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ABSTRACT Microbial rhodopsins are remarkable for the diversity of their functionalmechanisms based on the sameprotein scaf-
fold.Aclassof rhodopsins fromcryptophytealgaeshowclosesequencehomologywithhaloarchaeal rhodopsinprotonpumps rather
thanwithpreviously knownchannelrhodopsins fromchlorophyte (green)algae. Inparticular, bothaspartate residues thatoccupy the
positions of the chromophoreSchiff base proton acceptor and donor, a hallmark of rhodopsin proton pumps, are conserved in these
cryptophyte proteins. We expressed the corresponding polynucleotides in human embryonic kidney (HEK293) cells and studied
electrogenic properties of the encoded proteins with whole-cell patch-clamp recording. Despite their lack of residues characteristic
of the chlorophyte cation channels, theseproteins are cation-conducting channelrhodopsins that carry out light-gated passive trans-
port of Naþ and Hþ. These findings show that channel function in rhodopsins has evolved via multiple routes.
Phototaxis receptors that depolarize the membranes of
green (chlorophyte) algae (1) act as light-gated cation
channels when expressed in animal cells (2,3). This unique
property earned them the name ‘‘channelrhodopsins’’ and
made them molecules of choice for optogenetic depolariza-
tion of the cell membrane and neuronal activation (4).
In the phylogenetically distant cryptophyte algae, another
family of channelrhodopsins with strictly anion selectivity
was found and used to hyperpolarize the membrane and
neuronal inhibition (5). Although these latter proteins,
called anion channelrhodopsins, share some sequence ho-
mology with cation channelrhodopsins (CCRs) from green
algae, their conduction mechanisms are clearly different
(6–8).

Guillardia theta, the only cryptophyte organism the
genome of which has been completely sequenced (9), is
predicted to encode at least 53 microbial (type 1) rhodopsins
(5). Except for the anion channelrhodopsins, few other
rhodopsins from this organism have been investigated by
heterologous expression (10). One cluster of G. theta
rhodopsin protein models contains nine sequences, the
closest homologs of which, besides similar proteins from
other cryptophytes and uncharacterized fungal proteins,
are haloarchaeal rhodopsins (Fig. S1 in the Supporting
Material). Here we show that these proteins (which we
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designate as cryptophyte CCRs) are light-gated cation chan-
nels with distinctly different structures than those of previ-
ously known chlorophyte CCRs from green algae.

We synthesized human codon-adapted versions of three
polynucleotides corresponding to the G. theta predicted
transcripts 99928 (GenBank: KU761992), 120390 (Gen-
Bank: KU761994) and 162755 (GenBank: KU761993).
The encoded polypeptides extend 150–200 residues beyond
the seven-transmembrane-helix (rhodopsin) domain, but
no other putative domains could be detected. We also
included in our analysis a highly homologous protein from
the cryptophyte alga Proteomonas sulcata (GenBank:
KF992056) previously shown to generate photocurrents in
neurons (11). We also synthesized a construct (GenBank:
KU761991) corresponding to G. theta model 135937, but
it was nonfunctional in our system.

An alignment of the rhodopsin domains showed a closer
match of cryptophyte CCRs with haloarchaeal proton
pumps than with chlorophyte CCRs (Fig. S2). Asp residues
in the positions of the retinylidene Schiff base proton
acceptor and donor (Asp-85 and Asp-96 in Halobacterium
salinarum bacteriorhodopsin (HsBR), respectively) are
conserved in all four studied cryptophyte CCRs, whereas
in the majority of chlorophyte CCRs Asp-85 is replaced
with Glu, and Asp-96, with His (Fig. 1). Proton transport ac-
tivity was not observed in a previously studied rhodopsin
from the same organism, GtR1, which also has Asp residues
in both proton acceptor and donor positions, and a rhodopsin
from the fungus Neurospora, NR, in which Asp-85 is
conserved and Asp-96 is found as Glu (10,12).

mailto:john.l.spudich@uth.tmc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2016.05.001&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2016.05.001


FIGURE 1 Sequence logos of the transmembrane helix 3

generated with WebLogo 3 (17) from the alignment shown in

Fig. S2. The numbering is according to the HsBR sequence.
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None of the five conserved Glu residues in helix 2 of
chlorophyte CCRs (highlighted green in Fig. S2) that
contribute to their cation translocation pathway (13) is
conserved in the tested cryptophyte proteins. However,
cryptophyte CCRs share with CCRs from green algae a
Cys residue in the position of Thr-90 in HsBR (Fig. 1).
Arg-82 (HsBR numbering), conserved in most microbial
rhodopsins, is replaced with Pro or Lys in G. theta CCRs.
Modification of the Arg-82 homolog in an Hþ-pumping
rhodopsin from the green alga Coccomyxa converted it
into an operational Hþ channel (14).

We expressed the constructs encoding the rhodopsin do-
mains of four cryptophyte CCRs fused to enhanced yellow
fluorescent protein in human embryonic kidney (HEK293)
cells and tested their electrogenic function with whole-cell
patch-clamp. Under our standard conditions (the holding
potential (Eh) �60 mV, 150 mM NaCl in the bath,
126 mM KCl in the pipette, pH 7.4; for other details, see
the Supporting Material), all four proteins generated inward
currents in response to a light pulse. The mean amplitudes
and half-decay rates of the photocurrents are shown in
Fig. S3. Protein 99928 generated the largest currents,
FIGURE 2 The action spectra of photocurrents generated by

cryptophyte CCRs in HEK293 cells.
whereas the currents from the other three proteins were
considerably smaller.

The action spectra of the photocurrents are shown in
Fig. 2. In the genomes of most green algae, only two chan-
nelrhodopsin homologs have been found. According to a
historical convention, the more red-shifted rhodopsin from
the same organism is assigned the number 1, and the more
blue-shifted is assigned the number 2 (1).

As shown below, all threeG. theta rhodopsins tested in this
study are nonselective light-gated cation channels. Therefore,
we assigned the abbreviationGtCCR1 to the most red-shifted
one (120390) with the maximal sensitivity at 520 nm;
GtCCR2, to the more blue-shifted rhodopsin (99928) with
FIGURE 3 Representative series of photocurrents generated

by GtCCR2 in a HEK293 cell at 150 (a) and 1.5 (b) mM NaD in

the bath. Eh was changed in 20-mV steps from �80 to 40 mV at

the amplifier output (bottom to top). (c) The current-voltage

relationship for the cell shown in (a) and (b). The data are the

mean values mean 5 SE (n ¼ 3) corrected for liquid junction

potentials.

Biophysical Journal 110, 2302–2304, June 7, 2016 2303



Govorunova et al.
the peak at 505 nm; and GtCCR3, to the most blue-shifted
rhodopsin (162755) with peaks at ~460 nm. The spectral
maximum of this latter protein corresponds to that of the
G. theta photoaccumulation response (10).

Initially, when no information regarding its ionic selec-
tivity was available, the homologous protein from
P. sulcata was referred to as ‘‘PsChR2’’ (11). To avoid
confusion with CCRs from the chlorophyte alga Platymonas
subcordiformis (15), we will call it PsuCCR in this study.
No number can be assigned to this rhodopsin as yet, because
the spectral properties of its several other homologs from the
same organism (Fig. S1) have not yet been determined.

Upon shifting Eh to more positive values, the photo-
currents generated by cryptophyte CCRs reversed their
direction (Fig. 3 a). The current-voltage dependencies (IE
curves) measured under standard conditions exhibited a sig-
nificant inward rectification (Fig. 3 c, open squares).

To identify the nature of the transported ions, we deter-
mined reversal potentials (Er) upon variation of the ionic
composition of the bath solution. When Naþ concentration
in the bath was reduced 100-fold by partial replacement
with n-methyl-D-glucamine (NMGþ), a dramatic inhibition
of photocurrents was observed (Fig. 3 b). Moreover, for all
tested proteins, Er shifted to more negative values (Figs. 3 c,
solid circles, and S4), indicating that they passively trans-
ported Naþ across the cell membrane.

A 100-fold reduction of the bath Hþ concentration (from
pH 5.4 to pH 7.4) also led to an Er shift to negative values,
although its magnitude was smaller than that for Naþ

(Fig. S4). Therefore, we concluded that cryptophyte CCRs
transport both Naþ and Hþ, as do chlorophyte CCRs from
green algae. Purely passive Hþ influx has also been demon-
strated at low extracellular pH and negative membrane po-
tentials for some rhodopsin Hþ pumps, such as that from
Gloeobacter violaceus (16) i.e., a leaky-pump phenomenon.
However, channel currents generated by cryptophyte CCRs
cannot be explained by this mechanism, because at physio-
logical conditions they are carried practically only by Naþ

ions (Fig. 3). Naþ pumping can be excluded, because the
direction of photocurrents depended on the Nernst equilib-
rium potential for Naþ.

Our results indicate that the microbial rhodopsin common
ancestor of chlorophyte and cryptophyte CCRs converged
on the same function through structurally different paths.
Further research is needed to elucidate the mechanisms of
cation conductance in cryptophyte CCRs, but it is already
clear that their identification expands our current concepts
about channelrhodopsins in an unexpected direction.
SUPPORTING MATERIAL

Four figures are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(16)30274-0.
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