga having
evolved after the �rst endosymbiont. It possesses typical intertidal characteristics not found in single-
celled red algae [15, 16]. Therefore, studying its receptors will lead us to gain signi�cant insights into how
multicellular red algae have been evolved and how they adapt to complex environment of intertidal zone.
In this study, we �rstly reported a putative membrane receptor in algae, and conducted a relatively
comprehensive characterization of functional properties and evolution relationships of Ph1205. We
found that Ph1205 was different from the classic 7-TM GPCRs. It is likely the ancestral form of GPCR
exhibiting membrane receptor characteristics, and is possibly involved in activating G-protein signaling
pathways. Furthermore, we identi�ed several candidate compounds displaying binding a�nity to
Ph1205.

Results
Ph1205 sequence analysis and protein structure prediction
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The Ph1205 gene derived from P. haitanensis genomic DNA is composed of 3 exons (5’UTR-CDS1, CDS2,
and CDS3-3’UTR) (Fig. 1a), with a complete ORF of 1965 bp. It encodes a protein with predicted
molecular weight of about 67.18 kDa. Conserved domain search identi�ed Ph1205 belonging to the Golgi
pH regulator family N-terminal domain- (GPHR-N, 184 aa-227 aa) and abscisic acid-G-protein coupled
receptor (ABA-GPCR, 483 aa-577 aa) domain-containing protein family (G-A family).

Ph1205 contains 9 predicted transmembrane domains (TM1-9) (Fig. 1b). Its N-terminal 14 amino acids,
N14, is predicted to be extracellular. Its C-terminus, as long as 74 amino acids, is predicted to be
intracellular and contains an extended α helix by secondary structure prediction (Fig. 1b, red underline).

Multiple sequence alignment and evolution analysis of Ph1205 homologous proteins

BLAST analysis showed that Ph1205 shared > 83% amino acid sequence identity with homologous
sequences from two red algae of Bangiophyceae, Pyropia yezoensis and Porphyra umbilicalis (Additional
�le 1: Table S1). But the sequence identity between Ph1205 and those from other selected eukaryotes,
including unicellular red algae (Galdieria sulphuraria and Porphyridium purpureum), multicellular red
algae Floridophyceae (Gracilariopsis chorda and Chondrus crispus), Chromalveolata, green algae, fungi,
plants and animals, are < 37%. Conserved domain search showed that they all belonged to G-A family
(Additional �le 1: Table S1). However, no orthologs were found in the genomes of unicellular red algae
Cyanidioschyzon morulae, some selected prokaryotic cyanobacteria and proteobacteria.

We analyzed TM structures of the eukaryotic G-A family members. The results showed that while their
TM distribution patterns were similar, their TM numbers were quite different (Additional �le 2: Table S2).
Among which, TMs were distributed on both terminals of the sequence, and connected with a large
cytoplasmic loop (LCL). In fungi, higher plants and mammals, the TM numbers are relatively consistent,
showing the distribution of 5TM-LCL-4TM. However, in some homologous proteins of algae, the predicted
TM numbers at both terminals of LCL changed. For example, in red algae, Ph1205 is 5TM-LCL-4TM; while
in P. umbilicalis, OSX76732 is 5TM-LCL-1TM; and in G. chorda, PXF46398 is 4TM-LCL-4TM.

We performed multiple sequence alignments among eukaryotic G-A family members. The conserved
regions were mainly located in TM domains except TM1 (Fig. 2). GPHR-N domain is located in TM5-CL3.
ABA-GPCR domain is located between TM7-TM9 region, and the highly conserved amino acid sites are
mainly distributed in TM8-TM9. Additionally, three short conserved motifs were found in the junction
region of TM and extracellular loop (EL) (Fig. 2, # mark). For example, [EQ]-[YF]-x-F-[FY] was found in
TM9-EL4 junction region. Relatively high frequency of [RK] and [ML] appeared in several TM and
cytoplasmic loop (CL) junction regions (Fig. 2, * mark).

In other regions, especially in the two terminal fragments, the homology among G-A family is very low.
The homologous proteins of Bangiophyceae, including Ph1205, have the characteristic sequences at
both terminals not found in other species. They are longer in length than those derived from animals or
plants, and are of less conservatism (Fig. 2). For example, the extracellular N-terminal of Ph1205 (N14
peptide) contains 7 and 4 more amino acids than human GPCR89 and Arabidopsis GTG do, with low
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identity. Compared to the C-terminus of Arabidopsis GTG, Ph1205 held a longer C-terminal extension
fragment of 61 amino acids that may form the tenth predicted helix structure. In addition, some unique
long fragments are inserted in loop regions of Bangiophyceae homologous proteins. For example, a long
amino acid sequence (23 amino acids) not found in other eukaryotic G-A orthologues was inserted at
EL2. Ph1205 also contains unique fragments longer than other eukaryotic members in EL3 and CL3.
Furthermore, from several CL or EL regions, e.g. CL3, more amino acid mutations were observed in
homologous proteins of red algae or multicellular red algae, but more conservative in those of vesicular
algae or green algae in evolution (Fig. 2, orange background).

PROSITE motif analysis identi�ed a conserved ATP-/GTP-binding domain in Arabidopsis GTG (Fig. 2,
region 382-411 for GTG1), which is not found in Ph1205 and human GPCR89. Compared with the
consensus pattern of GTP-binding motif ([LIV]-G-G-{P}-[FYWMGSTNH]-[SGA]-{PW}-[LIVCAT]-{PD}-x-
[GSTACLIVMFY]-x(5,18)-[LIVMFYWCSTAR]-[AIVP]-[LIVMFAGCKR]-K), Ph1205 maintained only seven
conserved amino acids (Fig. 2, blue background and @ mark). Other eukaryotic G-A family members
except high plant orthologs are also less conserved, especially at the N-terminal two amino acids, which
do not conform to [LIV]-G (Fig. 2). In addition, the LCL of Arabidopsis GTG shares a 62%-68% similarity
with the degenerate Ras GTPase-activating protein domain ([GSNA]-x-[LIVMF]-[FYCI]-[LIVMFY]-R-[LIVMFY]
(2)-[GACNS]-[PAV]-[AV]-[LIV]-[LIVM]-[SGANT]-P) (Fig. 2, amino acids 230–243 in GTG1) [14]. Ph1205 has
only 28.57% homology in this region (Fig. 2, cyan background and @ mark).

To assess the evolutionary relationship among these proteins, we constructed phylogenetic tree (Fig. 3).
The protein from unicellular red alga G. sulphuraria appears to be the earliest origin of G-A family,
thereafter they form two clades: one is for red algae, including multicellular red algae and unicellular P.
purpureum. Their branching situations are consistent with the evolutionary relationship of their genomes
[17-19]. Another gradual evolutionary branch has formed two large clusters, one large group includes
mainly homologous proteins of fungi, amoeba and metazoans, which share an ancestral homologous
sequence with that of cryptoalgae Guillardia theta and that of a collar �agellate Monosiga brevicollis.
Another large group includes mainly the homologous sequences of the green plant kingdom, including
green algae, and terrestrial plants. The evolution of the homologous sequences of the brown algae
Ectocarpus siliculosus and Oomycetes, lies between the two clades of red algae and other eukaryotes.
However, several members of diatoms are in parallel with homologous sequences of G. sulphuraria on
the evolutionary tree, being an independent branch.

Analysis of subcellular localization of Ph1205 protein

In order to analyze subcellular localization of Ph1205 protein, we performed three experiments. First, we
transfected the HEK293T cells with pCI recombinant plasmids carrying Egfp or the fused Ph1205-Egfp.
When only Egfp was expressed in HEK293T cells, Egfp green �uorescence was distributed throughout the
cytoplasm (Fig. 4a). However, when the fused Ph1205-Egfp complex was expressed, Egfp green
�uorescence was mainly concentrated on the cellular membrane. The green �uorescence was overlapped
very well with the red �uorescence derived from the membrane probe Dil with a Pearson correlation
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coe�cient (r) of 0.98. These results indicate that Ph1205 can be selectively localized to the cellular
membrane (Fig. 4a).

Then we transfected HEK293T cells with pCI-Ph1205 and immunochemically hybridized cells with N14
polyclonal antibody, produced by a N-terminus peptide of Ph1205, followed by detection with FITC-linked
secondary antibody. Fig. 4b showed that the green �uorescence was also concentrated in the cell
membrane, and overlapped mainly with the red �uorescence derived from Dil-red with the Pearson
correlation coe�cient (r) of 0.98, further con�rming that the recombinant Ph1205 is localized to the
cellular membrane of HEK293T cells (Fig. 4b).

We then prepared protoplast of P. haitanensis and similarly probed the protoplast with the primary
antibody of N14. The results showed that the green �uorescence only existed at the edge of P.
haitanensis cells and the spontaneous red �uorescence was seen inside P. haitanensis cells, clearly
con�rming that Ph1205 is indeed localized on the membrane of P. haitanensis cells (Fig. 4c).

The interactions between Ph1205 and candidate compounds

We determined whether the membrane-localized Ph1205 can act as a receptor for binding with candidate
compounds. Oligoagar, JA, SA, 1-octen-3-ol, and BL, that have been studied in algae and can cause the
resistant responses of algae [3, 4, 6, 20-22], were selected. Phytohormones, including ABA, gibberellic acid
(GA), IAA and Flg22, were also selected. Their binding kinetics to N14 polypeptide of Ph1205 were
analyzed by FortéBio Octet system. Fig. 5a showed that the N14 polypeptide could interact with SA,
oligoagar, JA and Flg22. Except for Flg22, the binding and dissociation of SA, oligoagar and JA showed
dose-dependent changes. Their binding constants (Kon), dissociation constants (Koff) and a�nity
constants (Kd) were listed in Table 1. Binding rates of both SA and Flg22 to N14 were fast, but there was
no signi�cant difference in the dissociation rate among three compounds. The Kd values re�ected that
the binding a�nity of SA to N14 peptide was the highest, reaching 5.13E-05, followed by that of Flg22. JA
displayed only a weaker binding a�nity for N14. Because oligoagar is a mixture with no precise
molecular weight, its binding a�nity constant could not be calculated. However, oligoagar exhibited a
quite high binding a�nity to N14. At high concentrations, the binding thickness with the probe reached
0.6 nm.

Table 1. The a�nity constants between N14 peptide of Ph1205 and candidate compounds.

Compounds Kon (ms-1) Koff (s-1) Kd (M) Full R2

Salicylic acid 4. 66E+03 2. 39E-01 5. 13E-05 0. 9889

Jasmonic acid 4. 88E+01 5. 99E-01 1. 23E-02 0. 9788

Flg22 3. 82E+03 6. 43E-01 1. 68E-04 0. 6553
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We also tested their binding to HEK293T cells transfected with pCI-Ph1205. These compounds bound to
the probed HEK293T cells (Fig. 5b), but were not completely consistent with their binding to N14
described above. Oligoagar, Flg22 and JA were bound with the cells in a concentration-dependent manner
while JA binding was still weaker. The dissociation of oligoagar at moderate and high concentrations
were better. Flg22 showed higher binding to probed HEK293T cells. At high concentrations, the probe
thickness could reach 0.88 nm. However, SA no longer showed a concentration-dependent binding trend.

CRE-mediated signal transduction in Ph1205-expressing HEK293T cells induced by candidate
Compounds

After binding to its ligand, GPCR activates intracellular G-protein and triggers the downstream gene
expression via the regulation of CRE present in the cells [23, 24]. Thus, by taking the advantage of the
endogenous CRE in cells, we co-transfected the HEK293T cells with PCI-Ph1205 and Dual-Luciferase
reporter systems and further screened the compounds binding to Ph1205 (Fig. 5c). Both SA and
oligoagar aroused signi�cant signal responses (P < 0.05), with a concentration-dependent trend. At high
concentration, SA stimulated the highest signal response, consistent with the SA-N14 interaction (P <
0.01), while treatments of HEK293T cells with Flg22 and JA also caused the increasing �uorescence
signals thought not signi�cant.

Transcriptional changes of Ph1205 regulated by candidate compounds

Both JA and oligoagar signi�cantly promoted the mRNA level of Ph1205 gene (Fig. 6). When thalli were
stimulated by JA for 0.5 h at 50 μM, Ph1205 transcription was increased by 10.85-fold (P < 0.01).
Oligoagar at 50 μg mL-1 for 3 h signi�cantly up-regulated overall Ph1205 expression by 13.45-fold (P <
0.01). However, both SA and Flg22 hardly changed but even down-regulated its transcription.

Transcriptome patterns of P. haitanensis stimulated by SA and oligoagar

The transcriptome sequencing of P. haitanensis after being stimulated with SA and oligoagar was
conducted. Comparing two sets of transcriptome data revealed that their effects on types of GO
biological processes and KEGG pathways were quite similar (Fig. 7a). For instance, in the GO
classi�cation, the three mostly enriched biological process were all Metabolic processes, Cellular process,
and Signal-organism process. The mostly enriched in Cellular components were Membrane, and
Membrane part, etc. In KEGG Pathway Kierarchy1, the mostly signi�cant differential pathways in Cellular
processes were Transport and catabolism. In Metabolism, the mostly signi�cant differential pathways
were Carbohydrate metabolism and Energy metabolism. However, comparing the changes in gene
transcription pro�les between two groups revealed that the up- and down-regulation trends induced by SA
and oligoagar were quite different, and many genes have shown even the opposite changes. For instance,
in the SA treatment group, the up-regulation pathways were enriched in Carbon �xation photosynthetic
organisms, Carbon metabolism, and Pentose phosphate pathway, etc. In the oligoagar treatment group,
these pathways were just down-regulated. Thus, we chose Carbon �xation photosynthetic organisms to
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conduct a detailed comparison. Fig. 7b showed that most of the genes were reversely regulated when P.
haitanensis was treated with SA and oligoagar. The heat-map showed this opposition.

There were also signi�cant differences in the expression pro�les of the transcriptional factors after being
stimulated by these two compounds (Additional �le 3: Table S3). For example, after stimulation with
oligoagar at 200 μg mL-1 for 1 h, the transcription factors that were signi�cantly up-regulated were mainly
those in the C2H2 family and the TIG family. Pha005926 of C2H2 family gene was up-regulated by
247.28-fold (Log2FC = 7.95, q < 0.01); and TIG family gene, Pha005519, was upregulated by 26.72-fold
(Log2FC = 4.74, q < 0.01); Under SA stimulation, Pha005926 was even signi�cantly down-regulated by
4.23-fold (Log2FC = -2.08, q < 0.01).

Referring to the SA signaling pathway in plants (http://www.yeastrc.org/pdr/viewGONode.do?
acc=GO:0009862), we retrieved genes in this pathway from P. haitanensis genome (Additional �le 4:
Table S4). However, after SA stimulation, almost no signi�cant transcriptional differences were seen,
indicating that the SA signaling pathway in P. haitanensis has not been evolved as that in plants. We also
performed homologous search of the G-protein of P. haitanensis and related genes involved in cAMP
signaling pathway. No information about heterotrimeric Gα and β/γ-subunit homology in P. haitanensis
genome was obtained, but many members of other Ras-like GTPase family were found (Additional �le 5:
Table S5). After stimulation by SA and oligoagar at 100 μM for 1 h, these genes did not appear to be
differentially expressed, except for one ribosome-associated GTPase EngA gene, Pha007322, whose
transcript was signi�cantly up-regulated by 1.74-fold (Log2FC = 0.80, q < 0.05). Furthermore, the cAMP
signaling pathway of P. haitanensis was also found imperfect (Additional �le 5: Table S5). For example,
no adenylate cyclase gene and cAMP-dependent protein kinase gene were detected, but two genes
encoding adenylate cyclase-associated protein (CAP) genes, Pha000384 and Pha006544, and one gene
encoding the conserved domain of catalytic domain of Ser/Thr kinases, Pha009109, were found while
they were not differentially regulated by either SA or oligoagar.

Discussion
GPCRs represent the largest family of transmembrane receptors. However, far fewer GPCRs are present in
plants [14, 25]. Currently, no detailed studies on algal GPCRs have been reported. We conducted a search
for genes encoding GPCR-like protein from P. haitanensis genome and retrieved only one related gene
annotated as GPCR, namely Ph1205. Interestingly, we observed that Ph1205 was similar to Arabidopsis
GTG. They belonged to the G-A family and have 9 predicted TM domains, indicating that Ph1205 and
Arabidopsis GTG may have originated from the same ancestor. The evolutionary origin of this family can
be traced back to the single celled red algae, since the homologous sequence can be found in the
genomes of G. sulphuraria and P. purpureum. In red algae, homologous proteins of this family are
clustered on the earliest branch of evolution, and the sequence of G. sulphuraria is the ancient origin of
other eukaryotes. However, several members of the diatom are placed in a syngeneic position with G.
sulphuraria on the phylogenetic tree, but are scattered in different branches with other algae of

http://www.yeastrc.org/pdr/viewGONode.do
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Chromalveolata, including brown algae, E. siliculosus and Cryptophyta, Guillardia theta, perhaps
associated with the secondary endosymbiont of the red algae cells engulfed by different host cells
independently [26].

In prokaryotic genomes, such as those of cyanobacteria and proteobacteria, no homologous sequences
of G-A family have been found. The bacterial FeoB is a seven-transmembrane transporter that mediates
GTPase-dependent iron uptake in bacteria [27]. Pandey et al. suggested that FeoB and the GTG homologs
present in unicellular organisms were possibly primordial GPCRs that have proliferated as receptor-
effector systems in higher organisms [14]. However, in terms of sequence homology, the TM number and
distribution pattern of conserved domains, FeoB is positioned far from G-A family. By performing motif
analysis, we found no conserved motifs in the homologous proteins of red algae, with neither the
conserved ATP-/GTP-binding region nor the degenerate Ras GTPase-activating protein domain. Thus, we
speculated that the ancestors of G-A family proteins might not yet have acquired GTPase activity.
Multiple sequence alignment also revealed the consensus pattern of the junction region between
cytoplasmic loop 4 (CL4) and TM8 in this family. In this junction region, except for those of higher plants,
all eukaryotic G-A members were of low conservation to the ATP-/GTP-binding motif [14]. In particular,
only the sequences of higher plants strictly conform to the conservative �rst two amino acid sites as V-G.
While in Ph1205, the two amino acids are replaced by T-N, suggesting that these two sites may have a
key in�uence on the spatial location of ATP-/GTP-binding.

The eukaryotic G-A family proteins showed more highly conserved sites appeared on TM regions. For
instance, a conserved motif [EQ]-[YF]- x-F-[FY] exists at the extracellular terminus of TM9 among all
eukaryotic homologous proteins, including Ph1205, Arabidopsis GTG and human GPCR89. In some
classic 7TM-GPCR family, a short-conserved motif is also present. For example, in GPCR A family, both
the TM3 intracellular terminus of human β2 adrenoceptor (β2AR) and bovine rhodopsin have the
conserved [DE]-R-[YW] motifs. They are involved in maintaining the basic conformation of the receptor
[28, 29]. Therefore, it can be speculated that among the G-A family, conservatism is mainly in the TM
region, which may be important for maintaining the conformation of the protein.

However, the variable sequences at two terminals and loop regions (CL and EL) are present in G-A family.
For example, the obvious difference among Ph1205, Arabidopsis GTG and human GPCR89 is that
Ph1205 has a potential helix extension in the predicted C-terminus. Moreover, this fragment only exists in
homologous proteins of Bangiophyceae. In some members of the classic 7TM-GPCR family, such as
β2AR, there also exists the 8th helix structure at the intracellular C-terminus, which was reported to be
involved in the interactions with GPCR kinases, arrestins and other signaling molecules [29]. Ph1205
contains a longer C-terminal intracellular extension than Arabidopsis GTG does, indicating that the
intracellular region of Ph1205 may have evolved into a speci�c conformation to participate in certain
signaling functions. Additionally, Ph1205 also contains unique fragments longer than GTG in three loop
regions, i.e. EL2, EL3 and CL3. Thus, the �exibility and variability of loop region and terminal regions may
be critical for functionality, diversity and speci�city in G-protein activation for the extracellular binding
ligands and intracellular signal transduction [28].
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Expression of the recombinant Ph1205 fused with Egfp in HEK293T cells displayed membrane
localization of Ph1205. Furthermore, the immuno�uorescence detection in Ph1205-expressing HEK293T
cells and isolated protoplast of P. haitanensis with N14 antibody all clearly and strongly demonstrate that
Ph1205 is a membrane-localized protein.

We next addressed whether it can actually perform the membrane receptor functions. The extracellular N-
terminal of GPCRs is crucial for ligand binding. For example, secretin-like receptors (GPCR B1) has a
conserved cysteine ligand binding region at its extracellular N-terminus [30]. Arg46 of two GPCR A
proteins, vasotocin receptor (V1aR) and oxytocin receptor (OTR), is the extracellular amino acid necessary
for agonist binding [31-33]. Herein, we �rst used N14 of Ph1205 to test its candidate ligands. Among the
9 tested compounds, the binding of N14 to SA and oligoagar were quite good. However, the N14 binding
alone might not fully account for the entire protein binding. For instance, due to the short N-terminal
fragment of rhodopsin receptor, most rhodopsin-like ligands will also interact with the extracellular loop
to activate the receptor [28, 34, 35]. The EL2 and EL3 of Ph1205 are 35-46 amino acids longer than those
of Arabidopsis GTG and human GPCR89. In addition to N-terminus, the extracellular loop region of
Ph1205 is likely to participate in or affect the ligand recognition and binding. Thus, we expressed the
entire Ph1205 protein on the membrane surface of HEK293T cells and observed the cell binding to
compounds mentioned above. We observed that oligoagar was consistently and dose-dependently
interacted with both N14 and Ph1205-expressing cells. Its binding a�nity to them was all high; while SA
exhibited the highest a�nity binding just with N14, indicating that the extracellular loop region of Ph1205
is likely to affect the overall binding. Arabidopsis GTG was reported to function as the classic membrane-
localized ABA receptors [14]. However, Ph1205 displayed no binding a�nity to ABA in our study, further
indicating that the low conserved extracellular loop may affect its ligand binding selectivity.

By taking advantage of the presence of endogenous CRE in HEK293T cells and application of Dual-
Luciferase reporter assay, we observed that several candidate compounds could activate the CRE of
HEK293T cells by binding to recombinant Ph1205, indicating that the intracellular region of Ph1205 has
already acquired at least partial function as a membrane receptor to activate G-protein. Among the
compounds tested, both SA and oligoagar exhibited the most signi�cant signal response, consistent with
the binding results. Resistance experiments already found that both SA and oligoagar could inhibit the
infection of pathogenic bacteria and partially restore the health of algae [7, 36].

Several 7TM-GPCRs crystal structure characterization suggests that at the terminals of the TM helixes,
certain amino acids will participate in the G-protein coupling. For example, in the GPCR-B family, some
highly conserved amino acids (R, K, N, M, L) are the key sites for receptor binding to intracellular G protein
[37, 38]. Among Ph1205 and other eukaryotic homologous proteins, the CL regions are poorly conserved.
In spite of this, several conserved amino acids (R, K, M, L) are present in the position where the CL
connects with TM1-TM7. It may be involved in the interaction between Ph1205 and G protein in the cell,
so that recombinant Ph1205 can activate human G protein in HEK293T cells and initiate the downstream
CRE, i.e. the sequence and conformation of ph1205 have already evolved the partial functionality of
membrane receptors.
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However, the homologous sequence of Gα protein was not found in P. haitanensis genome. In other red
algae, such as C. merolae and C. crispus, heterotrimeric G proteins, at least the alpha and beta subunits,
are missing in their genomes [39]. However, C. crispus harbors a series of conserved Ras superfamily
GTPases, including Ran, MIRO, SpG1/TEM1, LIP1/RabL3, and signal recognition particle receptor (SR)
subunit [39]. We also retrieved several similar genes related to their members, such as Ran, SpG, Rab, Arf
and EngA, which might be the transitional state of Gα protein, but also indicates that in the early stage of
evolution, the intracellular signal system of G-A family proteins is not perfect yet. However, binding and
activation of Ph1205 are not directly related to Ph1205 transcription regulation. SA and �g22 bound to
Ph1205 but did not stimulate Ph1205 transcription. On the other hand, although its binding a�nity was
poor, JA could signi�cantly stimulate Ph1205 transcription. Oligoagar not only interacted with Ph1205
but also promoted its transcription. Both JA and oligoagar were reported to enhance resistance of algae
to environmental stresses [3, 4, 20, 21]. Ph1205 may act as a member responsible for enhancing the
resistance of P. hastiness to environmental stresses.

Comparing the transcriptomes induced by SA and oligoagar revealed that both GO and KEGG signaling
pathways affected by SA and oligoagar were quite consistent, indicating that P.haitanensis, as a lower
organism after endosymbiosis, may be stimulated to respond resistance by a relatively simple
mechanism, mainly via regulating carbon assimilation, anabolic metabolisms, and energy metabolism
etc. i.e., to resist stresses by controlling cell growth. Unlike higher plants and animals, P. haitanensis has
not yet evolved into too complex, multi-cellular and cooperative adaptation mechanisms. The SA
regulatory system in P. haitanensis has not evolved as that of higher plants, and its cAMP signaling
pathway is also incomplete. SA and oligoagar utilized quite different ways to regulate the expression of
genes in GO and KEGG pathways, and even reversed their regulatory effects, indicating a large difference
in the signal transduction or regulation patterns. For example, we observed that the expression levels of
transcription factors regulated by SA and oligoagar were signi�cantly different.

Conclusions
Overall, we identi�ed and characterized a new and putative ABA-GPCR homologous protein, Ph1205, from
P. haitanensis for the �rst time. Ph1205 was different from the classic 7 TM-GPCRs, but could be an
earlier and primitive form of GPCR. This protein has exhibited some characteristics of membrane GPCRs,
including membrane localization, a�nity binding with certain phytohormones or elicitors, activation of G-
protein and downstream CRE-regulating genes in human cells. Ph1205 may act as the membrane
receptor for the signal transduction of both SA and oligoagar, activating and enhancing the defensive
resistance of P. haitanensis by stimulating carbon assimilation, energy metabolism and cell growth
through quite different regulation mechanisms. However, the intracellular signaling system of GPCR in P.
haitanensis is not yet fully evolved.

Methods
Materials
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A variety of cultivars of P. haitanensis ((T.J.Chang & B.F.Zheng) N.Kikuchi & M.Miyata 2011) [40],
“Zhedong-1” (arti�cially bred by Q. Luo and his team) were used and the gametophytes were collected
from Hepu, Xiangshan Harbor, Ningbo, Zhejiang Province, China (29°09′18″N, 121°54′05″W), and
cultivated in sterile seawater at 20°C for 24 h, under illumination of 20 μmol m-2 s-1 of the photon �ux
density.

HEK293T cells from China Center for Type Culture Collection (CCTCC) (Wuhan, Hubei, China) were
cultured with MEM medium (Gibco, Gaithersburg, MD, USA) containing 10% fetal bovine serum at 37°C
under 5% CO2.

Flg22 (QRLSTGSRINSAKDDAAGLQIA) was synthesized by Ningbo KangBei Biochemical Co. Ltd (Ningbo,
Zhejiang, China). Oligoagar was prepared in the laboratory with degree of polymerization of 2-10 as
described previously [41].

Cloning and sequencing of Ph1205

The genomic DNA and total RNA were isolated from P. haitanensis gametophytes using Plant DNA
Extraction kit (TianGen, Beijing, China) and Takara RNAiso Plus kit (Takara, Japan), respectively. Total
RNA was reversely transcribed into cDNA with the Primescript RT Reagent Kit with gDNA Eraser kit
(Takara, Japan).

A sequence, functionally associated to GPCR-like protein, was obtained from the genome DNA of P.
haitanensis, and named as Ph1205 (GeneBank ID, KU600033). Gene-speci�c primers (GsP), P1205T-S/A,
were designed to clone the open reading frame (ORF) of Ph1205 at 64°C (Additional �le 6: Table S6). The
PCR products were puri�ed and sequenced.

Structural analysis of Ph1205 protein

The secondary structures of Ph1205 protein were analyzed by its deduced primary amino acid sequence
with HNN secondary structure prediction method (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page=/NPSA/npsa_hnn.html). Transmembrane regions were predicted at TMHMM v2.0 (http://www. cbs.
dtu. dk/services/TMHMM/). Conserved domains were analyzed on NCBI Conserved domain Research
(https://www. ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The protein functional motifs were identi�ed
on ExPASy PROSITE (https://prosite.expasy.org/).

Multiple sequence alignment and phylogenetic analyses

Sequences homologous to Ph1205 protein were retrieved from NCBI GeneBank database. Multiple
sequence alignment was performed with the Muscle method in MEGA 5 and edited by GeneDoc software.
Phylogenetic tree was constructed with MEGA 5 software using neighbor-joining (N-J) method with
bootstrap of 1000 replications and edited by Coreldraw v8 software.

Construction of recombinant expressing vectors
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A green �uorescent protein (Egfp) was used as an indicator. Three pairs of GsP (Additional �le 6: Table
S6) were designed to construct different recombinant pCI-Egfp, pCI-Ph1205 (with stop codon) and pCI-
Ph1205-Egfp vectors. All PCR products were puri�ed and then subjected to the corresponding double
digestion together with pCI-based vectors at 37°C for 3 h. Digested products were puri�ed, ligated with T4
ligase (Takara, Japan) at 16°C overnight, and transformed into E. coli DH-5α. Single colony was selected
and cultured. Endotoxin-free plasmids were extracted by using the QIAprep Spin Miniprep kit (QIAGEN,
Germany).

Cell transfection and �uorescence signal observation

HEK293T cells were cultured in a 20 mm diameter confocal culture dish until 50-60% con�uence, mixed
with 7.5 μL of Lipofectamine 3000 Reagent, 10 μL of P3000 Reagent (Invitrogen, USA) and 5 μg
endotoxin-free recombinant plasmids (pCI-Egfp, pCI-Ph1205 or pCI-Ph1205-Egfp) in serum-free MEM
medium, and cultured for 24 h. Then the cells were stained with 200 μL of 10 μM Dil red solution
(Beyotime, Shanghai, China) and incubated at 37°C for 20 min, �xed with 4% paraformaldehyde. Finally,
the cells were incubated in 4,6-diamidino-2-phenylindole (DAPI) reagent (Beyotime, Shanghai, China) at
room temperature for 10 min, washed and sealed. High resolution laser confocal microscope (Zeiss LSM
880, Germany) was used to visualize the subcellular localization of Egfp protein. The λEx/λEm for DAPI,
Egfp and Dil red were 359/461 nm, 490/520 nm and 549/565 nm, respectively.

Antibody preparation and immuno�uorescence detection

The N-terminal 14 amino acids of Ph1205 protein (MVLSGPLAMAASDA, named N14) was synthesized
and used as antigen to prepare mouse polyclonal antibody. Mice were injected with 0.5 mL of 1 mg mL-1

N14 solution emulsi�ed by 1:1 (v/v) DMSO (Sigma, USA) and Freund's complete adjuvant FCA (F-5881,
Sigma, USA) once a week for three weeks. On the fourth day after the �nal injection, mouse blood was
collected. Serum was separated as antibody solution.

After transfection with pCI-Ph1205 and �xation as described above, HEK293T cells were incubated with
N14 antibody solution in 1:50 dilution at 4°C overnight. After washing, they were incubated in 1:500 FITC-
labeled goat anti-mouse IgG (H+L) (Beyotime, Shanghai, China) at room temperature for 1 h, washed with
PBS and incubated consecutively with 200 μL of 10 μM Dil-red and 200 μL of DAPI. After sealing, the
�uorescent signal was visualized as described above. The λEx and λEm for FITC-linked secondary
antibody were 494 nm and 518 nm, respectively.

Preparation of P. haitanensisprotoplasm and immuno�uorescence detection

Littorina brevicula gland was grinded on ice in 1:5 (w/v) PBS (0.1 M, pH 7.2). The mixture was
centrifuged at 2,000 g for 10 min. The supernatant was collected and added into sterile seawater with a
ratio of 1:5 (v/v) as the digestive solution.



Page 14/29

 The healthy P. haitanensis were cut into 2-3 mm pieces, which were digested in 1 mL of digestive
solution at 20°C for 2.5 h, �ltered by 80 mesh �lter, and rinsed with sterile seawater 3 times. P. haitanensis
cells were suspended in sterile seawater containing 6 mM glucose.

The N14 antibody serum was diluted with sterile seawater (1:100, v/v), added into the cell suspension
and incubated at 20°C overnight. After being rinsed with sterile seawater three times, the cells were
incubated in FITC-labeled goat anti-mouse IgG (H+L) seawater dilution (1:200, v/v) at room temperature
for 1 h and then washed the FITC �uorescence was visualized as above.

FortéBio Octet system assay for binding a�nity of N14 peptide and Ph1205-transfected HEK293T cells
with candidate compounds

Binding a�nities between Ph1205 protein and candidate compounds were evaluated by biolayer
interferometry on an Octet K2 system (FortéBio, Fremont, CA, USA). The candidate compounds included
SA, ABA, jasmonic acid (JA), brassinolide (BL), gibberellic acid (GA), indoleacetic acid (IAA) (Yuanye,
Shanghai, China), 1-octen-3-ol (Sigma, USA), Flg22 and oligoagar. Oligoagar concentrations used were
0.25, 0.5 and 1 mg mL-1, respectively. The concentrations of other compounds were 0.25 mM, 0.5 mM
and 1 mM, respectively.

N14 peptide was biotinylated by incubating with equivalent amounts of biotin for 30 min. The sensors
(Super Streptavidin, and SSA) were loaded with biotinylated N14 for 15 min, quenched in 10 μM biotin for
1 min, and then dipped into the test compound solutions for association for 120 s and then dissociation.
After referencing corrections, based on the subtracted binding interference data, the kinetics parameters
(Kon and Koff) and a�nity constants (Kd) were calculated using the FortéBio analysis software v9.0.0.10.

Binding studies of Ph1205-transfected HEK293T cells with compounds above were also performed on
the Octet K2 system. After transfection with pCI-Ph1205, HEK293T cells were immobilized on FortéBio's
aminopropyl silane (APS) biosensors at 30°C and then dipped into the test compound solutions for
association and dissociated.

Transient co-transfection and luciferase reporter assays

HEK293T cells were transiently co-transfected with 20 ng pCRE-Luc (PT3286-1, CloneTech, San
Francisco, CA, USA), 20 ng pSV40-Renilla (E2231, Promega, Madison, WI, USA), and 50 ng pCI-Ph1205 by
using X-tremeGENE HP DNA Transfection Reagent (Roche, Switzerland). After 24 h of culture, cells were
exposed to 25 μL of candidate compounds at the indicated concentrations for 4 h. Oligoagar
concentrations were 10, 50 and 100 µg mL-1, respectively. Other compounds’ concentrations were 10, 50
and 100 µM, respectively. Then �re�y and Renilla luciferase activities in cell lysates were determined
using Dual-Glo® Luciferase Assay System (Promega, Madison, WI, USA). The relative luciferase activity (F
value) was normalized using Renilla luciferase activity. Activity differences between groups were
evaluated using t tests. P<0.05 was considered to be statistically signi�cant and experiments were
performed in triplicate.
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Real-time quantitative PCR detection for Ph1205

The P. haitanensis thalli were grown at a density of 1.5 mg mL-1 and exposed to SA, JA, Flg22 and
oligoagar at different concentrations above at 20°C for 0.5, 1 and 3 h. Thalli samples were collected at
each time point. Total RNA was isolated and reversely transcribed into cDNA with PrimeScript RT reagent
Kit Perfect Real Time kit (Takara, Japan).

Real-time quantitative PCR (qPCR) assay was performed to analyze the mRNA level of Ph1205 with
P1205-QF/QR (Additional �le 6: Table S6). P. haitanensis18s was used as internal control. The relative
transcriptional changes (C value) were calculated with the 2-ΔΔCt method and differences between groups
were evaluated by t tests.

Transcriptome analysis

The thalli (150 mg) were cultured in 100 mL of sterile seawater containing 20 and 100 µM SA, and 100
and 200 µg mL-1 oligoagar at 20°C for 1 h in dark and quickly collected. Total RNA was extracted and the
cDNA libraries were constructed. Library preparations were sequenced on an Illumina HiSeq (PE150)
platform by Frasergen Company (Wuhan, Hubei, China). Paired-end reads were generated and aligned to
the reference genome using TopHat v2.1.1. Gene expression levels were quanti�ed in terms of fragments
per kilobase of exon per million mapped fragments (FPKM) using DEseq2 with default parameters.
Differentially expressed genes (DEGs) between groups were identi�ed based on following thresholds:
absolute of log2 (fold-change) > 1 (<−1) and q-value (false discovery rate (FDR)) < 0.05. All DEGs were
mapped to terms in the GO, KEGG and Swiss-prot databases and were ready for the comparison. The raw
reads are deposited in the NCBI SRA repository (PRJNA642213).

Abbreviations
ABA-GPCR: abscisic acid-G-protein coupled receptor; GPHR-N: the Golgi pH regulator family N-terminal
domain; G-A family: GPHR-N and ABA-GPCR domain-containing protein family; TM: transmembrane
domain; LCL: large cytoplasmic loop; EL: extracellular loop; CL: cytoplasmic loop; N14 peptide: N-terminal
extracellular 14 amino of Ph1205; DAPI: 4,6-diamidino-2-phenylindole; SA: salicylic acid; JA: jasmonic
acid; BL: brassinolide; GA: gibberellic acid; IAA: indoleacetic acid; OA: oligoagar; GsP: Gene-speci�c
primers; UTR: untranslated region; CDS: coding sequence.
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Figure 1

The sequence analysis of Ph1205. a Ph1205 gene structure. The black frame area is the full-length
sequence of Ph1205 mRNA composed of three exons on the genome. The grid �ll indicates the open read
frame (ORF) of Ph1205 consisted of three coding sequences (CDS). Un�lled regions are untranslated
regions (UTR) at both terminals of the gene. The blue �lling indicates GPHR-N domain and the green
�lling indicates ABA-GPCR domain. b The predicted secondary structures and transmembrane (TM)
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domains of Ph1205 protein. Orange marks random coil, blue marks α-helix and pink marks the extended
strand. The angle brackets mark GPHR-N domain or ABA-GPCR domain positions. TM indicates the
predicted transmembrane domains. The black sliding line at the N-terminus indicates the predicted
extracellular 14 amino acids (N14); the red underline at the C-terminal indicates the potential intracellular
extension of the helix structure.

Figure 2
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Multiple sequence alignment of GPHR-N and ABA-GPCR domain containing proteins from selected
species. TM, transmembrane domains, CL, cytoplasmic loops, EL, extracellular loops. Conserved domains
such as GPHR-N and ABA-GPCR were showed by red and green boxes. Residues related to the Ras
GTPase-activating protein motif in CL3 or the ATP-/GTP-binding motif in CL4-TM8 were marked in blue or
cyan background. Conserved motifs near the extracellular part of TM5, TM7 and TM9 were marked by the
symbol # and red residues. Conserved residues related to [RK] and [ML] in the cytoplasmic terminus of
TM1, TM4, TM5 and TM7 were marked by the symbol * and showed in green. The characteristic
segments in Ph1205 or homologous proteins from Bangiophyceae were marked by pink background. The
conserved sites appear in loops of most homologous proteins except that of red algae or multicellular red
algae were marked by orange background.
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Figure 3

The unrooted phylogenetic tree of GPHR-N and ABA-GPCR domain containing proteins. Sequence
alignment and construction of evolutionary tree in MEAG5, using the neighbor-joining (N-J) method, with
1000 bootstraps and other default parameters. The red triangle indicates Ph1205. The sequence ID from
selected species refer to Additional �le 1: Table S1.
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Figure 4

Subcellular localization of Ph1205 protein. a Subcellular localization of recombinant Ph1205-Egfp in
HEK293T cells. HEK293T cells were transfected with pCI-Egfp or pCI-Ph1205-Egfp plasmids, respectively.
The cells were then stained with Dil red and DAPI. b Subcellular localization of recombinant Ph1205 in
HEK293T cells immunochemically detected with antibody against N14. HEK293T cells were transfected
with pCI-Ph1205 plasmids. N14 primary antibody and FITC-labeled secondary antibody were treated
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consecutively, followed by staining with Dil red and DAPI dye. Both A and B were visualized under laser
confocal microscope. Bar: 10 μm. c Subcellular localization of Ph1205 in thalli immunochemically
detected with antibody against N14. The protoplasm of P. haitanensis was incubated with N14 primary
antibody, followed by being coupled with FITC-labeled secondary antibody. The antibody-labeled
protoplasm was visualized under �uorescence microscope. Bar: 20 μm.

Figure 5
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Interactions of N14 peptide, Ph1205-transfected HEK293T cells with candidate compounds and
intracellular signal activation. a Interactions between N14 peptide with the indicated candidate
compounds. b Interactions between Ph1205-transfected HEK293T cells and the indicated candidate
compounds. The binding a�nities of N14 peptide and HEK293T cells with these compounds were
detected on an Octet K2 system. N14 peptide and HEK293T cells were immobilized on biosensors, which
were then dipped into the compound solutions for association and returned to the blocking solution for
dissociation. c Measurement of luciferase activity after Ph1205-transfected HEK293T cells were
stimulated with different compounds. HEK293T cells were transiently co-transfected with pCRE-Luc,
pSV40-Renilla, and pCI-Ph1205 and incubated for 24 h. The cells were exposed to 25 μL of the indicated
compounds solution for 4 h. The relative luciferase activity was normalized using Renilla luciferase
activity and showed as F value. *P<0.05, **P<0.01.

Figure 6

Transcriptional differences of Ph1205 induced by salicylic acid, oligoagar, jasmonic acid and Flg22.
Thalli samples were exposed to SA, JA, Flg22 and oligoagar at different concentrations at 20°C for 0.5 h,
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1 h and 3 h. The Ph1205 transcriptional levels were assayed with RT-qPCR analysis and showed as the C
value. P. haitanensis 18s was used as internal control. *P <0.05, **P <0.01.

Figure 7

Comparison in transcriptome of Pyropia haitanensis after being stimulated by salicylic acid and
oligoagar. a Histogram and enrichment scatter plot of GO and KEGG classi�cation of differential
expression genes after being stimulated by stimuli. b Differential expression patterns of genes involved in
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pathways of carbon �xation photosynthetic organisms and Heatmap analysis of related genes. SA20,
SA100, OA100 and OA200 represented the experimental groups using 20 μM, 100 μM SA; and 100 μg mL-
1, 200 μg mL-1 oligoagar (OA) as elicitors.


