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hypothet ical protein L969DRAFT 95897 [Mixia osm undae IAM 14324]
hypothet ical protein M422DRAFT 149760 [Sphaerobolus stellatus SS14]

rhodopsin-like 3 [Oxyrrhis m arina]

rhodopsin [Pyrocyst is lunula]
rhodopsin [Oxyrrhis m arina]
rhodopsin [Oxyrrhis m arina]
rhodopsin [Oxyrrhis m arina]

a chrom oprotein [Ktedonobacter racem ifer]
rhodopsin [Haloquadratum  walsbyi]
bacteriorhodopsin II [Haloquadratum  walsbyi C23]
rhodopsin [Haloquadratum  walsbyi]
bacteriorhodopsin [Haloquadratum  walsbyi J07HQW2]

hypothet ical protein KNAG 0H01270 [Kazachstania naganishii CBS 8797]

proteorhodopsin [Candidatus Pelagibacter ubique]
bacteriorhodopsin [Candidatus Pelagibacter ubique]
proteorhodopsin [Candidatus Pelagibacter ubique HTCC1002]
proteorhodopsin [Candidatus Pelagibacter ubique]
bacteriorhodopsin [Candidatus Pelagibacter ubique]

hypothet ical protein GUITHDRAFT 162755 [Guillardia theta CCMP2712]
hypothet ical protein GUITHDRAFT 148916 [Guillardia theta CCMP2712]
hypothet ical protein GUITHDRAFT 148915 [Guillardia theta CCMP2712]
hypothet ical protein GUITHDRAFT 135937 [Guillardia theta CCMP2712]
protein 100 [synthet ic const ruct ]
hypothet ical protein GUITHDRAFT 164280 [Guillardia theta CCMP2712]
hypothet ical protein GUITHDRAFT 164579 [Guillardia theta CCMP2712]
PsChR2 [synthet ic const ruct ]
protein 107 [synthet ic const ruct ]
protein 109 [synthet ic const ruct ]
protein 84 [synthet ic const ruct ]
hypothet ical protein GUITHDRAFT 107989 [Guillardia theta CCMP2712]
hypothet ical protein GUITHDRAFT 120390 [Guillardia theta CCMP2712]
hypothet ical protein GUITHDRAFT 99928 [Guillardia theta CCMP2712]
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Supporting figure 1. A phylogenetic tree of 500 closest homologs of the rhodopsin domain 
of Guillardia theta protein model 99928 found in the NCBI non-redundant translated 
nucleotide database by Position-Specific Iterated BLAST. The hits are color-coded according 
to the phylogenetic position of their source organisms: orange, cryptophytes; yellow, fungi; 
olive, other eukaryotes; magenta, haloarchaea; cyan, cyanobacteria; pink, other prokaryotes; 
not colored, microbial rhodopsins from undefined source organisms. Proteins tested in this 
study are marked with the black arrows on the right. Some redundant entries have been 
manually removed by the Dendroscope 3 software (1). The tree was visualized using the 
EvolView server (2). 

 



 
 
GtCCR1 : IAANWISFLVIAGSFVVLCFISLRYKGPGGNENYY---------------NGFREQNMLTVIINLWCALAYFAKVLQSHSDDDGFVP------ :  79 
GtCCR2 : ITANWISFLAISASFIILLVISLRYKGPGGTESFY---------------NGFKEQNMLTVFINLWCALAYFAKVLQSHSNDNGFAP------ :  79 
GtCCR3 : IAADWIGFIALFGSSLAVAYKLVTFKGPDQDDVYF---------------FGYREEKMISVFVNLFAALAYWAKLASHANGDVGPAAS----- :  91 
PsuCCR : IIAHWVTFFFHMITTFYLGYVSFHSKGPGGKQPYF---------------AGYHEENNIGIFVNLFAAISYFGKVVSDTHGHNYQNVGPFIIG :  102 
HsBR   : QITGRPEWIWLALGTALMGLGTLYFLVKGMGVSD----------------PDAKKFYAITTLVPAIAFTMYLSMLLGYGLTMVPFG--GEQNP :  77 
HspAR2 : LNDGRPETLWLGIGTLLMLIGTFYFIARGWGVTD----------------KEAREYYAITILVPGIASAAYLAMFFGIGVTEVELAS-GTVLD :  88 
HsoAR3 : LGDGRPETLWLGIGTLLMLIGTFYFLVRGWGVTD----------------KDAREYYAVTILVPGIASAAYLSMFFGIGLTEVTVG--GEMLD :  87 
HaCR1  : MPEPGSEAIWLWLGTAGMFLGMLYFIARGWGETD----------------SRRQKFYIATILITAIAFVNYLAMALGFGLTIVEFA--GEEHP :  78 
CrChR1 : GSVICIPNNGQCFCLAWLKSNGTNAEKLAANILQWITFALSALCLMFYGYQTWKSTCGWEEIYVATIEMIKFIIEYFHEFDEPAVIYSSNGNK :  154 
CrChR2 : VNGSVLVPEDQCYCAGWIESRGTNGAQTASNVLQWLAAGFSILLLMFYAYQTWKSTCGWEEIYVCAIEMVKVILEFFFEFKNPSMLYLATGHR :  115 
PsChR2 : NPEYLNETILLDDCTPIYLNVGPLWEQKVARGTQWFGVILSLAFLIYYIWITYKATCGWEELYVCTIEFCKIVIELYFEFSPPAMIYQTNGEV :  98 
MvChR1 : IRYFVENDFEGCIPGHFDQYSSHGSLHDIVKAALYICMVISILQILFYGFQWWRKTCGWEVWFVACIETSIYIIAITSEADSPFTLYLTNGQI :  134 
                                                                                                                 
 
                                                                                                                 
GtCCR1 : LTKIPYLDYATTCPLLTLDLMWCLDAPYKITSAVLVFTVMITGVACSLAVAP----YSFYWFAMGMVLFIFTYVLMLSIVRERLEFITQCAHD :  168 
GtCCR2 : LTVIPYVDYCTTCPLLTLDLLWCLDAPYKISSAVLVFTCLVIAVACSLAVAP----FSYCWFAMGMVLFTFTYVFILSIVRQRLDFFTLCARD :  168 
GtCCR3 : VTTYKYLDYLFTCPLLTIDLLWCLNLPYKFTFGAIVAVCILCAFMASVIPPP----ARYMWFGMGITVFSAAWFNILKLVRMRLEQFVSKEA- :  178 
PsuCCR : LGNYRYADYMLTCPLLVMDLLFQLRAPYKITCAMLIFAVLMIGAVTNFYPGDDMKGPAVAWFCFGCFWYLIAYIFMAHIVSKQYGRLDYLAHG :  195 
HsBR   : IYWARYADWLFTTPLLLLDLALLVDADQGTILALVGADGIMIGTGLVGALT--------KVYSYRFVWWAISTAAMLYILYVLFFGFTSKAES :  162 
HspAR2 : IYYARYADWLFTTPLLLLDLALLAKVDRVTIGTLIGVDALMIVTGLIGALS--------KTPLARYTWWLFSTIAFLFVLYYLLTSLRSAAAK :  173 
HsoAR3 : IYYARYADWLFTTPLLLLDLALLAKVDRVTIGTLVGVDALMIVTGLIGALS--------HTAIARYSWWLFSTICMIVVLYFLATSLRSAAKE :  172 
HaCR1  : IYWARYSDWLFTTPLLLYDLGLLAGADRNTITSLVSLDVLMIGTGLVATLSPG--SGVLSAGAERLVWWGISTAFLLVLLYFLFSSLSGRVAD :  166 
CrChR1 : TVWLRYAEWLLTCPVILIHLSNLTGLANDYNKRTMGLLVSDIGTIVWGTTAALSKGYVRVIFFLMGLCYGIYTFFNAAKVYIEAYHTVPKGI- :  245 
CrChR2 : VQWLRYAEWLLTCPVILIHLSNLTGLSNDYSRRTMGLLVSDIGTIVWGATSAMATGYVKVIFFCLGLCYGANTFFHAAKAYIEGYHTVPKGR- :  206 
PsChR2 : TPWLRYAEWLLTCPVILIHLSNITGLNDDYSGRTMSLITSDLGGICMAVTSALSKGWLKWLFFVIGCCYGASTFYHAALIYIESYYTMPHGV- :  189 
MvChR1 : SPQLRYMEWLMTCPVILIALSNITGMAEEYNKRTMTLLTSDVCCIVLGMMSAASKPRLKGILYAVGWAFGAWTYWTALQVYRDAHKAVPKP-- :  224 
                                                                                                                 
 
                                                                                               
GtCCR1 : SNAKRSIKHLKAAVIIYFGIWPIFAILWLLSYRAANVISNDTNHILHCILDVIAKSCFGFVLLHFKMYFDKKLLESG : 245 
GtCCR2 : SNAKQSLKHLKTAVFIYFGIWLLFPLLWLLSYRAANVISNDINHIFHCILDVIAKSVYGFALLYFKMYFDKKLIESG : 245 
GtCCR3 : ---KKVRQSLKVACMTYFFIWLGYPTLWVLGDAG--VLDSVVSALLHTFLDVFSKSIYGFALLHFVMRTDKREFIFV : 251 
PsuCCR : TKAEGALFSLKLAIITFFAIWVAFPLVWLLSVGTG-VLSNEAAEICHCICDVVAKSVYGFALANFREQYDRELYGLL : 271 
HsBR   : M-RPEVASTFKVLRNVTVVLWSAYPVVWLIGSEGAGIVPLNIETLLFMVLDVSAKVGFGLILLRSRAIFGEAEAPEP : 238 
HspAR2 : R-SEEVRSTFNTLTALVAVLWTAYPILWIVGTEGAGVVGLGIETLAFMVLDVTAKVGFGFVLLRSRAILGETEAPEP : 249 
HsoAR3 : R-GPEVASTFNTLTALVLVLWTAYPILWIIGTEGAGVVGLGIETLLFMVLDVTAKVGFGFILLRSRAILGDTEAPEP : 248 
HaCR1  : L-PSDTRSTFKTLRNLVTVVWLVYPVWWLIGTEGIGLVGIGIETAGFMVIDLTAKVGFGIILLRSHGVLDGAAETTG : 242 
CrChR1 : -----CRDLVRYLAWLYFCSWAMFPVLFLLGPEGFGHINQFNSAIAHAILDLASKNAWSMMGHFLRVKIHEHILLYG : 318 
CrChR2 : -----CRQVVTGMAWLFFVSWGMFPILFILGPEGFGVLSVYGSTVGHTIIDLMSKNCWGLLGHYLRVLIHEHILIHG : 279 
PsChR2 : -----CKNMVLAMAAVFFTSWFMFPGLFLAGPEGTNALSWAGSTIGHTVADLLSKNAWGMIGHFLRLEIHKHIIIHG : 262 
MvChR1 : -----LAWYVRAMGYVFFTSWLTFPGWFLLGPEGLEVVTGTVSTLMHACSDLISKNLWGFMDWHLRVLVARHHRKLF : 297 
 

helix 1 helix 2 

helix 6 helix 7 

helix 3 helix 4 helix 5 
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Supporting figure 2. A ClustalW partial protein alignment of four cryptophyte CCRs used in 
this study: GtCCR1 aka 120390 (KU761994), GtCCR2 aka 99928 (KU761992), GtCCR3 aka 
162755 (KU761993) and PsuCCR aka PsChR2 (KF992056). For comparison are also 
included haloarchaeal proton pumps: HsBR, Halobacterium salinarum bacteriorhodopsin 
(V00474), Halobacterium sp aus-2 archaeorhodopsin-2 (S56354), Halorubrum sodomense 
archaeorhodopsin-3 (GU045593), Haloarcula argentinos cruxrhodopsin-1 (D31880), and 
chlorophyte CCRs: Chlamydomonas reinhardtii ChR1 (AF508965), Chlamydomonas 
reinhardtii ChR2 (AF508966), Platymonas (Tetraselmis) subcordiformis ChR2 (JX983143), 
and Mesostigma viride ChR1 (JF922293). Numbers in parentheses are GenBank accession 
numbers. Amino acid residue numbering and helical regions are according to the HsBR 
sequence. The Glu residues conserved in helix 2 of chlorophyte CCRs but not found in 
cryptophyte CCRs or haloarchaeal rhodopsin proton pumps are highlighted green, and the 
Asp residues conserved in helix 3 of haloarchaeal rhodopsin proton pumps and cryptophyte 
CCRs are highlighted red. 
 

 

 



Biophysical Journal-Biophysical Letters 

Biophysical Journal-Biophysical Letters  L06 

 

0.00

0.05

0.10

0.15

0

200

400

600

800

1000

CrC
hR

2

Psu
CCR 

(P
sC

hR
2)

GtC
CR3 

(16
27

55
)

 G
tC

CR2 

  (9
99

28
)

Pl
at

ea
u 

cu
rre

nt
 (p

A)

GtC
CR1 

 (1
20

39
0)

 H
al

f-d
ec

ay
 ra

te
 (1

/m
s)

Supporting figure 3. The mean amplitudes of stationary photocurrents (red bars, left axis) 
generated by cryptophyte CCRs in HEK293 cells at the saturating light intensity and the 
wavelengths of the maximal sensitivity for each protein (see Fig. 2 in the main text), and half-
decay rates of these currents upon switching off the light (black bars, right axis). The data are 
the mean values ± SEM (n = 5-14 cells). Although the current amplitudes also reflect 
expression levels, expression yield was not the reason for the observed differences, because 
the intensities of the tag fluorescence of all tested constructs were similar. The half-decay 
rate of the current decay (half-closing of the channel) is the reciprocal of the time when the 
stationary photocurrent amplitude decreases 50% after switching off the light. 
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Supporting figure 4. The shifts of Er upon a 100-fold reduction of the Na+ (from 150 mM to 
1.5 mM; red bars) or H+ (from pH 5.4 to pH 7.4; black bars) concentration in the bath 
determined for cryptophyte CCRs by measuring the IE curves as shown in Fig. 3 c in the 
main text. The data points are the mean values ± SEM (n = 3-5 cells). 
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