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                     Abstract 
 Rhodopsins are now found in all domains of life, and are classifi ed into two large groups: type II, found in animals and type 

I found in microbes including Bacteria, Archaea, and Eukarya. While type II rhodopsin functions in many photodependent 

signaling processes including vision, type I among others contains rhodopsins that function as a light-driven proton pump to 

convert light into ATP as in proteobacteria (named proteorhodopsin). Proteorhodopsin homologs have been documented in 

dinofl agellates, but their subcellular localizations and functions are still poorly understood. Even though sequence analyses 

suggest that it is a membrane protein, experimental evidence that dinofl agellate rhodopsins are localized on the plasma mem-

brane or endomembranes is still lacking. As no robust dinofl agellate gene transformation tool was available, we used HEK 

293T cells to construct a mammalian expression system for two dinofl agellate rhodopsin genes. The success of expressing 

these genes in the system shows that this mammalian cell type is suitable for expressing dinofl agellate genes. Immunofl uo-

rescence of the expressed protein locates these dinofl agellate rhodopsins on the cell membrane. This result indicates that 

the protein codons and membrane targeting signal of the dinofl agellate genes are compatible with the mammalian cells, and 

the proteins’ subcellular localization is consistent with proton pump rhodopsins. 

   Keywords     Dinofl agellate rhodopsins    ·  Proteorhodopsin    ·  Subcellular localization    ·  HEK 293T cells  

      Introduction 

 The energy that supports life activities in the ocean 

ultimately comes from sunlight, via photosynthesis as 

the main energy conversion mechanism. Rhodopsin is 

a newly discovered protein in microbial organisms, the 

proton-pump type of which can produce proton gradients 

thus facilitating ATP generation (Béjà et al.  2000 ), the 

main energy currency of cells, without the involvement 

of photosynthetic apparatus. It has been estimated that 

13–70% bacteria living in the surface ocean carry proton-

pump rhodopsin (PR), which are called proteorhodopsins, 

from the tropical Red Sea to the Arctic at different depths 

(Campbell et al.  2008 ; Sabehi et al.  2005 ). In the PR-har-

boring microbial organisms, the photoreactive chromo-

phore (all-trans retinal) in the PR molecules absorbs light 

and undergoes conformational changes, resulting in pro-

ton generation and efflux across the membrane, the poten-

tial to generate ATP upon the action of ATP synthases 

(Govorunova et al.  2017 ; Grote et al.  2014 ). Based on 

amino acid sequences, rhodopsins similar to bacterial PR 

have been found in diverse species of dinoflagellates (Lin 

et al.  2010 ). These dinoflagellate homologs share con-

served residues with bacteria PR, including retinal pocket, 

proton donor and receptor, and light tuning (Lin et al. 

 2010 ; Shi et al.  2015 ). Shi et al. ( 2015 ) found that PR in 

the dinoflagellate,  Prorocentrum donghaisense  (recently 

renamed as  P. shikokuense ; see Zhang et al.  2020 ), exhib-

ited a strong diel rhythm in transcript abundance: high 
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in the light period and low in the dark. In another dino-

flagellate,  Oxyrrhis marina , PR genes were found to be 

upregulated while being starved and illuminated relative 

to being starved and placed under darkness, suggestive of 

a role as an energy supplementing mechanism to enhance 

starvation survival (Guo et al.  2014 ). 

 However, the function of dinoflagellate PR homologs 

remains unknown and even the subcellular localization of 

dinoflagellate rhodopsin is not so clear. Slamovits et al. 

( 2011 ) used specific antibody to study subcellular locali-

zation of PR in  O. marina  and found that it was localized 

in cytoplasmic endomembrane rather than plasma mem-

brane as in bacteria. Yet most of the PR homologs in the 

diverse dinoflagellates have not been investigated in this 

regard. Homologous transformation of the gene (i.e., in 

native species) would be most straightforward approach 

to determining their localizations; unfortunately, a robust 

transformation tool is not yet available. Taking advan-

tage of the well-developed transformation technology 

in animal cells, we transfected PR genes of two dino-

flagellates,  P. donghaisense  (Pd-PR) and  Alexandrium 
catenella  (Ac-PR), into HEK 293T cells using the Pig-

gybac system (Wilson et al.  2007 ). After transfection and 

selection under antibiotic pressure, the stable transformed 

cells were harvested, total RNA extracted, and reverse 

transcription-PCR performed to detect the expression of 

the inserted PR genes. Furthermore, Western blot was 

conducted to verify successful translation in the 293T 

cells. Finally, subcellular localization was analyzed, 

which showed that the expressed dinoflagellate PRs are 

targeted to the plasma membrane of the 293T cells. 

    Results 

   Detecting expression of the inserted gene cassette 
via GFP fl uorescence 

 Because the expression vector contained a GFP gene, suc-

cessful transformation and expression of the gene cassette 

can be easily observed under an epifl uorescence microscope. 

After selection with puromycin, we found that every cell in 

the transformed cell cultures expressed GFP (Fig.  1 ), indi-

cating successful transfection and expression of the gene 

cassette.         

    Western blot and immunofl uorescence to detect 
expression and localization of dinofl agellate PRs 

 To determine the expression of Pd-PR and Ac-PR, we per-

formed Western blot using anti-Flag antibody which was 

supposed to specifi cally recognize the Flag tag that was 

fused with the PR gene at the 3′-end. SDS-PAGE gel electro-

phoresis was run for total proteins of the Pd-PR and Ac-PR 

transformed mammalian cells, respectively. On the Western 

blot, the antibody recognized a single, highly abundant band 

of the predicted size, 30 kDa (Fig.  2 a, b). Because Flag gene 

was placed downstream of rhodopsin genes, this result indi-

cated the correct expression of both dinofl agellate PR fusion 

proteins in the mammalian cell expression system. The band 

detected by anti-Flag antibody refl ected the molecular mass 

of Pd-PR and Ac-PR.         

 In the immunofl uorescence analysis, DAPI-staining 

showed the position of the nucleus in the center of the 

  Fig. 1       Results of selection by puromycin.  a ,  b  Microscopic images 

of 239T cells after being co-transfected with vectors, PB513b-Pd-PR 

and PB200-PA.  c ,  d  Microscopic images of PB513b-Pd-PR trans-

fected 293T cells after being selected by puromycin.  e ,  f  Microscopic 

images after being co-transfected with vectors PB513b-Ac-PR and 

PB200-PA.  g ,  h  Microscopic images of PB513b-Ac-PR transfected 

293T cells after being selected by puromycin. Images  a ,  c ,  e  and  g  
are fl uorescence images,  λ  = 470 nm (20 ×). Images  b ,  d ,  f  and  h  are 

bright fi eld (20 ×)  
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cells (Fig.  3 a). GFP is a cytoplasmic protein and the green 

fl uorescence was localized throughout the 293T cells, as 

expected (Fig.  3 b). In contrast, immunofl uorescence of 

the dinofl agellate PR-Flag fusion protein was localized on 

the plasma membrane of the cells while the control group 

exhibited no Flag fl uorescence (Fig.  3 ).         

     Discussion 

 To our knowledge, this is the fi rst successful expression of a 

dinofl agellate gene in a mammalian cell expression system. 

This system has the advantage that there are well developed 

protocols and expression vectors. To date, successful nuclear 

gene transformation for dinofl agellates is still limited (Spre-

cher et al.  2020 ) and is yet to emerge for the strongly thecate 

species such as  P. donghaiense  and  A. catenella . At this 

juncture, the development of an eff ective protocol for the 

expression of dinofl agellate genes in the mammalian expres-

sion system is valuable. 

 Microbial rhodopsin heterologous expression has mostly 

been conducted using  Escherichia coli  cell system (Friedrich 

et al.  2002 ; Inoue et al.  2013 ; Pushkarev and Béjà  2016 ; 

Pushkarev et al.  2018 ).  E. coli  is a good choice for express-

ing bacterial PRs. Some researchers have used mammalian 

neurons to express microbial rhodopsin for optogenetics 

(i.e., Archaerhodopsin-3, from  Halorubrum sodomense ) to 

facilitate functional studies via electrophysiological meas-

urements (McIsaac et al.  2015 ). Interestingly, Kralj et al. 

( 2012 ) expressed Archaerhodopsin-3 (Arch) as a voltage 

indicator in cultured rat hippo campal neurons and observed 

targeting of Arch to the plasma membrane. McIsaac et al. 

( 2014 ) used 293 cells to express microbial rhodopsins. Our 

successful expression of two dinoflagellate PRs extend 

the use of the cell system for microeukaryotic rhodopsin 

expression, and demonstrated that using mammalian cells to 

  Fig. 2       Results of Western blot.  a  Western blot of total protein from 

293T cells which was transfected with PB513b-Pd-PR.  b  West-

ern blot of total protein from 293T cells which was transfected with 

PB513b-Ac-PR. Expected protein size is 30 kDa.  m  Protein Marker. 

Twenty μg total protein was loaded per lane except for lane  m    

  Fig. 3       Cell membrane localiza-

tion of Pd-PR and Ac-PR in 

293T cells. The fl uorescence 

microscopic images on the right 

show localization of Pd-PR 

and Ac-PR in 293T cells using 

immunofl uorescence assay with 

the anti-Flag antibody. From  a  
to  d , images show blue fl uores-

cence of DAPI (4,6-diamidino-

2-phenylindole) staining of 

DNA ( a ), green fl uorescence 

of GFP ( b ), red fl uorescence of 

Flag ( c ), and merger for  a ,  b , 
and  c .  d1 , control group which 

was transfected with blank 

PB513b-1 vector.  d2  293T cells 

transfected with PB513b-Pd-

PR.  d3  293T cells transfected 

with PB513b-Ac-PR  
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express dinofl agellate proton-pump rhodopsins is feasible. 

Beside the predicted band, there are several additional faint 

bands above 30 kDa in the results of Western blot (Fig.  2 ), 

which most likely represent oligomers of rhodopsin (Ran 

et al.  2013 ). 

 There is no experimental documentation of subcellular 

localization of PRs in photosynthetic dinofl agellates. The 

heterotrophic  O. marina  is the only dinofl agellate whose 

rhodopsin subcellular localization has been examined (Sla-

movits et al.  2011 ). Using a PR antibody to detect native PR 

protein, that study showed that the PR in this species was 

localized in the cytoplasmic compartment, likely in micro-

somal membranes, possibly in food vacuole membranes. The 

results of immunofl uorescence analysis in our study showed 

that the PRs from the two photosynthetic dinofl agellates,  P. 
donghaiense  and  A. carterae , when expressed in the HEK 

293T cells, were localized in the plasma membrane. The red 

fl uorescence level of Pd-PR is higher than that of Ac-PR 

(Fig. 3c2, c3), but the bands in the Western blot (Fig.  2 ) have 

comparable intensity. It may be because we did the West-

ern blot and Immunofl uorescence analysis using diff erent 

cell samples separately. Therefore, the quantitative diff er-

ence between Western blot and Immunofl uorescence might 

refl ect sample to sample diff erence or diff erence in antibody 

affi  nity to denatured and native Ac-PR. Based on the subcel-

lular localization computational models CELLO (Yu et al. 

 2006 ) and WOLF PSORT (Horton et al.  2007 ), we used the 

deduced amino acid sequences of the two dinofl agellate PRs 

to conduct a prediction. Both models gave the highest likeli-

hood of these PRs as plasma membrane proteins. Interest-

ingly, the animal submodel in CELLO gave much stronger 

plasma membrane localization prediction than the plant and 

fungus submodels. We further attempted to identify a sig-

nal peptide using SignalP4.1; however, no signifi cant signal 

peptide was found, as in the case of  O. marina  PR reported 

by Slamovits et al. ( 2011 ). These results suggest that dino-

fl agellates use some unknown signaling mechanism that is 

compatible with mammalian protein targeting machinery. 

 PR in dinofl agellates is highly similar to proteorhodopsin, 

which is globally abundant in bacteria (Béjà et al.  2013 ; 

Gómez-Consarnau et al.  2010 ) and well characterized as a 

proton pump (Béjà et al.  2000 ; Inoue et al.  2016 ). Since its 

fi rst discovery in dinofl agellates (Lin et al.  2010 ), eukaryotic 

homologs of PR have also been found in other eukaryotes 

microorganisms, such as diatoms, haptophytes, and crypto-

phytes (Marchetti et al.  2015 ), and recently found in arctic 

microbial eukaryotes (Vader et al.  2018 ). The dinofl agellate 

homologs share the highly conserved residues with bacte-

rial PR, including residues to bind retinal, absorbing light 

spectrum tuning, and proton donor, and receptor residues 

(Lin et al.  2010 ); this is true for the two homologs studied 

here, Pd-PR (Shi et al.  2015 ), and Ac-PR (Supplementary 

Fig. S1). Both proteorhodopsin in bacteria and eukaryotes 

can enhance organism survival during starvation or nutrient 

limitation when incubated in the light (Gómez-Consarnau 

et al.  2010 ; Guo et al.  2014 ; Marchetti et al.  2015 ). 

 Until now, two methods have been used to investigate the 

function of rhodopsins as a proton pump: one is based on 

the color of cloned cells cultured on retinal plates (Martinez 

et al.  2007 ), and the other is through the measurement of pH 

change of cloned cells when exposed to light (Pushkarev and 

Béjà  2016 ). In  O. marina , the high expression of rhodopsins 

renders the cells to appear pink (not shown). Heterologous 

expressing  P. donghaiense  PR in  E. coli , Shi et al. ( 2015 ) 

showed a rather wide blue to green waveband of absorb-

ance spectrum. Unfortunately, the presence of chloroplasts 

in the photosynthetic dinofl agellates precludes the possibil-

ity to visualize or spectrophotometrically measure the light 

absorbance. Our attempt to measure pH change using the 

method previously used to test pH change of proteorhodop-

sin expressing- E. coli  under light did not show pH change 

in the cell suspension of the transfected 293T cell line in 

response to illumination (results not shown). There are at 

least two possibilities, one being that the expression level 

was not adequate to produce measurable change in pH upon 

illumination, and the second being that these dinofl agellate 

PRs function other than as proton pumps. These and other 

possibilities require further experimental studies to examine. 

Nevertheless, the expression system developed here provides 

a valuable avenue for easily heterologous expressing dino-

fl agellate genes and characterizing features such as signal 

peptide and subcellular localization. 

    Materials and methods 

   Construction of mammalian cells expression system 

 The Piggybac system used in the study included two vectors, 

PB513b-1(Fig.  4 a) and PB200-PA (Miaoling Bio, Wuhan, 

China). In principle, a rhodopsin gene would be inserted 

into PB513b-1, and PB200-PA would induce transfected 

mammalian cells to produce transposase, which would “cut” 

sequences between “TTAA” sites on vector PB513b-1, and 

“paste” it into “TTAA” sites in genomic DNA. Expression 

vectors, PB513b-Pd-PR and PB513b-Ac-PR were con-

structed as follows.         

  Prorocentrum donghaisense  and  Alexandrium catenella  
cultures were provided by the Center for Collections of 

Marine Algae in Xiamen University (source culture num-

ber: CCMA-364 and CCMA-174, separately). They were 

grown in L1 medium at 20 ºC under a 14:10 light dark 

cycle with a photon fl ux of 100 μmol m −2  s −1 . Samples 

were collected in the exponential growth phase and RNA 

was extracted following the protocol of Trizol protocol 

coupled with Direct-zol RNA mimiprep columns (Zymo 
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Research, USA), as previously reported (Shi et al.  2015 ). 

The full length cDNA of Pd-PR genes were amplifi ed 

by PCR using primers Pd-PR-F (5′-CGC TCT AGA GCC 

ACC ATG GTG ATG TAC CCG ATG AGC G-3′) and Pd-PR-

R (5′-GGC GGA TCC TCA CTT ATC GTC GTC ATC CTT 

GTA ATC AGC AAG CAG GGC CCC ATC -3′). Similarly, 

the full length cDNA of Ac-PR genes were amplifi ed by 

PCR using primers Ac-PR-F (5′-CGC TCT AGA GCC ACC 

ATG GCT CCA ATC CCT GAT GGT -3′) and Ac-PR-R (5′-
GGC GGA TCC TCA CTT ATC GTC GTC ATC CTT GTA ATC 

CGA CGA CAT CAG ACT GCC -3′). The forward primers 

contained the optimal Kozak’s sequence (GCC ACC ) to 

promote expression (Kozak  1987 ) and the reverse prim-

ers contained the Flag-tag (GAT TAC AAG GAT GAC GAC 

GAT AAG ) (Einhauer and Jungbauer  2001 ) to facilitate 

detection of expression of the inserted gene. The PR frag-

ment were inserted into the XbaI and BamHI sites of the 

PB513b-1 transformation vector (Fig.  4 b). To facilitate 

determination of successful transformation and expression 

of the inserted gene cassette, green fl uorescence protein 

(GFP) gene was placed in the vector, located downstream 

of the target gene insertion site, but not fused with the 

target gene to avoid interference with the expression of 

the target gene. After construction, the inserted sequences 

in the expression vectors were verified using Sanger 

sequencing (Supplementary file 1). The vectors were 

used in cell transfection after sequence alignment with 

Pd-PR sequence (Genbank accession no. KM282617.1) 

and Ac-PR sequence (Genbank accession no. KF651056.1) 

and verifi cation of sequence accuracy. 

    Cell transfections and selection 

 Human embryonic kidney (HEK) transformed 293 (293T) 

cells were obtained from School of Life Science, Xiamen 

University. 293T cells were grown in Dulbecco modifi ed 

Eagle medium (DMEM, Hyclone) with 10% fetal bovine 

serum (FBS, BOVOGEN) and 1% antibiotics (penicil-

lin–streptomycin, Invitrogen) (DMEM-FBS-Pen-Strep) 

at 37 °C in a humidifi ed atmosphere containing 5%  CO 2 . 

 About 1.5 × 10 5  cells were transferred into each well of 

a 24-well plate one day prior to transfection. For each well, 

0.5 μg PB513b- Pd/Ac-PR and 0.5 μg PB200-PA were 

transfected using Suohua-sofast according to standard 

protocols (Sunmabio). Empty expression PB513b vector 

was used as the control group (PB513b-1). One day after 

transfection, the DMEM-FBS-Pen-Strep was replaced 

by the medium containing 3 μg/ml puromycin (DMEM-

FBS-Pen-Strep-Puro) for 3 days. Then the cells in each 

well were trypsinized and seeded onto one 10-cm plate in 

the medium containing 3 μg/ml puromycin for selection. 

After two weeks, the cells in each plate were trypsinized 

and inoculated onto a 96-well plate. After 4 h, the plates 

were checked under the microscope to identify wells that 

contained only one cell, and the single-cell wells were 

marked. Following 3 days of incubation, the clonal cell 

population from each of the single-cell wells was trans-

ferred to a new 24-well plate. Then the cells in each well 

were trypsinized and seeded onto one 10-cm plate in the 

medium containing 3 μg/ml puromycin to promote growth 

of the transformed cells. 

    Reverse transcription (RT)-PCR 

 RT-PCR was performed to examine whether the transfected 

293T cells successfully expressed the two dinofl agellate 

PRs. First, total RNA was extracted from the two trans-

formed lines of 293T cells using RNA Miniprep kit (Zymo 

Research, USA). For cDNA to be used in RT-PCR, total 

RNA was reverse-transcribed using GoScript Reverse Tran-

scriptase Kit (Promega, USA). Second, PCR was carried out 

with the primers Pd-PR-F and Pd-PR-R for  P. donghaiense  
PR and Ac-PR-F and Ac-PR-R for  A. carterae  PR. PCR was 

run under the program consisting of initial denaturation at 

95 °C for 3 min, followed by 30 cycles 95 °C 30 s, 55 °C 

45 s, 72 °C 1 min, and a fi nal step of 72 °C for 3 min. 

  Fig. 4       PB513b-1 vector ( a ) and PB513b-Pd/Ac-PR vector ( b ) used in 

this study. Kozak sequence (GCC ACC  was added to promote expres-

sion. Flag is a tag (GAT TAC AAG GAT GAC GAC GAT AAG ) which 

encodes a short peptide, against which antibodies are available for 

detection. GFP, green fl uorescence protein. Puro, a puromycin (anti-

biotic) resistance gene to facilitate selection of transformed cells from 

untransformed cells (lacking the resistance gene)  
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    Western blotting 

 After two weeks’ selection by puromycin, cultured cells of 

the two transformed lines were collected using centrifuga-

tion for 5 min at 6280 rad/min and 4 °C. The pellets were 

washed in 1 × PBS and total proteins were extracted in ice-

cold RIPA Lysis buff er (Beyotime) for 10 min. Total pro-

tein concentrations were determined using BCA assay. The 

crude extracts were then incubated with 6 × SDS at 95 °C 

for 10 min to denature proteins. After centrifugation at 

14,000  g  for 10 min, the supernatants were loaded onto a 

10% SDS-PAGE gel (~ 20 μg per lane). A protein molecu-

lar mass marker was loaded on a separate lane. After elec-

trophoresis at 90 V for 30 min, the separated proteins were 

transferred onto PVDF membranes for 30 min using Bio-

Rad Trans-Blot Turbo system (Bio-Rad, USA) at 110 V. 

Pd-PR and Ac-PR were detected using anti-Flag antibody 

with clarity western ECL substrate kit (Bio-Rad, USA). 

    Immunofl uorescence analysis to determine 
subcellular localization 

 Puromycin selected cells were used for microscopic immu-

nofl uorescence analysis. Cells grown on coverslips coated 

with polyethyleneimine (NEST) at multi-well plates. Cov-

erslips were collected and washed in 1 × PBS for three 

times then fi xed with 4% formaldehyde for 30 min. The 

cells were rinsed three times with 1 × PBS, blocked with 

5% BSA in PBS for 30 min, and then incubated overnight 

at 4 °C with the anti-Flag antibody diluted to 1:50 with 

PBS. After three rinses with PBS, the cells were incu-

bated in goat anti mouse IgG(H + L) (EarthOx) diluted 

1:200 with PBS for 1 h at room temperature, and rinsed 

with PBS for three times. Then cells were incubated with 

DAPI in darkness for 5 min to counter stain the nucleus 

and rinsed with PBS for four times. Immunofl uorescence 

of the cells was viewed using multiphoto laser scanning 

microscopy (LSM780 NLO) and images were acquired 

with the Zen software (Zeiss, Oberkochen, Germany). 
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