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A live cell assay of GPCR coupling allows
identification of optogenetic tools for
controlling Go and Gi signaling
Edward R. Ballister†, Jessica Rodgers†, Franck Martial and Robert J. Lucas*

Abstract

Background: Animal opsins are light-sensitive G-protein-coupled receptors (GPCRs) that enable optogenetic control
over the major heterotrimeric G-protein signaling pathways in animal cells. As such, opsins have potential applications
in both biomedical research and therapy. Selecting the opsin with the best balance of activity and selectivity for a
given application requires knowing their ability to couple to a full range of relevant Gα subunits. We present the GsX
assay, a set of tools based on chimeric Gs subunits that transduce coupling of opsins to diverse G proteins into
increases in cAMP levels, measured with a real-time reporter in living cells. We use this assay to compare coupling to
Gi/o/t across a panel of natural and chimeric opsins selected for potential application in gene therapy for retinal
degeneration.

Results: Of the opsins tested, wild-type human rod opsin had the highest activity for chimeric Gs proxies for Gi and Gt
(Gsi and Gst) and was matched in Go proxy (Gso) activity only by a human rod opsin/scallop opsin chimera. Rod opsin
drove roughly equivalent responses via Gsi, Gso, and Gst, while cone opsins showed much lower activities with Gso than
Gsi or Gst, and a human rod opsin/amphioxus opsin chimera demonstrated higher activity with Gso than with Gsi or Gst.
We failed to detect activity for opsin chimeras bearing three intracellular fragments of mGluR6, and observed
unexpectedly complex response profiles for scallop and amphioxus opsins thought to be specialized for Go.

Conclusions: These results identify rod opsin as the most potent non-selective Gi/o/t-coupled opsin, long-wave sensitive
cone opsin as the best for selectively activating Gi/t over Go, and a rod opsin/amphioxus opsin chimera as the best choice
for selectively activating Go over Gi/t.
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Background
G-protein signaling is central to many aspects of cellular
and organismal biology. Opsins, a family of light-activated
G-protein-coupled receptors (GPCRs), therefore offer the
potential for optogenetic control of a wide range of pro-
cesses, analogous to the optogenetic revolution enabled by
ionophoric tools such as microbial channelrhodopsin, but
relevant for a much broader range of cell types. Opsins
are found across Eumetazoa and have members known to
couple to Gα subunits in the Gi/o/t, Gq/11/14, and Gs/olf
families [1, 2]. Wild-type and engineered opsins have been
used as optogenetic tools for research [3–7] and as

candidates for gene therapy, including for restoring vision
in retinal degeneration [8–11]. Like all GPCRs, opsins are
often capable of coupling to more than one G protein
within their preferred family, and some couple to G
proteins from different families [12, 13]. For any given ap-
plication, identifying the best available opsin or engineer-
ing improved opsins requires comparative measurement
of opsin activity toward the desired target G protein as
well as toward undesired, off-target G proteins. As part of
our ongoing investigation into the basic biology of opsins
and their use as optogenetic activators for research and
therapy, we sought to develop a simple, robust assay to
compare the functional coupling of many opsins toward
one or several diverse G proteins.
Comparing the activity of opsins, or indeed any GPCR,

toward different G proteins, even within the same family,
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is complicated by the unique intrinsic biochemical proper-
ties and downstream signaling behavior of each G protein.
For example, Gi, Gt, and Go are closely related, but their
distinct guanisine triphosphate (GTP) binding properties
necessitate using different conditions for experiments with
purified opsin in vitro, making it impossible to compare
their opsin coupling activity directly [14]. In living cells,
Gi, Gt, and Go target different downstream effector pro-
teins: Gi inhibits adenylyl cyclase, Gt stimulates some clas-
ses of phosphodiesterase, and Go acts on diverse targets
in different cell types, including ion channels, protein kin-
ase C, and small GTPases, amongst others [15, 16]. These
diverse signaling events may be measured using live-cell
reporters or biochemical assays. However, because they
engage different downstream pathways it is impossible to
attribute differences in sensitivity or response amplitude
unambiguously for a given opsin to selectivity in the
G-protein activation event itself. These challenges are
compounded for comparisons between G proteins of
different families.
One approach that has been used in both biochemical

and live-cell assays to overcome this difficulty is to
construct G-protein C-terminal chimeras that serve as
proxies for a set of G proteins of interest [14, 17–24].
The C-terminus is the major site of Gα/GPCR inter-
action [25, 26], and C-terminal Gα chimeras adopt the
GPCR specificity of their C-terminus, while retaining the
downstream signaling activity of the main body of the
Gα. Several studies have shown that many GPCRs ex-
hibit similar patterns of activity with C-terminal G-pro-
tein chimeras relative to the different Gα subunits
represented by those chimeras [14, 17–24]. Rewiring a
GPCR’s coupling to different G proteins through a single
downstream pathway allows direct comparison of opsin
coupling to a proxy of a G protein of interest, without
the need to employ fundamentally different assays for
each target and off-target G protein.
Adapting this idea, we developed an assay for profiling

GPCR coupling that uses Gs chimeras as proxies for di-
verse Gα subunits. We constructed a set of Gs chimeras
(GsX) in which the C-terminal 13 amino acids are re-
placed with eight different Gα C-terminal sequences,
representing 15 of 18 human Gα proteins (Fig. 1a).
Beyond the C-terminus, other regions of the Gα globular
domain make minor contributions to Gα/GPCR specifi-
city [25], but we chose not to alter these regions in the
GsX chimeras to avoid unpredictable effects on GsX
structure, stability, and ability to interact with Gβγ and
adenylyl cyclase. In this assay, a hypothetical GPCR that
couples to Gq, Gz, and G12 would activate Gs chimeras
bearing a Gq, Gz, or G12 tail (Gsq, Gsz, or Gs12), stimu-
lating adenylyl cyclase and causing an increase in cAMP
(Fig. 1b). The same GPCR would not activate other GsX
chimeras or wild-type Gs. Intracellular cAMP is

indirectly monitored using a live-cell luminescent cAMP
reporter, GloSensor™ 22 F (Glo22F), which has been
extensively characterized by our lab [27] and others [28–
30]. The GsX assay thus allows us to probe GPCR activ-
ity toward Gs and representatives of all other G-protein
families, in real time in living cells in a multi-well format
using a single biochemical pathway for direct compari-
son. An intrinsic limitation of using Gs chimeras as
probes is that the GsX assay is applicable only to GPCRs
that do not couple strongly to native Gs. Another limita-
tion is that one can never be certain that the GsX vari-
ants are exactly equivalently active, precluding simple
comparisons of a single GPCR’s activity across the GsX
panel. Nevertheless, it is possible to compare GsX activ-
ity profiles between GPCRs, allowing conclusions to be
drawn about differences in signaling selectivity across a
group of candidate GPCRs or against a control GPCR.
Our initial application for the GsX assay is to

characterize opsins with potential application in gene ther-
apy for retinal degeneration, the progressive, irreversible
loss of rod and cone photoreceptor cells. Although there
is currently no cure for retinal degeneration, promising re-
sults have been obtained in animal models using gene
therapy to photosensitize surviving retinal neurons using
either microbial or animal opsins [8–11, 31–35]. The
highest light sensitivity has been achieved by targeting ani-
mal opsins to ON-bipolar cells, a specific class of retinal
interneurons [8–11, 36] that normally receive their pri-
mary signal input from a Go-coupled GPCR, metabotro-
pic glutamate receptor 6 (mGluR6) [16, 37–39].
Maximizing opsin coupling to Go is therefore a focus for
further improvement within this paradigm. Here we
screen a panel of 11 Gi/o/t-coupled opsins, including two
opsins that have been tested for gene therapy in animal
models and several chimeric opsins that have been modi-
fied in an attempt to enhance Go coupling. We use the
GsX assay to measure each opsin’s light-induced activa-
tion of proxies of Gi, Go, and Gt, and, by comparing these
results against a standard (rod opsin), determine each op-
sin’s relative selectivity within the Gi/o/t class.

Results
Validating the GsX assay with MOR, BKB2R, and rod opsin
To confirm that profiles of GPCR-GsX chimera signaling
replicate known profiles of interaction with native Gα
subunits, we first tested the GsX chimera panel with two
well-characterized non-light-sensitive GPCRs: bradykinin
B2 receptor (BKB2R) and mu-opioid receptor (MOR).
MOR is selective for Gi/o/t/z, while BKB2R is known to
be broadly promiscuous, but with a preference for Gq
[13, 40]. HEK cells transfected with a bioluminescent
cAMP reporter (GloSensor 22 F, Promega), GPCR,
and each GsX (Fig. 1) were stimulated with a range
of concentrations of endomorphin-1 (EM, a MOR
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agonist) or bradykinin (BK) to construct dose–re-
sponse curves, which were fit with a sigmoid function
(response amplitude and EC50 values are listed in
Additional file 1). The impact of any coupling to en-
dogenous Gi (which would decrease cAMP) was mini-
mized by including pertussis toxin (Additional file 2:
Figure S1a,b). The luminescent signal from the cAMP
reporter was normalized to the pre-stimulation base-
line and the maximum signal post-stimulation was
measured as the response for each trial.

Based on MOR’s known activity, we expect to detect a
cAMP increase in this assay when MOR is co-expressed
with Gsi, Gso, Gst, and Gsz, but not with the other GsX
chimeras (Gsq, Gs12, Gs13, and Gs15), and not in the
absence of GsX (when such a response would rely upon
endogenous Gs) or transfected wild-type Gs. This is the
result we see (Fig. 1c,d). We also find that EM treatment
does not stimulate cAMP in the absence of MOR
(Additional file 3: Figure S2a), indicating that HEK cells
do not express endogenous MOR. Therefore, any

ba

c

d

Fig. 1 Profiling GPCR and opsin G-protein selectivity using the GsX assay. a C-terminal 14 amino acids of all human Gα subunits, grouped by family.
Gα subunits with identical C-terminal sequences (e.g., Gq and G11) are represented with a single entry. The eight GsX chimeras used in this study are
indicated at right. All GsX chimeras consist of wild-type GsS with the 13 amino acids after the final conserved aspartate replaced by the C-terminal 13
amino acids of the donor Gα subunits. In Gsi, Gso, and Gst chimeras, the -4 cysteine is replaced by serine (not shown) for insensitivity to pertussis toxin.
GsX chimeras representing Gi3, GoB, and G14 were not tested. b Promiscuous GPCRs couple to multiple Gα subunits and activate different cellular
responses. In this case, a hypothetical GPCR activates Gz, Gq, and G12 (black arrows), but not Gi or Gs (dashed gray arrows). In the GsX assay, this GPCR
produces an increase in cAMP when co-transfected with Gsz, Gsq, or Gs12, but not Gsi or wild-type Gs. c,d HEK293T cells treated with pertussis toxin
and transfected with Glo22F cAMP reporter and mu-opioid receptor (MOR), bradykinin receptor B2 (BKB2R), or rod opsin, without exogenous Gα (-), +
wild-type Gs (s), or + GsX were stimulated with endomorphin-1 (EM), bradykinin (BK), or 470 nm light. GloSensor cAMP luminescence for each trial was
normalized to pre-stimulus baseline, and the maximum cAMP fold-change post-stimulus (normalized response) within 20 mins for BKB2R and MOR, or
10 mins for rod opsin, was recorded. Replicate responses to saturating stimuli are shown in (c), with mean and SEM (n = 4, BK; n = 3, MOR, RHO).
Stimulus–response curves (d) show average cAMP response +/- SEM. Fits show sigmoidal dose–response curves of the form y = a + b/1 + 10(c - x)

where a isbottom, b is top-bottom, and c is logEC50. LogEC50 and top-bottom (response amplitude) values for each GPCR/GsX combination are listed
in Additional file 1. BKB2R and MOR data have been additionally normalized to account for systematic variation in response amplitude between
replicates. For details of data processing, see “Methods.” BK bradykinin, BKB2R bradykinin receptor B2, EM endomorphin-1, Glo22F GloSensor 22 F, GPCR
G-protein-coupled receptor, MOR mu-opioid receptor, RHO human rod opsin, SEM standard error of the mean
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response to EM can be attributed to transfected MOR
activating transfected Gsi, Gso, Gst, or Gsz chimeras.
The bradykinin receptor, by contrast, is a promiscuous

GPCR that couples most strongly to Gq but also to all
other Gα’s, including, weakly, Gs. We, therefore, expect
that BK treatment in cells expressing BKB2R would
stimulate a small increase in cAMP through endogenous
Gs, but that cells expressing GsX chimeras representing
high-efficiency partners for BKB2R (such as Gsq) would
exhibit larger responses. This is the pattern we observe
(Fig. 1c,d). BKB2R stimulation produces a small increase
(~1.3-fold) in cAMP in cells expressing only endogenous
Gα (or transfected with wild-type Gs), compared to an
18-fold response when co-expressed with Gsq. All other
GsX chimeras yielded an intermediate level of BKB2R ac-
tivity, as expected for this broadly active receptor [13]. As
above, BK treatment elicited no response in the absence of
transfected BKB2R (Additional file 3: Figure S2b).
As our primary interest is opsins, we tested the GsX

panel with human rod opsin (RHO in figure legends),
which is known to couple to Gt, Gi, and Go, but not Gs.
Cells transfected and treated as above were stimulated
with 470 nm light using an LED array. Light potently ac-
tivated Gsi, Gso, and Gst, as expected, and also Gsz
(Fig. 1c,d). Gz is closely related to Gi, Go, and Gt, and is
known to couple with many Gi-coupled GPCRs [41, 42].
Rod opsin did not show detectable coupling to Gsq in
response to light, but, surprisingly, did exhibit detectable
light responses with Gs12, Gs15, and, weakly, Gs13. To
our knowledge, these are the first results indicating rod
opsin can activate G12, G13, or G15. While it is unclear
whether rod opsin activity toward G proteins other than
Gt is significant for visual transduction in rods, this find-
ing is informative for the general question of GPCR/Gα
specificity (rod opsin is one of the most thoroughly char-
acterized GPCRs), and for the use of this opsin as an
optogenetic tool in cell types where G12, G13, or G15
are expressed.
As expected, rod opsin did not exert any light-

responsive effect on cAMP in negative control experi-
ments using endogenous or transfected wild-type Gs.
This confirms that rod opsin lacks significant coupling
to wild-type Gs (which would elevate cAMP). No light
responses were detected with any G proteins in negative
control experiments in the absence of opsin (Additional
file 3: Figure S2c). These negative control results allow
us to conclude that positive light responses observed
with GsX chimeras are driven solely by interaction be-
tween opsin and those particular GsX constructs, specif-
ically their C-terminal tails, since that is the only aspect
of the experiment that has been varied. Importantly, al-
though rod opsin-driven light responses (~40-fold
increase in GloSensor signal when coupled to Gsi) were
the largest recorded amongst this set of GPCRs, they

were still substantially smaller than those produced by a
natively Gs-coupled opsin, JellyOp [27, 43] (~200-fold,
Additional file 2: Figure S1c). This indicates that the re-
sponses we observe in the GsX assay are far from satur-
ating the downstream components of this signaling
system, including adenylyl cyclases and the GloSensor
reporter itself.

Candidate opsins for retinal degeneration gene therapy
We next applied the GsX assay to a panel of 11 puta-
tively Gi/o/t-coupled opsins selected for potential appli-
cation in gene therapy for retinal degeneration (Fig. 2a).
We tested three human visual opsins: rod opsin, long-
wave-sensitive (LWS) cone opsin, and short-wave-
sensitive (SWS) cone opsin, and two members of the
Go-opsin family, thought to be adapted for Go coupling:
amphioxus opsin 1 from Branchiostoma belcheri and
scallop opsin 2 from Patinopecten yessoensis [44, 45]
(AmphiOp1 and ScallOp2, respectively). Our panel also
includes three human rod opsin chimeras in which the
third intracellular loop is replaced by either the second
loop of mGluR6 (RL3m6L2), the third loop of ScallOp2
(RL3Sc), or the third loop of AmphiOp1 (RL3Am). Bo-
vine rod opsin analogs of RL3m6L2 and RL3Sc have
been previously characterized using in vitro biochemistry
[14, 46]; RL3Am is original to this study. In the final three
chimeras, the second and third intracellular loops and the
C-terminal intracellular tail of mGluR6 have been grafted
onto mouse melanopsin, human melanopsin, or human
rod opsin (mML23Cm6, hML23Cm6, and RL23Cm6, re-
spectively). The mouse melanopsin/mGluR6 chimera,
termed Opto-mGluR6 in the original study, has been
tested for retinal degeneration gene therapy in mice [9].
The amino-acid sequences of the chimeric fragments are
shown in Fig. 2b. All opsins were constructed with the
C-terminal nine amino acids of rod opsin (TETSQVAPA)
as an epitope tag for the 1D4 monoclonal antibody.
Immunocytochemistry confirmed that all 11 opsins were
expressed in HEK293T cells (Fig. 2c,d). Rod opsin had the
highest expression, while mML23Cm6, hML23Cm6, and
RL23Cm6 had the lowest.

Assays to detect light-responsive coupling to endogenous
Gi, endogenous Gs, and GsX
The opsins were screened with three different assays,
testing coupling to endogenous Gi [+forskolin, -PTX
(pertussis toxin)], endogenous Gs (-forskolin, +PTX),
and the Gsi, Gso, and Gst chimeras (-forskolin, +PTX).
The range of basal (pre-flash) GloSensor cAMP levels
for each combination of transfected opsin and GsX are
shown in Additional file 4: Figure S3. We expected that
all opsins in this set would couple to endogenous Gi and
the GsX chimeras, but not endogenous Gs. In each of
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these assays, we measured the maximum fold-change in
GloSensor luminescence relative to baseline in response
to 470 nm light over a range of radiant exposures.
Functionally, the opsins fell into three groups: (1) rod
opsin, cone opsins, and the rod opsin loop-3 chimeras
coupled to Gi, Gsi, Gst, and Gso but not Gs (as
expected); (2) the opsin chimeras bearing three intracel-
lular fragments of mGluR6 showed little activity in any
assay; and (3) amphioxus and scallop opsin exhibited
unexpected activity categorically different from the
mammalian visual opsins. These results are discussed in
detail for each group below.

Rod opsin, cone opsins, and rod opsin loop-3 chimeras
The human visual opsins and the rod opsin chimeras in
which only the third intracellular loop was substituted
(RL3m6L2, RL3Sc, and RL3Am) behaved as expected for
Gi/o/t-selective opsins in control assays for coupling to
wild-type Gs and Gi. They exhibited no light response in
the endogenous Gs assay and they suppressed cAMP in
response to light in the endogenous Gi assay (Additional
file 5: Figure S4, Additional file 6: Figure S5). Import-
antly, these opsins stimulated cAMP in response to a
light pulse when co-transfected with Gsi, Gso, or Gst
(Fig. 3c,d). To determine which opsin most effectively

c

a b

d

Fig. 2 Opsins tested in this study. a Schematic of opsins tested (and mGluR6), illustrating intracellular regions exchanged in chimeras. RHO indicates
wild-type human rod opsin, SWS indicates wild-type human short-wave-sensitive cone opsin, and LWS marks wild-type human long-wave-sensitive
cone opsin. mGluR6 was not tested, but is presented to illustrate chimeric opsin construction. mML23Cm6 was previously published as Opto-mGluR6.
All of the opsin constructs were tagged with the C-terminal nine amino acids of rod opsin, which is the epitope for the 1D4 monoclonal antibody.
b Amino-acid sequences of the transmembrane helix (TM)–intracellular fragment–TM splice junctions of the opsin chimeras. c,d HEK293T cells were
transfected with opsins, fixed, stained with 1D4 anti-rod opsin antibody and fluorescent secondary antibody, and imaged on a wide-field fluorescent
microscope at 20× magnification. c Representative images of cells expressing each opsin and control. d Quantification of integrated fluorescence
intensity (minus background) for ten randomly selected fields from each sample, normalized to mean of no-opsin control, with mean and SEM.
AmphiOp1 amphioxus opsin 1, AU arbitrary units, hML23Cm6 human melanopsin/mGluR6 (mouse) triple-fragment chimera, LWS long-wave sensitive,
mGluR6 metabotropic glutamate receptor 6, mML23Cm6 mouse melanopsin/mGluR6 (mouse) triple-fragment chimera, RHO human rod opsin,
RL23Cm6 RHO/mGluR6 three-fragment chimera, RL3Am RHO loop 3/AmphiOp1 loop 3 chimera, RL3m6L2 RHO loop 3/mGluR6 loop 2
chimera, RL3Sc RHO loop 3/ScallOp2 loop 3 chimera, ScallOp2 scallop opsin 2, SEM standard error of the mean, SWS short-wave sensitive,
TM transmembrane helix
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Fig. 3 Human rod opsin, cone opsins, and rod opsin loop-3 chimeras couple to GsX. a Schematic of Gi/o/t-coupled opsin signaling through endogenous
pathways (left) and redirected via Gsi, Gso, or Gst. Opsin is shown with all-trans-retinal, representing the active state of human visual opsins. b–e HEK293T
cells treated with pertussis toxin and transfected with Glo22F cAMP reporter, opsin and Gso, Gsi, or Gst were stimulated with 470 nm light (rod opsin n= 3,
others n= 4). GloSensor cAMP luminescence was normalized to baseline and light responses were calculated as detailed in “Methods.” b Time-course data
for 1014.1 photons/mm2 flash at t= 0, showing mean +/- SEM at each timepoint. c Dose–response curves for each opsin/GsX combination, showing mean
GloSensor cAMP response +/- SEM for each radiant exposure level tested. Curves are fitted to the average GloSensor response across replicates.
The best-fitting parameters are listed in Additional file 7. d Individual trial response amplitudes from sigmoid curves for each replicate. Within
each GsX, response amplitudes for the opsins were compared to that of rod opsin by ANOVA. e Individual trial response amplitudes in (d)
were normalized to the average response amplitude for rod opsin for the appropriate GsX, to allow comparison of relative selectivity by
ANOVA. For the ANOVA analysis in (d) and (e), α = 0.0033, based on a Bonferroni correction for multiple comparisons (initial α = 0.05, 15 comparisons
total). Asterisks (*) represent comparisons that pass this threshold. Some error bars are smaller than the symbols, and in these cases the error bars are
not shown. Best-fitting parameters and statistical tests pertaining to individual trials in (d) and (e) are in Additional file 10. LWS long-wave sensitive,
RHO human rod opsin, RL3Am RHO loop 3/AmphiOp1 loop 3 chimera, RL3m6L2 RHO loop 3/mGluR6 loop 2 chimera, RL3Sc RHO loop 3/ScallOp2
loop 3 chimera, SEM standard error of the mean, SWS short-wave sensitive
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coupled to each G protein, irradiance curves were fitted
for each individual trial, and response amplitudes were
compared (by ANOVA) to rod opsin as a standard.
When coupled to Gso, rod opsin induced an average
21.6-fold increase in the GloSensor cAMP signal over
baseline, which was marginally exceeded by RL3Sc
(24.6-fold), although this difference did not meet our
threshold for statistical significance. The other four op-
sins had significantly lower response amplitudes when
coupled to Gso: RL3m6L2 (12.7-fold), RL3Am (8.2-fold),
LWS cone opsin (1.8-fold), and SWS cone opsin (1.3
fold). Rod opsin’s response amplitudes when coupled to
Gsi and Gst (28.3-fold and 21.9-fold, respectively) were
significantly greater than those of the other five opsins
in this group, which ranged from 17-fold to 2.5-fold
(Additional file 7). The sensitivity showed a similar pat-
tern as the response amplitude: rod opsin had the high-
est sensitivity (lowest EC50 in terms of photons/mm2)
when coupled to Gsi and Gst, and was matched in sensi-
tivity by RL3Sc when coupled to Gso (Additional file 8:
Figure S6a), and SWS cone opsin, which had the lowest
response amplitudes, exhibited the poorest sensitivity.
We next sought to characterize G-protein selectivity

by comparing coupling to Gso, Gsi, and Gst within each
opsin. This comparison is complicated by the possibility
that there may be systematic differences between Gso,
Gsi, and Gst, for instance in expression, localization, or
interaction with Gβγ subunits, adenylyl cyclase, or other
regulatory proteins in a cell. Since it is impossible to
enumerate or systematically measure all such factors
that may affect G-protein performance in living cells, we
controlled for potential differences by normalizing each
opsin’s Gso, Gsi, ad Gst response amplitude to that of
rod opsin (Fig. 3e). This allows us to compare G-protein
selectivity relative to the reference opsin within this data
set. There were no statistically significant differences be-
tween Gsi vs. Gst activity for any of the five opsins, indi-
cating that none of them show a greater disparity in
their Gsi/Gst coupling than rod opsin does. There were,
however, striking differences in relative performance be-
tween Gso and Gsi/Gst for LWS cone opsin, RL3Sc, and
RL3Am. RL3Sc and RL3Am had significantly higher re-
sponses with Gso than Gsi/Gst, whereas LWS cone
opsin had much lower responses with Gso than with
Gsi/Gst. Like LWS cone opsin, SWS cone opsin activity
was weakest with Gso (significantly less than Gst). These
results indicate that, relative to rod opsin, RL3Am and
RL3Sc are selective for Gso, and LWS cone opsin is se-
lective for Gsi and Gst (Fig. 3e). These patterns were
also apparent when directly comparing response am-
plitudes for each opsin without prior normalization to
rod opsin (Additional file 8: Figure S6b), suggesting
that they are not an artifact of normalization, even
considering the caveats discussed above.

mML23Cm6, hML23Cm6, and RL23Cm6
The chimeric opsins with three fragments of mGluR6
(mML23Cm6, hML23Cm6, and RL23Cm6) showed little
evidence of light response when assayed for coupling to
endogenous Gs (+PTX, Additional file 3: Figure S2), en-
dogenous Gi (-PTX, + forskolin), or exogenous Gsi, Gso,
or Gst (+PTX, Fig. 4). The sole exception was RL23Cm6,
which produced a statistically significant light response
in the endogenous Gi assay (albeit approximately tenfold
less than recorded for rod opsin), but not in Gsi, Gso, or
Gst assays. The lack of signaling activity for these chi-
meras was retained even when we employed ~100-fold
more light, increased the amount of DNA transfected by
10×, or employed a different cell type (Neuro2A cells;
data not shown). These findings indicate that these chi-
meras are much less efficient at coupling to Gi/o/t in
this system than the other opsins tested here.

ScallOp2 and AmphiOp1
The two marine opsins, ScallOp2 and AmphiOp1,
exhibited unexpected behavior. ScallOp2 stimulated
cAMP in response to light in the endogenous Gs assay
(+PTX, -forskolin), as well as in the endogenous Gi assay
(-PTX, +forskolin) (Fig. 5a,b). ScallOp2 was the only
opsin to drive an increase in cAMP signal in the en-
dogenous Gi assay. Although the fold-change in both
cases is small (+3.3-fold in the Gs assay and +1.7-fold in
the Gi assay), the absolute increase in cAMP GloSensor
signal in the Gi assay (~15,000 raw luminescence units
or RLU) was comparable to the absolute decrease in-
duced by rod opsin in the same assay (~18,000 RLU) or
the increase induced by LWS cone opsin when coupling
to Gsi (~16,000 RLU). ScallOp2’s light response was not
enhanced in the presence of Gsi, Gso, or Gst, so there is
no evidence that it productively couples to those con-
structs in this system. In summary, these data indicate
that ScallOp2 drives light-dependent accumulation of
cAMP via cascades endogenous to HEK cells. Ordinarily,
one would assume that this represented Gs activity, but
as this effect was synergistic with forskolin, some other
signaling pathway may be engaged.
AmphiOp1, by contrast, showed no activity in either

the endogenous Gs or Gi assays, but did affect cAMP
when co-transfected with Gsi, Gso, or Gst (Fig. 5c,d).
AmphiOp1 elevated cAMP when exposed to low-energy
flashes, which was consistent with coupling to these chi-
meras as expected for Giot-coupled opsin. Surprisingly,
AmphiOp1 suppressed cAMP at higher energies, sug-
gesting that it also activates a second signaling pathway
that negatively regulates cAMP. Time-course data for
AmphiOp1 at stimulus intensities spanning the range
tested (Fig. 5c) illustrate this biphasic response to light,
which was not observed for any of the other opsins. One
obvious potential origin for the additional inhibitory
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response is coupling to endogenous Gi in HEK cells, but
the inclusion of PTX in the assay indicates that this is
not the case and that the effect reflects some other sig-
naling modality.

Discussion
Screening opsins for retinal prosthesis
Optogenetic activation of Go signaling in surviving
ON-bipolar cells has emerged as an exciting approach
for restoring vision in patients with advanced retinal de-
generation. Two putatively Go-coupled opsins have been
shown to restore visual responses with this approach:
mammalian rod opsin and the melanopsin:mGluR6
chimera Opto-mGluR6 (termed mML23Cm6 here). An
important question for this application is: Which of
these established candidates has the most favorable char-
acteristics and can efficacy be improved by targeted mu-
tagenesis or employing an entirely different opsin (e.g.,
one that has evolved to couple with Go)? There has been
no direct side-by-side comparison of therapeutic opsin
candidates upon which to base such assessments. The
GsX assay provides a useful platform for comparing op-
sins in living cells. While it does not address the ultimate
question of in vivo utility directly, the GsX assay has
allowed us to test rapidly a large number of opsins for the
feature reasonably predicted to be the most important de-
terminant of efficacy – their ability to couple to Go. An
equivalent assessment of in vivo efficacy would require a
significant number of animals, and therefore be much less
practical in terms of time and money.
Our assay reveals that the most attractive all-around

candidate for Gi/o/t-coupling is wild-type human rod
opsin. While we were able readily to record Gso activity
from rod opsin in our GsX assay, this was not the case
for the published alternative Opto-mGluR6 (or the other

mGluR6-derived chimeras tested). The lack of activity
for the opsin-mGluR6 chimeras (RL23Cm6, hML23Cm6,
and mML23Cm6/Opto-mGluR6) with the GsX chimeras
is unexpected. Opto-mGluR6 has been shown to func-
tion in tissue culture cells when tested with patch-clamp
electrophysiology, but only with sustained illumination
at light levels ~100-fold greater than we used [9]. One
possible explanation for the lack of activity in our assay
is poor protein expression. Although we transfected an
equivalent amount of plasmid DNA for all opsins, these
chimeras had the lowest expression when probed by im-
munofluorescence. However, it is likely that chimera de-
sign also contributes. These chimeras all replace the
N-terminal half of the second intracellular loop with a
sequence from mGluR6. This region of rod opsin and
melanopsin contains the highly conserved (D/E)RY
motif, which is important for G-protein-coupling activity
in many GPCRs. In the three-fragment chimeras tested
here, the chimeric substitution replaces (D/E)RY with a
sequence containing an intervening isoleucine: (D/
E)RIY. Literature precedent indicates that rod opsin does
not tolerate substitutions in this region of its second
intracellular loop [46]. In light of our negative results in
tissue culture cells, it is interesting that Opto-mGluR6
functions when expressed in bipolar cells of transgenic
mice [9]. It is possible that ON-bipolar cells are better
able to express the opsin, or that they express accessory
factors that enable more efficient coupling or down-
stream signal amplification. Our results indicate that
opsin chimeras with multiple fragments of mGluR6 are
substantially less active than wild-type opsins, and high-
light the need for direct comparisons between therapeutic
candidates in like-for-like assays.
We tested four chimeras of rod opsin (RL3Sc, RL3Am,

RL3m6L2, and RL23Cm6). In almost every assay, these

a b

Fig. 4 mML23Cm6, hML23Cm6, and RL23Cm6 exhibit little or no light response. a HEK293T cells treated with pertussis toxin and transfected with Glo22F
cAMP reporter, +/- opsin, and Gso, Gsi, or Gst were stimulated with 470 nm light. Normalized light responses were calculated as above. For details, see
“Methods.” None of these opsins exhibited light responses that satisfied our statistical criteria. b HEK293T cells were transfected with Glo22F and opsin, as
indicated, and treated with 2 μM forskolin for 30 mins prior to experiment to elevate basal cAMP, in an assay for opsin coupling to endogenous Gi. Cells
were stimulated with 470 nm light and the minimum GloSensor cAMP level post-flash was recorded for each trial. Only RL23Cm6 exhibited statistically
significant activity, and its fitted response curve is shown. a, b Graphs show mean cAMP response +/- SEM (n= 3) at varying irradiance. Symbols for
mML23Cm6 and RL23Cm6 have been offset slightly in the x-axis to aid visualization. Error bars smaller than symbols are not shown. hML23Cm6 human
melanopsin/mGluR6 (mouse) triple-fragment chimera, mML23Cm6 mouse melanopsin/mGluR6 (mouse) triple-fragment chimera, PTX pertussis toxin,
RL23Cm6 RHO/mGluR6 three-fragment chimera, SEM standard error of the mean
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chimeras had lower sensitivity and response amplitude
than rod opsin (RL23Cm6 substantially so). The excep-
tion was RL3Sc, which had a higher response amplitude
than rod opsin with Gso (but not Gsi or Gst). RL3Sc
and RL3Am gained selectivity for Go (relative to the par-
ental rod opsin), but for RL3Am, this came at the cost
of a 2.5-fold lower response amplitude (Additional file
7). These results show that it is possible to alter opsin
behavior for a desired characteristic (in this case Go se-
lectivity), but suggest that, in general, chimeric opsins

are less active than their wild-type models. Determining
whether engineered opsins can exceed wild-type levels
of activity toward an arbitrarily selected target G protein
will require systematic testing of a large number of can-
didate constructs. The GsX assay provides an attractive
platform for this effort, since it makes it possible to test
several opsins in parallel, with different G-protein part-
ners, to determine if chimeric modifications enhance or
impair opsin function generally, and with specific G-pro-
tein targets.

a b

c d

Fig. 5 ScallOp2 and AmphiOp1 exhibit unusual signaling. a HEK293T cells were transfected with Glo22F, +/- ScallOp2, and treated with 2 μM forskolin
for 30 mins prior to experiment to elevate basal cAMP, in an assay for opsin coupling to endogenous Gi. Cells were stimulated with 470 nm light.
ScallOp2 acted to elevate cAMP in response to light in these conditions, therefore the maximum cAMP level post-flash was recorded as the response
for each trial, for both + ScallOp2 and –ScallOp2 data sets. b HEK293T cells were transfected Glo22F, +/- ScallOp2, and GsX as indicated. They were
treated with pertussis toxin (PTX) and stimulated with 470 nm light. Maximum cAMP post-flash was recorded. c,d HEK293T cells were transfected with
Glo22F, +/- AmphiOp1, and GsX as indicated. They were treated with PTX and stimulated with 470 nm light as indicated. Time courses of AmphiOp1
response (+Gst) to different radiant exposures are shown in (c) (mean +/- SEM, n = 3). Because AmphiOp1 both elevated and suppressed cAMP levels
after a light flash (depending on flash intensity), we recorded the largest deviation from baseline as the response for each trial. Average responses and
SEM (n = 3) for each radiant exposure tested are shown in (d), with connecting lines for AmphiOp1 + GsX conditions. The symbols for –opsin/-GsX
and + AmphiOp1/-GsX are offset slightly in the x-axis to aid visualization. Error bars smaller than symbols are not shown. AmphiOp1 amphioxus opsin
1, PTX pertussis toxin, ScallOp2 scallop opsin 2, SEM standard error of the mean
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Gi- and Go-selective optogenetic tools
One salient output of the GsX assay is the finding that,
compared to rod opsin, the internal control for this ana-
lysis, cone opsins appear to strongly discriminate against
Go, whereas the RL3Am chimera is selective for Go. To
our knowledge, this is the first evidence that cone opsins
are selective against Go. These results provide a useful
reference for exploring opsin-G-protein selectivity
within the Giot family. Moreover, LWS cone opsin and
RL3Am could be valuable optogenetic tools for select-
ively controlling Gi and Go, respectively. Gi is ubiqui-
tously expressed in human cells and regulates a wide
variety of processes through a common mechanism of
suppressing cAMP [47]. Go is especially interesting be-
cause it is the most abundant Gα in the central nervous
system, being 5–10 times more abundant than Gi and
comprising up to 1% of membrane proteins in the brain
[15]. Despite this, its functions in the brain are not well
defined. Optogenetic tools to activate Gi and Go select-
ively would be useful for unraveling their relative contri-
butions to physiological processes in the brain and
elsewhere.

ScallOp2 and AmphiOp1
Although ScallOp2 is the founding member of the Go
class of opsins, which are named for their presumed
Go-coupling activity, this assignation is based upon co-
expression with this G protein in its native environment
[45], rather than direct evidence of Go-coupling ability
from biochemical or cellular assays. Contrary to our ex-
pectations, ScallOp2 exhibited light-activated stimula-
tion of cAMP when tested in conditions designed to
detect coupling to Gs (+PTX, -forskolin) or native Gi
(-PTX, +forskolin). To our knowledge, this is the first re-
port of any functional activity for ScallOp2, either in vitro
or in cells. Signaling in the presence of PTX indicates that
ScallOp2 is capable of coupling to at least one pertussis-
toxin-insensitive pathway, that is, a G protein other than
Gi, Go, or Gt, or some G-protein-independent effector. A
light-dependent increase in cAMP is consistent with coup-
ling to Gs. However, in absolute terms, this response is
very small in the absence of forskolin but large in the pres-
ence of forskolin, which suggests that ScallOp2 acts on
cAMP via a mechanism synergistic with forskolin-induced
adenylyl cyclase activity. One possibility is light-dependent
inhibition of a cyclic nucleotide phosphodiesterase. An-
other is that ScallOp2 stimulates endogenous Gz in HEK
cells [48] in its dark state and is turned off by blue light.
Gz is a pertussis-toxin-insensitive G protein that is capable
of inhibiting adenylyl cyclase [42], therefore light-
dependent loss of Gz activity could enhance cAMP in a
manner synergistic with the effects of forskolin.
AmphiOp1 has been shown to interact with Gi in vitro

in a light-dependent manner [49]. If that were its only

activity, we would expect it to suppress cAMP in the Gi
assay and to stimulate cAMP when co-transfected with
Gsi, Gso, or Gst. The first surprising aspect of
AmphiOp1 behavior is that it does not have any detect-
able effect on cAMP in the endogenous Gi assay, indi-
cating that the observed light-dependent binding to Gi
in vitro need not translate to productive catalytic activa-
tion in living cells. On the other hand, AmphiOp1 does
stimulate cAMP in response to light at low irradiance
when co-expressed with Gsi, Gso, or Gst indicating that
this opsin can have activity via these pathways. However,
in a second surprising result, at higher irradiance,
AmphiOp1 suppresses cAMP in the same experiment.
This biphasic behavior suggests that at high irradiance,
AmphiOp1 activates a cryptic second pathway that sup-
presses cAMP below baseline, to an extent comparable
to that of rod opsin coupled to endogenous Gi. This sec-
ond pathway must be pertussis toxin insensitive, and
could involve Gz, or other effectors altogether.
Although these two marine opsins are not strong can-

didates for gene therapy for retinal degeneration, these
results confirm that they are both capable of signaling in
human cells and that they do so via unusual mecha-
nisms. There is an emerging body of evidence that
G-protein signaling pathways are capable of crosstalk
[50–53], which may be involved in the unusual signaling
of these marine opsins. We hope that these results will
motivate further exploration of their signaling activity,
both to elucidate their function in their native contexts
and to explore potential utility as optogenetic tools.

The GsX assay
The work presented here validates the GsX assay for high-
throughput screening of opsin coupling activity toward
diverse G-protein partners. Gs- or GsX-driven cAMP sig-
naling evolves on a timescale of minutes, which is much
slower than ion channel or Ca2+ responses, but much fas-
ter than transcriptional responses. This allows a complete
experimental cycle of baseline, stimulus, and response to
be executed within 15 mins for a full 96-well plate using a
standard luminescent plate reader, without the addition of
extra reagents such as forskolin. Using the GsX assay, it is
feasible to test >1000 wells in a workday, thus bringing
screens involving hundreds of opsins within reach.
The GsX assay uses living cells, which has practical

advantages over in vitro biochemistry. It is not necessary
to laboriously purify each opsin, and opsins are tested in
an intact cell membrane. In its use of C-terminal Gα
chimeras, the GsX assay is conceptually similar to a
system in which GPCRs are tested using G15 C-terminal
chimeras to trigger a Phospholipase-C -driven pathway
that terminates with proteolytic cleavage of transforming
growth factor (TGF)-β and shedding of its extracellular
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domain, which is detected by immunoassay [22]. One
important distinction is that the GsX assay utilizes a
live-cell reporter, which allows continuous real-time
monitoring, thus facilitating kinetic analysis, whereas the
TGF-β shedding assay relies on immunoassays as an
end-point readout, so kinetic information must be in-
ferred by collecting end points across a time series,
which decreases throughput. As with all assays that moni-
tor second messenger levels, response kinetics in the GsX
assay reflect the balance of competing enzymatic activities,
in this case adenylyl cyclase and phosphodiesterases, and
must be interpreted with this in mind [47].
One of the complications of a live-cell assay, relative

to in vitro biochemistry, is that it is not feasible to meas-
ure the concentration of every relevant protein or their
precise affinities and catalytic activities. Since the GsX
chimeras were constructed with the native sequence of
Gs, in which only the C-terminal 13 amino acids are var-
ied, it is difficult to measure their expression and
localization independent of endogenous Gs. As imple-
mented here, the GsX assay, therefore, does not yield ab-
solute quantification of GPCR/G-protein signaling, but
rather only relative activities that must be interpreted
with reference to an internal control. This is particularly
important when inferring selectivity, given the limita-
tions present in directly measuring GsX expression and
localization. With an appropriate internal control (in this
case, rod opsin), the GsX assay is an attractive tool for
comparing relative G-protein selectivity in living cells, as
a complement to other techniques [13, 23].
The GsX assay is applicable to any GPCR that has low

intrinsic Gs coupling activity and it should not be used
with Gs-coupled GPCRs. It is necessary to stringently
test any GPCRs of interest for native Gs activity as a pre-
liminary control experiment, as we have done here. This
is a limitation, but one that nevertheless affords substan-
tial scope for utility. GPCRs that do not activate Gs
comprise 171/253 of human GPCRs with annotated
G-protein coupling in the IUPHAR/BPS expert-curated
database [54, 55]. Similarly, the TGF-β shedding assay
[23] is limited to GPCRs that do not normally activate
Gq/11/14, G12/13, or G15, since these are all capable of
intrinsically activating Phospholipase-C and thus, TGF-β
shedding. In this way, the two assays can be applied to
partially overlapping sets of GPCRs, and provide
complementary approaches to a similar problem.

Conclusions
Animal opsins offer enormous potential for experimental
and therapeutic manipulation of neurons and many
other cells. They regulate processes including vision,
heartbeat, insulin release, vasoconstriction, immune cell
migration, endocrine signaling, and more. A fundamen-
tal aspect of opsin function that must be measured, and

may be engineered, is their selectivity toward the range
of different G proteins that are present in the target cell
of interest. The GsX assay allows opsin coupling to
proxies of diverse Gα subunits to be tested using a single
biochemical pathway in live cells. We used this assay for
the first side-by-side screen of diverse opsin candidates
for a gene therapy for retinal degeneration, and found
that chimeric opsins are generally less active than wild-
type rod opsin. We also identified LWS cone opsin and
a rod opsin/amphioxus opsin chimera as optogenetic
tools with complementary selectivity for Gi and Go, re-
spectively. This assay is suitable for high-throughput
screening of diverse opsins to shed light on the evolution
of GPCR/G-protein coupling specificity, and also for
testing libraries of designed opsins engineered for spe-
cific G-protein coupling properties, including sensitivity,
response amplitude, and G-protein selectivity.

Methods
Sequence data
The following GenBank accession sequences were used to
construct expression vectors: human rod opsin
(NM_000539.3), human LWS cone opsin (NM_020061.5),
human SWS cone opsin (NM_001708), scallop opsin 2
(AB006455.1), amphioxus opsin 1 (AB050606.1), human
metabotropic glutamate receptor 6 (NM_000843.3),
mouse mGluR6 (NM_173372.2), mouse melanopsin
(NM_013887.2), human melanopsin (NM_033282), hu-
man bradykinin receptor B2 (AY275465), human mu-o-
pioid receptor 1 (AY521028.1), human GαsL
(NM_000516.5), human Gαi1, human GαoA (AH002708),
human Gαt1, human Gαq (NM_002072.4), human Gαz
(NM_002073.3), human Gα12 (NM_007353), human
Gα13 (NM_006572), and human Gα15 (AF493904).

Expression vector construction
All opsin and opsin-based chimeras had the native stop
codon replaced by a 27-bp sequence from bovine rod opsin
that encodes the 1D4 monoclonal antibody tag
(TETSQVAPA). The pcDNA3 human rod opsin, JellyOp,
and Glo22F plasmids were described previously [12].
Plasmids encoding the LWS and SWS cone opsins were
purchased from the DNASU plasmid repository [56] depos-
ited by the Centre for Personalised Diagnostics. Plasmids
encoding ScallOp2 (from Patinopecten yessoensis) [45] and
AmphiOp1 (from Branchiostoma belcheri) [44] were gener-
ously provided by Prof. Akihisa Terakita (Osaka City
University). A plasmid encoding the mouse melanopsin-
mGluR6 chimera Opto-mGluR6 tagged with the 1D4 epi-
tope [9] was kindly provided by Dr. Elena Lesca and Prof.
Gebhard Schertler (Paul Scherrer Institute). pcDNA3 hu-
man BDKRB2, human MOR, and human Gαs plasmids
were purchased from the cDNA Resource Center
(www.cdna.org).
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Opsin and opsin chimera sequences were transferred to
the pcDNA3 vector by amplifying the desired coding se-
quence using PCR, and ligating this into the linearized
pcDNA3 vector via Gibson assembly [57] using NEBuilder
HiFi enzyme mix (New England Biolabs). Chimeric cDNA
sequences encoding the rod opsin loop 3 and opsin-
mGluR6 chimeras were synthesized by Thermo Fisher and
ligated into the pcDNA3 vector using Gibson assembly.
Open-reading-frame sequences for opsins and opsin chi-
meras used in this paper are listed in Additional file 9. All
plasmids used have been deposited with Addgene.
The GsX chimeras were constructed by ligating annealed

oligonucleotides to a human GαsL construct in which the
C-terminus (encoding the last 13 amino acids) was
replaced with a restriction enzyme site. Open-reading-
frame sequences for GsX chimeras are listed in Additional
file 9. Gsi, Gso, and Gst chimeras were designed to include
a mutation of the adenosine diphosphate-ribosylation site,
from cysteine to serine, rendering them insensitive to per-
tussis toxin [58–60]. All GsX constructs were expressed in
a plasmid containing a CAG promotor and a β-globin 3'
untranslated region based on pEM705 (a gift from Eugene
Makeyev, UCL).

Cell culture
HEK293T cells (ATCC) were incubated at 37 °C (5%
CO2) in culture media: Dulbecco’s modified Eagle’s
medium (DMEM) containing 4500 mg/L glucose, L-glu-
tamine, sodium pyruvate, and sodium bicarbonate
(Sigma) with penicillin (100 U/ml), streptomycin
(100 μg/ml), and 10% fetal bovine serum (FBS).
For transfections, cells were seeded into 12-well plates

in antibiotic-free culture media at a density of 250,000
cells/well and were transiently transfected after 48 hours
using Lipofectamine 2000 (Thermo Fisher Scientific), ac-
cording to the manufacturer’s instructions. Where ap-
propriate, cells were co-transfected with a 1:1 ratio of
GloSensor and GPCR plasmid (500 ng/well of each plas-
mid). For GsX assays, cells were also co-transfected with
5 ng/well of GsX chimera (100:100:1 ratio of GloSensor
to GPCR to Gs chimera plasmid). We found that the
100:1 opsin:GsX ratio yielded optimum response ampli-
tudes when tested with rod opsin and Gst.
After initial transfection, all steps were carried out under

dim red light. Cells were incubated in transfection reagent
at 37 °C for 4–6 hours, then resuspended in 1 ml of culture
media with 10 μM 9-cis retinal (Sigma-Aldrich) and, for en-
dogenous Gs and GsX assays, 125 ng/ml pertussis toxin
(Sigma-Aldrich). Pertussis toxin was added to eliminate sig-
naling via endogenous Gi pathways, which decreases cAMP.

Immunocytochemistry
For immunocytochemistry, cells were transiently trans-
fected and resuspended in DMEM with 9-cis retinal, as

described above. The total volume of resuspended cells
was then seeded onto poly-l-lysine coated 12 mm #1.5
coverslips. Cells were incubated overnight at 37 °C, then
fixed using 4% paraformaldehyde (Thermo Fisher Scien-
tific). Cells were washed in phosphate-buffered saline
(PBS), then incubated in PBS with 2% glycine for 5 mins
and washed in PBS. Cells were blocked in PBS with 5%
bovine serum albumin (BSA) and 0.1% Triton X-100 for
30 mins at room temperature.
Cells were incubated in 1:500 dilution of monoclonal

1D4 rod opsin antibody (Abcam, catalog no. ab5417, lot
no. GR272982-11, RRID AB_304874) in PBS with 2%
BSA for 1 hour at room temperature, then washed with
PBS and incubated in 1:2000 dilution of donkey anti-
mouse Alexa594 secondary antibody (Molecular Probes,
catalog no. A21203, lot no. 1722945, RRID AB_141633)
in PBS with 2% BSA for 1 hour at room temperature.
The secondary antibody was then removed and cells
were washed and incubated in PBS with DAPI (250 ng/
ml) and 0.1% Tween-20 for one minute, then washed
and mounted using ProLong-Gold Anti-Fade reagent
(Thermo Fisher Scientific).
Images were acquired using an Olympus BX51 upright

microscope using a 20× UPlan FLN objective with exci-
tation at 350 and 560 nm, and emission at 460 and
645 nm for DAPI and red fluorescence, respectively. Im-
ages were collected using a CoolSnap HQ camera
(Photometrics) through MetaVue software (Molecular
Devices) and analyzed using FIJI ImageJ [61, 62]. Ten
randomly selected fields were imaged per condition.
Relative levels of fluorescence intensity were quantified
by measuring the integrated intensity of each field above
a threshold (200), then normalizing this to the average
integrated intensity of the negative control (no opsin).

Live-cell cAMP assays
For second messenger assays, cells were transiently trans-
fected and resuspended in 9-cis retinal (and pertussis
toxin, if required) as described above. Under dim red light,
100 μl of cell suspension was then added to each well of a
solid white 96-well plate (Greiner) and incubated at 37 °C
overnight. Then, 1–2 hours before beginning the second
messenger assays, cells were incubated at room
temperature in L-15 media (without phenol-red) contain-
ing L-glutamine (Gibco), 1% FBS, penicillin (100 U/ml),
and streptomycin (100 μg/ml), with 10 μM 9-cis retinal
and 2 mM beetle luciferin potassium salt (Promega)
reconstituted in 10 mM HEPES pH 6.9.
Glo22F was used as a bioluminescent reporter of cAMP.

GPCR coupling to endogenous Gs and GsX chimeras sig-
naling pathways was measured as the maximum cAMP
post-stimulus, while stimulation of Gi pathway was mea-
sured as minimum cAMP post-stimulus. For endogenous
Gi assays, forskolin (Sigma-Aldrich) was added to the cells
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(final concentration 2 μM) approximately 30 mins before
the start of the assay [12, 27].
Luminescence was measured using a FluoStar Optima

microplate reader (BMG Labtech). Raw luminescence units
were recorded from above a cell using the top optic and
3 mm lens (Gain adjustment set to 3600) for 1 s, every 60
or 75 s for opsin assays, and every 2.2 mins for BKB2R and
MOR assays. Baseline luminescence was recorded for five
cycles, then recording was paused and the plate ejected.
Cells were exposed to the stimulus then returned to the
reader, and recording resumed for a minimum of ten cycles
or until the response peak was observed.
For opsin experiments, cells were stimulated with a sin-

gle 470 nm light flash using a custom-built LED array.
Each well was exposed to one of eight different intensities
over a 5-log range (from 4 × 1012 to 1016 photons). One
well from each condition was left unexposed as a dark
control. To monitor GPCR agonist responses, cells trans-
fected with BDKRB2 and MOR were treated with BK
(Tocris) or EM (Sigma-Aldrich), respectively. Each well
was exposed to one of seven different agonist concentra-
tions over a 7-log range (from 1 mM to 0.1 nM). One well
from each condition was left untreated as a negative con-
trol. Data were collected from three or four biological rep-
licates for each condition.

Data processing and statistics
For second messenger assays, raw GloSensor cAMP lu-
minescence data was first normalized by dividing by the
baseline signal at the pre-stimulus timepoint. This is re-
ported as the normalized luminescence in time-course
graphs (Figs. 3b, 5c and Additional file 2: Figure S1a).
The response to the stimulus was calculated for each
trial as follows, and labeled the normalized response in
dose–response and irradiance–response curves. For en-
dogenous Gs and GsX assays (Figs. 1, 3, and 4), the max-
imum fold-increase in the GloSensor cAMP signal was
calculated for each intensity of light or concentration of
agonist tested. For endogenous Gi assays (Fig. 4 and
Additional file 3: Figure S3), the minimum fold-decrease
was calculated. ScallOp2 and AmphiOp1 were analyzed
using the maximum deviation from baseline (Fig. 5).
For MOR and BDKRB2, we observed an approximately

twofold systematic variation from day to day in response
amplitudes across the entire set of GsX. To correct for
this variation, we performed the following batch-wise
normalization: the response amplitude from each repli-
cate was divided by the average response amplitude for
all replicates in that batch of data, then multiplied by the
average response amplitude across all batches.
For each experiment, the data were subjected to a

model comparison (F-test) in which we tested whether
the data were better fit by a flat line, representing the
null hypothesis of no stimulus response, or a sigmoid

dose–response curve, representing the alternative hy-
pothesis of stimulus-responsive GPCR activity with an α
threshold of 0.05. The dose–response model was a
three-parameter sigmoid function: y = a + b/(1 + 10(c - x)),
where a is the baseline, b is the response amplitude, and
c is logEC50 fitted by a nonlinear regression. All curve-
fitting and statistical analysis were done using Graphpad
Prism7 software. For those opsins that passed this test,
we compared two figures of merit from the dose–re-
sponse curve: response amplitude and logEC50. The re-
sults of the model comparison test and the best-fitting
parameters for the dose–response curve from pooled
data are shown in Additional files 1 and 7.
In general, the above analysis was performed on average

pooled data from all replicates. For Fig. 3d,e, Additional
file 8: Figure S6a, and Figure S6b, curves were fit to each
individual replicate and compared to a flat-line model as
above, and derived parameters were compared by one-
way ANOVA either between opsins or between G pro-
teins. The best-fitting parameters from individual trials are
listed in Additional file 10a. For Fig. 3d and Additional file
8: Figure S6a, best-fitting response amplitude and logEC50
derived from individual trials were compared between op-
sins, using rod opsin as a reference, with α = 0.0033,
reflecting the Bonferroni correction for multiple compari-
sons (initial α = 0.05, 15 comparisons in total). In Add-
itional file 8: Figure S6b, best-fitting response amplitudes
with Gsi, Gso, and Gst were compared within each opsin,
for a total of 18 comparisons within this family (α =
0.0027). In Fig. 3e, we first calculated the average response
amplitude for rod opsin with Gsi, Gso, and Gst, then di-
vided the Gsi, Gso, and Gst response amplitudes for the
other five opsins by the respective rod opsin average,
yielding a relative response amplitude expressed as a per-
centage. These relative response amplitudes were then
compared within each opsin, for a total of 15 comparisons
(α = 0.0033). ANOVA was performed in Prism7. The de-
tails of these analyses are listed in Additional file 10b–e.
Note that the p values listed are uncorrected, we imple-
mented the Bonferroni correction by dividing alpha (0.05)
by the number of comparisons, which is equivalent to
multiplying the p values.

Additional files

Additional file 1: Curve-fitting results for pooled dose–response data
shown in Fig. 1d. For each GPCR/G protein combination, pooled
dose–response data were analyzed by F-test comparing a three-parameter
sigmoid model (test hypothesis) to a flat-line model (null hypothesis), with
significance threshold p < 0.05. Included in this additional file are the F-statis-
tic, degrees of freedom, and corresponding p value for each test. For data
sets that met the significance criteria, we report the R-square value for the
best-fitting dose–response curve and its three defining parameters:
bottom, top (response amplitude), and logEC50 (sensitivity), as well as the
95% confidence intervals for those values. (XLSX 14 kb)
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Additional file 2: Figure S1. Pertussis toxin, GsX point mutations, and
comparison to JellyOp. a–c HEK293T cells transfected with Glo22F and
rod opsin were treated with or without pertussis toxin (PTX) as indicated.
Forskolin was added to elevate cAMP after 5 mins, and cells were flashed
with light at varying intensities at 33 mins. The signal for each trial was
normalized to pre-flash and the minimum cAMP post-flash was recorded
for each trial. a,b Time courses of the GloSensor cAMP signal (average of
three trials +/- SEM) for dark controls and 1015.1 photons/mm2 flash
conditions. a Raw luminescence and b normalized to the final point prior
to flash. Average responses +/-SEM for all light levels tested are shown in
(c), with the best-fitting curve for –PTX. d HEK293T cells transfected with
Glo22F, rod opsin, and Gso, Gsi, or Gst bearing the native Cys residue in
the C-terminal -4 position were not treated with PTX. Cells were
stimulated with light and the responses analyzed as in Fig. 3. Best-fitting
maximum response amplitudes are graphed alongside the response
amplitudes for rod opsin tested with PTX-insensitive Gso, Gsi, or Gst and
treated with PTX (data reproduced from Fig. 3d). The wild-type and Ser
point mutants for each GsX were compared by ANOVA. Uncorrected p
values are shown and no differences were statistically significant. e
HEK293T cells were transfected with Glo22F and either JellyOp or rod
opsin, with or without exogenous G protein as indicated, and treated
with PTX. Cells were stimulated with light and responses analyzed as in
Fig. 3. The graph shows mean responses (n = 3, +/-SEM) at each light
intensity. Lines are best-fitting sigmoid curves. Error bars smaller than
symbols are not shown. (PDF 441 kb)

Additional file 3: Figure S2. Bradykinin, endomorphin-1, and light
controls without GPCRs. HEK293T cells were transfected with Glo22F only (-),
wild-type Gs (s), or GsX chimeras and treated with a 100 μM bradykinin (BK),
b 100 μM endomorphin-1 (EM), or c 470 nm light (1014.1 photons/mm2) to
test whether cells exhibited a cAMP response to any of these stimuli in the
absence of transfected receptors or opsin. The signal from each trial was
normalized to the pre-stimulus baseline and the maximum post-stimulus level
was recorded (within 20 mins for BKB2R and MOR, or 10 mins for rod opsin).
Individual responses, mean, and SEM of three technical replicates are shown.
(PDF 408 kb)

Additional file 4: Figure S3. Effects of opsin and Gso, Gsi, or Gst
transfection on basal GloSensor cAMP levels. Baseline cAMP for –opsin and
+ opsin conditions, -/+ Gsi, Gso, or Gst, normalized to mean of –opsin, -GsX
condition. Box and whisker plots show mean, 25th percentile, 75th
percentile, and range, n≥ 23, for each condition. The baseline cAMP
reporter signal is highly variable, likely reflecting variation in transfection
efficiency and cell number as well as systematic effects of different GsX
proteins and opsins. Nevertheless, three trends emerged. (1) Transfecting
opsins alone did not increase basal cAMP. (2) Transfecting Gsi, Gso, or Gst
elevated baseline cAMP in the absence of opsin, presumably through the
background activity of endogenous Gi/o/t-coupled GPCRs. (3) Transfecting
opsins in combination with Gsi, Gso, or Gst elevated basal cAMP above the
level achieved by GsX transfection. This is expected, as opsins are known to
have non-zero G-protein activation in the dark. (PDF 408 kb)

Additional file 5: Figure S4. Testing opsin coupling to endogenous Gs.
To test potential opsin coupling to endogenous Gs, HEK293T cells were
transfected with Glo22F and opsins treated with pertussis toxin, and
exposed to 470 nm light for n = 3 replicates. The signal for each trial was
normalized to pre-flash. The maximum cAMP post-flash was recorded for
each trial. Graphs show mean cAMP response +/- SEM at varying
irradiance for each opsin. RL3Am and RL3m6L2 exhibited responses that
satisfied our statistical criteria (fitted response curves are shown). Error
bars smaller than symbols are not shown. (PDF 454 kb)

Additional file 6: Figure S5. Testing opsin coupling to endogenous Gi.
To test opsin coupling to endogenous Gi, HEK293T cells were transfected
with Glo22F and opsins treated with forskolin (2 μM), and exposed to
470 nm light for n = 3 replicates. The signal for each trial was normalized
to pre-flash. The minimum cAMP post-flash was recorded for each trial.
Graphs show mean cAMP response +/- SEM at varying irradiance for each
opsin. Fits show sigmoidal dose–response curves. AmphiOp1 did not
exhibit a statistically significant light response. Gi assay results for
mML23Cm6, hML23Cm6, and RL23Cm6 are shown in Fig. 4 and results
for ScallOp2 are shown in Fig. 5. Error bars smaller than symbols are not
shown. (PDF 506 kb)

Additional file 7: Curve-fitting results for pooled dose–response data
shown in Fig. 3c. For each opsin/G-protein combination, pooled
irradiance–response data were analyzed with an F-test comparing a
three-parameter sigmoid model (test hypothesis) to a flat-line model (null
hypothesis), with significance threshold p < 0.05. Included in this
additional file are the F-statistic, degrees of freedom, and corresponding
p value for each test. For data sets that met the significance criteria, we
report the R-square value for the best-fitting irradiance–response curve
and its three defining parameters: bottom, top (response amplitude), and
logEC50 (sensitivity), as well as the 95% confidence intervals for those
values. (XLSX 16 kb)

Additional file 8: Figure S6. Opsin sensitivity. Selectivity comparison
without normalization to rod opsin. a Log10(EC50) values from
best-fitting sigmoid curves in Fig. 3d are plotted (see also Additional file
10). EC50 values were compared within each GsX by ANOVA. α = 0.0033
(reflecting Bonferroni correction, 15 comparisons). Asterisks (*) indicate
significant differences. b Response amplitudes as shown in Fig. 3d were
analyzed by ANOVA, comparing the responses of each Gsi, Gso, and Gst
within each opsin, without prior normalization to rod opsin. For this
comparison, α = 0.0027 (reflecting Bonferroni correction, 18 comparisons).
Asterisks (*) indicate significant differences. (PDF 408 kb)

Additional file 9: Open reading frame DNA sequences for the opsin
and GsX proteins used in this study. (docx 23 kb)

Additional file 10: Curve-fitting results for individual dose–response
data in Fig. 3 and results of ANOVAs shown in Fig. 3 and Additional
file 8: Figure S6. For RHO, LWS cone opsin, SWS cone opsin, RL3Sc,
RL3Am, and RL3m6L2, the irradiance–response data from each
individual trial was analyzed with an F-test comparing a three-para-
meter sigmoid model (test hypothesis) to a flat-line model (null hy-
pothesis), with significance threshold p < 0.05 (same analysis as with
the pooled data). a Details of curve-fitting to individual irradiance–re-
sponse data, including the F-statistic, degrees of freedom, and corre-
sponding p value for each test, and the best-fitting parameters that
define the irradiance–response curve: bottom, top (response ampli-
tude), and logEC50 (sensitivity). b Relevant details of the ANOVA tests
in Fig. 3d. c Relevant details of the ANOVA tests in Fig. 3e. d Rele-
vant details of ANOVA test in Additional file 8: Figure S6a. e Relevant
details of ANOVA test in Additional file 8: Figure S6b. (XLSX 24 kb)

Additional file 11: Raw and analyzed data for all multi-well luminescent
recordings used to generate Figs. 1, 2, 3, 4, and 5 and Additional file 2:
Figure S1, Additional file 3: Figure S2, Additional file 4: Figure S3,
Additional file 5: Figure S4, Additional file 6: Figure S5, and Additional file
8: Figure S6. (XLSX 1795 kb)

Acknowledgements
The authors would like to acknowledge Takashi Nagata for valuable scientific
discussions, in particular for the initial suggestion to use chimeric G proteins
as probes. We would also like to acknowledge Helena Bailes, Annette Allen,
and Nina Milosavljevic for general scientific advice and support. Akihisa
Terakita generously provided plasmids encoding ScallOp2 and AmphiOp1,
and Elena Lesca and Gebhard Schertler kindly provided their plasmid
encoding 1D4-tagged Opto-mGluR6, with the encouragement of Sonja
Kleinlogel, whose lab created Opto-mGluR6. The Bioimaging Facility
microscopes used in this study were purchased with grants from the
Biotechnology and Biological Sciences Research Council, Wellcome, and the
University of Manchester Strategic Fund. Special thanks go to Peter March
and Steven Marsden for their help with microscopy.

Funding
This research was funded from grants from the Biotechnology and Biological
Sciences Research Council (BB/K002252/1) and the Human Frontiers Science
Program (RGP0034/2014) to RJL. The funders had no input to study design
or to the collection, analysis, or interpretation of the data.

Availability of data and materials
All raw data generated or analyzed during this study are included in this
published article in Additional file 11. All GsX plasmids used in this paper will
be deposited with Addgene.

Ballister et al. BMC Biology  (2018) 16:10 Page 14 of 16

dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2
dx.doi.org/10.1186/s12915-017-0475-2


Authors’ contributions
ERB and RJL designed the study. ERB and JR collected and analyzed the
data. ERB, JR, and RJL wrote the manuscript. FM built and programmed the
custom LED array. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
RJL is a named inventor on a patent application for the use of rod opsin as a
therapeutic in retinal degeneration that is currently licensed for clinical
development by Acucela Inc. and he has previously provided consultancy
services to them on this topic.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 14 November 2017 Accepted: 18 December 2017

References
1. Koyanagi M, Terakita A. Diversity of animal opsin-based pigments and their

optogenetic potential. Biochim Biophys Acta. 2014;1837:710–16.
2. Ramirez MD, Pairett AN, Pankey MS, Serb JM, Speiser DI, Swafford AJ, et al.

The last common ancestor of most bilaterian animals possessed at least
nine opsins. Genome Biol Evol. 2016;8:3640–52.

3. Xu Y, Hyun Y-M, Lim K, Lee H, Cummings RJ, Gerber SA, et al. Optogenetic
control of chemokine receptor signal and T-cell migration. Proc Natl Acad
Sci USA. 2014;111:6371–6.

4. Koizumi A, Tanaka KF, Yamanaka A. The manipulation of neural and cellular
activities by ectopic expression of melanopsin. Neurosci Res. 2013;75:3–5.

5. Spoida K, Masseck OA, Deneris ES, Herlitze S. Gq/5-HT2c receptor signals
activate a local GABAergic inhibitory feedback circuit to modulate
serotonergic firing and anxiety in mice. Proc Natl Acad Sci USA. 2014;111:
6479–84.

6. Masseck OA, Spoida K, Dalkara D, Maejima T, Rubelowski JM, Wallhorn L, et
al. Vertebrate cone opsins enable sustained and highly sensitive rapid
control of Gi/o signaling in anxiety circuitry. Neuron. 2014;81:1263–73.

7. Airan RD, Thompson KR, Fenno LE, Bernstein H, Deisseroth K. Temporally
precise in vivo control of intracellular signalling. Nature. 2009;458:1025–9.

8. Cehajic-Kapetanovic J, Eleftheriou C, Allen AE, Milosavljevic N, Pienaar A,
Bedford R, et al. Restoration of vision with ectopic expression of human rod
opsin. Curr Biol. 2015;25:2111–22.

9. van Wyk M, Pielecka-Fortuna J, Löwel S, Kleinlogel S. Restoring the ON
switch in blind retinas: opto-mGluR6, a next-generation, cell-tailored
optogenetic tool. PLoS Biol. 2015;13:e1002143.

10. Gaub BM, Berry MH, Holt AE, Isacoff EY, Flannery JG. Optogenetic vision
restoration using rhodopsin for enhanced sensitivity. Mol Ther. 2015;23:
1562–71.

11. Lin B, Koizumi A, Tanaka N, Panda S, Masland RH. Restoration of visual
function in retinal degeneration mice by ectopic expression of melanopsin.
Proc Natl Acad Sci USA. 2008;105:16009–14.

12. Bailes HJ, Lucas RJ. Human melanopsin forms a pigment maximally sensitive
to blue light (λmax ≈ 479 nm) supporting activation of Gq/11 and Gi/o

signalling cascades. Proc Biol Sci. 2013;280:20122987.
13. Masuho I, Ostrovskaya O, Kramer GM, Jones CD, Xie K, Martemyanov KA.

Distinct profiles of functional discrimination among G proteins determine
the actions of G protein-coupled receptors. Sci Signal. 2015;8:ra123.

14. Terakita A, Yamashita T, Nimbari N, Kojima D, Shichida Y. Functional
interaction between bovine rhodopsin and G protein transducin. J Biol
Chem. 2002;277:40–6.

15. Jiang M, Bajpayee NS. Molecular mechanisms of go signaling. Neurosignals.
2009;17:23–41.

16. Xu Y, Orlandi C, Cao Y, Yang S, Choi C-I, Pagadala V, et al. The TRPM1
channel in ON-bipolar cells is gated by both the α and the βγ subunits of
the G-protein Go. Sci Rep. 2016;6:20940.

17. Conklin BR, Farfel Z, Lustig KD, Julius D, Bourne HR. Substitution of three
amino acids switches receptor specificity of Gq alpha to that of Gi alpha.
Nature. 1993;363:274–6.

18. Liu J, Conklin BR, Blin N, Yun J, Wess J. Identification of a receptor/G-protein
contact site critical for signaling specificity and G-protein activation. Proc
Natl Acad Sci USA. 1995;92:11642–6.

19. Conklin BR, Herzmark P, Ishida S, Voyno-Yasenetskaya TA, Sun Y, Farfel Z, et
al. Carboxyl-terminal mutations of Gqα and Gsα that alter the fidelity of
receptor activation. Mol Pharmacol. 1996;50:885–90.

20. Kostenis E, Conklin BR, Wess J. Molecular basis of receptor/G protein
coupling selectivity studied by coexpression of wild type and mutant m2
muscarinic receptors with mutant Gαq subunits. Biochemistry. 1997;36:1487–95.

21. Komatsuzaki K, Murayama Y, Giambarella U, Ogata E, Seino S, Nishimoto I. A
novel system that reports the G-proteins linked to a given receptor: a study
of type 3 somatostatin receptor. FEBS Lett. 1997;406:165–70.

22. Natochin M, Muradov KG, McEntaffer RL, Artemyev NO. Rhodopsin
recognition by mutant Gsα containing C-terminal residues of transducin. J
Biol Chem. 2000;275:2669–75.

23. Inoue A, Ishiguro J, Kitamura H, Arima N, Okutani M, Shuto A, et al. TGFα
shedding assay: an accurate and versatile method for detecting GPCR
activation. Nat Methods. 2012;9:1021–9.

24. Conklin BR. G protein chimera user manual. 2011. http://openwetware.org/
wiki/G_Protein_Chimera_User_Manual.

25. Flock T, Ravarani CNJ, Sun D, Venkatakrishnan AJ, Kayikci M, Tate CG, et al.
Universal allosteric mechanism for Gα activation by GPCRs. Nature. 2015;524:
173–9.

26. Flock T, Hauser AS, Lund N, Gloriam DE, Balaji S, Babu MM. Selectivity
determinants of GPCR-G-protein binding. Nature. 2017;545:317–22.

27. Bailes HJ, Zhuang L-Y, Lucas RJ. Reproducible and sustained regulation of
Gαs signalling using a metazoan opsin as an optogenetic tool. PLoS One.
2012;7:e30774.

28. DiRaddo JO, Miller EJ, Hathaway HA, Grajkowska E, Wroblewska B, Wolfe BB,
et al. A real-time method for measuring cAMP production modulated by
Gαi/o-coupled metabotropic glutamate receptors. J Pharmacol Exp Ther.
2014;349:373–82.

29. Gilissen J, Geubelle P, Dupuis N, Laschet C, Pirotte B, Hanson J. Forskolin-free
cAMP assay for Gi-coupled receptors. Biochem Pharmacol. 2015;98:381–91.

30. Felouzis V, Hermand P, de Laissardière GT, Combadière C, Deterre P.
Comprehensive analysis of chemokine-induced cAMP-inhibitory responses
using a real-time luminescent biosensor. Cell Signal. 2016;28:120–9.

31. Reiner A, Levitz J, Isacoff EY. Controlling ionotropic and metabotropic
glutamate receptors with light: principles and potential. Curr Opin
Pharmacol. 2015;20:135–43.

32. Scholl HPN, Strauss RW, Singh MS, Dalkara D, Roska B, Picaud S, et al. Emerging
therapies for inherited retinal degeneration. Sci Transl Med. 2016;8:368rv6.

33. Klapper SD, Swiersy A, Bamberg E, Busskamp V. Biophysical properties of
optogenetic tools and their application for vision restoration approaches.
Front Syst Neurosci. 2016;10:74.

34. Macé E, Caplette R, Marre O, Sengupta A, Chaffiol A, Barbe P, et al.
Targeting channelrhodopsin-2 to ON-bipolar cells with vitreally
administered AAV restores ON and OFF visual responses in blind mice. Mol
Ther. 2015;23:7–16.

35. Lagali PS, Balya D, Awatramani GB, Münch TA, Kim DS, Busskamp V, et al.
Light-activated channels targeted to ON bipolar cells restore visual function
in retinal degeneration. Nat Neurosci. 2008;11:667–75.

36. Laprell L, Hüll K, Stawski P, Schön C, Michalakis S, Biel M, et al. Restoring
light sensitivity in blind retinae using a photochromic AMPA receptor
agonist. ACS Chem Neurosci. 2016;7:15–20.

37. Shen Y, Rampino MA, Carroll RC, Nawy S. G-protein-mediated inhibition of
the Trp channel TRPM1 requires the Gβγ dimer. Proc Natl Acad Sci USA.
2012;109:8752–7.

38. Devi S, Markandeya Y, Maddodi N, Dhingra A, Vardi N, Balijepalli RC, et al.
Metabotropic glutamate receptor 6 signaling enhances TRPM1 calcium
channel function and increases melanin content in human melanocytes.
Pigment Cell Melanoma Res. 2013;26:348–56.

39. Ramakrishnan H, Dhingra A, Tummala SR, Fina ME, Li JJ, Lyubarsky A, et al.
Differential function of Gγ13 in rod bipolar and ON cone bipolar cells. J
Physiol. 2015;593:1531–50.

40. Chan JS, Chiu TT, Wong YH. Activation of type II adenylyl cyclase by the
cloned mu-opioid receptor: coupling to multiple G proteins. J Neurochem.
1995;65:2682–9.

Ballister et al. BMC Biology  (2018) 16:10 Page 15 of 16

http://openwetware.org/wiki/G_Protein_Chimera_User_Manual
http://openwetware.org/wiki/G_Protein_Chimera_User_Manual


41. Tsu RC, Ho MK, Yung LY, Joshi S, Wong YH. Role of amino- and carboxyl-
terminal regions of GαZ in the recognition of Gi-coupled receptors. Mol
Pharmacol. 1997;52:38–45.

42. Fields TA, Casey PJ. Signalling functions and biochemical properties of
pertussis toxin-resistant G-proteins. Biochem J. 1997;321(Pt 3):561–71.

43. Bailes HJ, Milosavljevic N, Zhuang L-Y, Gerrard EJ, Nishiguchi T, Ozawa T, et
al. Optogenetic interrogation reveals separable G-protein-dependent and
-independent signalling linking G-protein-coupled receptors to the
circadian oscillator. BMC Biol. 2017;15:40.

44. Koyanagi M, Terakita A, Kubokawa K, Shichida Y. Amphioxus homologs of
Go-coupled rhodopsin and peropsin having 11-cis- and all-trans-retinals as
their chromophores. FEBS Lett. 2002;531:525–8.

45. Kojima D, Terakita A, Ishikawa T, Tsukahara Y, Maeda A, Shichida Y. A novel
Go-mediated phototransduction cascade in scallop visual cells. J Biol Chem.
1997;272:22979–82.

46. Yamashita T, Terakita A, Shichida Y. The second cytoplasmic loop of
metabotropic glutamate receptor functions at the third loop position of
rhodopsin. J Biochem. 2001;130:149–55.

47. Bodmann E-L, Wolters V, Bünemann M. Dynamics of G protein effector
interactions and their impact on timing and sensitivity of G protein-
mediated signal transduction. Eur J Cell Biol. 2015;94:415–9.

48. Atwood BK, Lopez J, Wager-Miller J, Mackie K, Straiker A. Expression of G
protein-coupled receptors and related proteins in HEK293, AtT20, BV2, and
N18 cell lines as revealed by microarray analysis. BMC Genomics. 2011;12:14.

49. Tsukamoto H, Terakita A, Shichida Y. A rhodopsin exhibiting binding ability
to agonist all-trans-retinal. Proc Natl Acad Sci USA. 2005;102:6303–8.

50. Cordeaux Y, Hill SJ. Mechanisms of cross-talk between G-protein-coupled
receptors. Neurosignals. 2002;11:45–57.

51. McGraw DW, Elwing JM, Fogel KM, Wang WCH, Glinka CB, Mihlbachler
KA, et al. Crosstalk between Gi and Gq/Gs pathways in airway smooth
muscle regulates bronchial contractility and relaxation. J Clin Invest.
2007;117:1391–8.

52. Pera T, Penn RB. Crosstalk between β2-adrenoceptor and muscarinic
acetylcholine receptors in the airway. Curr Opin Pharmacol. 2014;16:72–81.

53. Galaz-Montoya M, Wright SJ, Rodriguez GJ, Lichtarge O, Wensel TG. β2-
adrenergic receptor activation mobilizes intracellular calcium via a non-
canonical cAMP-independent signaling pathway. J Biol Chem. 2017;292:
9967–74.

54. Southan C, Sharman JL, Benson HE, Faccenda E, Pawson AJ, Alexander SPH,
et al. The IUPHAR/BPS Guide to PHARMACOLOGY in 2016: towards curated
quantitative interactions between 1300 protein targets and 6000 ligands.
Nucleic Acids Res. 2016;44:D1054–68.

55. Munk C, Isberg V, Mordalski S, Harpsøe K, Rataj K, Hauser AS, et al. GPCRdb:
the G protein-coupled receptor database – an introduction. Br J Pharmacol.
2016;173:2195–207.

56. Seiler CY, Park JG, Sharma A, Hunter P, Surapaneni P, Sedillo C, et al. DNASU
plasmid and PSI:Biology-Materials repositories: resources to accelerate
biological research. Nucleic Acids Res. 2014;42:D1253–60.

57. Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, Smith HO.
Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat
Methods. 2009;6:343–5.

58. Leaney JL, Tinker A. The role of members of the pertussis toxin-sensitive
family of G proteins in coupling receptors to the activation of the G
protein-gated inwardly rectifying potassium channel. Proc Natl Acad Sci
USA. 2000;97:5651–6.

59. Bünemann M, Frank M, Lohse MJ. Gi protein activation in intact cells
involves subunit rearrangement rather than dissociation. Proc Natl Acad Sci
USA. 2003;100:16077–82.

60. Tian L, Kammermeier PJ. G protein coupling profile of mGluR6 and expression
of Gα proteins in retinal ON bipolar cells. Vis Neurosci. 2006;23:909–16.

61. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. 2012;9:671–5.

62. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et
al. Fiji: an open-source platform for biological-image analysis. Nat Methods.
2012;9:676–82.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Ballister et al. BMC Biology  (2018) 16:10 Page 16 of 16


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Validating the GsX assay with MOR, BKB2R, and rod opsin
	Candidate opsins for retinal degeneration gene therapy
	Assays to detect light-responsive coupling to endogenous Gi, endogenous Gs, and GsX
	Rod opsin, cone opsins, and rod opsin loop-3 chimeras
	mML23Cm6, hML23Cm6, and RL23Cm6
	ScallOp2 and AmphiOp1

	Discussion
	Screening opsins for retinal prosthesis
	Gi- and Go-selective optogenetic tools
	ScallOp2 and AmphiOp1
	The GsX assay

	Conclusions
	Methods
	Sequence data
	Expression vector construction
	Cell culture
	Immunocytochemistry
	Live-cell cAMP assays
	Data processing and statistics

	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

