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may also stimulate the design of new antiviral
drugs, because it reveals key regions interfering
with nucleoprotein oligomerization and/or ge-
nome encapsidation. Finally, because MeV shares
many common features with other Paramyx-
oviridae and with nsNSVs in general, this near-
atomic structure of the helical MeV Ncore-RNA
nucleocapsid may be valuable for the whol
Mononegavirales field.

REFERENCES AND NOTES

1. www.who.int/mediacentre/factsheets/fs286/en/.
2. R. W. H. Ruigrok, T. Crépin, D. Kolakofsky, Curr. Opin. Microbiol.

14, 504–510 (2011).
3. D. Bhella, A. Ralph, R. P. Yeo, J. Mol. Biol. 340, 319–331 (2004).
4. A. Desfosses, G. Goret, L. Farias Estrozi, R. W. H. Ruigrok,

I. Gutsche, J. Virol. 85, 1391–1395 (2011).
5. G. Schoehn et al., J. Mol. Biol. 339, 301–312 (2004).
6. E. H. Egelman, S. S. Wu, M. Amrein, A. Portner, G. Murti,

J. Virol. 63, 2233–2243 (1989).
7. R. G. Tawar et al., Science 326, 1279–1283 (2009).
8. P. Ge et al., Science 327, 689–693 (2010).
9. R. Cox et al., Proc. Natl. Acad. Sci. U.S.A. 111, 15208–15213

(2014).
10. A. A. V. Albertini et al., Science 313, 360–363 (2006).
11. T. J. Green, X. Zhang, G. W. Wertz, M. Luo, Science 313,

357–360 (2006).
12. F. Yabukarski et al., Nat. Struct. Mol. Biol. 21, 754–759

(2014).
13. A. Desfosses, R. Ciuffa, I. Gutsche, C. Sachse, J. Struct. Biol.

185, 15–26 (2014).
14. See supplementary materials on Science Online.
15. S. E. Bakker et al., J. Gen. Virol. 94, 1734–1738 (2013).
16. T. J. Green et al., J. Virol. 88, 3766–3775 (2014).
17. R. Buckland, P. Giraudon, F. Wild, J. Gen. Virol. 70, 435–441

(1989).
18. P. Calain, L. Roux, J. Virol. 67, 4822–4830 (1993).
19. F. Iseni et al., RNA 8, 1056–1067 (2002).
20. M. R. Jensen et al., Proc. Natl. Acad. Sci. U.S.A. 108,

9839–9844 (2011).
21. R. L. Kingston, W. A. Baase, L. S. Gay, J. Virol. 78, 8630–8640

(2004).
22. S. Longhi et al., J. Biol. Chem. 278, 18638–18648

(2003).
23. S. A. Krumm, M. Takeda, R. K. Plemper, J. Biol. Chem. 288,

29943–29953 (2013).

ACKNOWLEDGMENTS

We thank A. Jakobi for assistance in real-space coordinate
refinement using PHENIX, and M. Jamin for discussions and
comments on the manuscript. This work used the platforms of
the Grenoble Instruct Center (ISBG: UMS 3518 CNRS-CEA-UJF-
EMBL) with support from FRISBI (ANR-10-INSB-05-02) and
GRAL (ANR-10-LABX-49-01) within the Grenoble Partnership for
Structural Biology (PSB); the electron microscope facility is
supported by the Rhône-Alpes Region and by the Fondation pour
la Recherche Medicale. A.D. received support from EMBL
Interdisciplinary Postdoc (EIPOD) fellowships under Marie Curie
Actions (PCOFUND-GA-2008-229597). The data reported in this
manuscript are tabulated in the main paper and in the
supplementary materials. The cryo-EM map of the helical
MeV Ncore-RNA nucleocapsid and the atomic model are deposited
in the Electron Microscopy Data Bank and in the Protein Data
Bank with accession codes EMDB-2867 and 4uft. The authors
declare no competing financial interests. I.G., R.W.H.R., and
G.S. designed the study; M.H. purified biological material; I.G.,
A.D., W.L.L., C.S., and G.S. performed research and analyzed
data; R.W.H.R. and G.E. contributed to data interpretation; and
I.G. wrote the paper with input from G.E.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/348/6235/704/suppl/DC1
Materials and Methods
Figs. S1 to S4
Table S1
References (24–35)

23 December 2014; accepted 6 April 2015
Published online 16 April 2015;
10.1126/science.aaa5137

e

OPTOGENETICS

Engineering of a light-gated
potassium channel
Cristian Cosentino,1* Laura Alberio,1 Sabrina Gazzarrini,1 Marco Aquila,1

Edoardo Romano,1 Solei Cermenati,1 Paolo Zuccolini,1 Jan Petersen,2 Monica Beltrame,1

James L. Van Etten,3 John M. Christie,2 Gerhard Thiel,4 Anna Moroni1†

The present palette of opsin-based optogenetic tools lacks a light-gated potassium (K+)
channel desirable for silencing of excitable cells. Here, we describe the construction
of a blue-light–induced K+ channel 1 (BLINK1) engineered by fusing the plant LOV2-Ja
photosensory module to the small viral K+ channel Kcv. BLINK1 exhibits biophysical
features of Kcv, including K+ selectivity and high single-channel conductance, but reversibly
photoactivates in blue light. Opening of BLINK1 channels hyperpolarizes the cell to the
K+ equilibrium potential. Ectopic expression of BLINK1 reversibly inhibits the escape
response in light-exposed zebrafish larvae. BLINK1 therefore provides a single-component
optogenetic tool that can establish prolonged, physiological hyperpolarization of cells
at low light intensities.

P
otassium ion (K+) channels have a modu-
lar structure with sensor domains connected
to a central ion-conducting pore (1). The
pore integrates signals coming from the
sensors and translates them into opening

or closing the channel (2). This allows K+ chan-
nels to alter the membrane potential of cells in
response to a variety of physiological stimuli.
Extending the range of signal inputs recog-
nized by K+ channels can be achieved by graft-
ing exogenous sensor domains onto the pore
module (3, 4). With this modular interplay be-
tween sensor and pore, it is possible to engineer
synthetic channels that respond to any signal by
ex novo coupling of sensors to pores. This strat-
egy provides new tools for the investigation and
manipulation of biological functions (5). An at-
tractive synthetic channel in this context is a light-
gated K+ channel, which is important because of
the ability of K+ to terminate excitatory currents
within cells. This device would allow remote ma-
nipulation of the membrane potential with high
temporal and spatial resolution andwould repre-
sent an efficient control mechanism for many
cellular processes, including neuronal firing and
hormone release.
Several attempts have been made to create

synthetic light-gatedK+ channels (6–9); however,
these systems suffer from several shortcomings
in that they require the addition of cofactors (6, 7),
are irreversible (8), or rely on multiple compo-
nents (9). To overcome these obstacles, we engi-
neered a single-component light-gated K+ channel
by fusing the LOV2-Ja photosensory region of a
plant blue-light receptor (10) to the miniature K+

channel pore Kcv (11). Rational design and di-

rected evolution were employed to ultimately
generate a blue-light–inducible K+ channel that
functions reversibly to drive cell membrane po-
tentials to K+ equilibrium in the absence of exog-
enous cofactors. The LOV2-Ja photoswitch from
Avena sativa phototropin 1 (hereafter LOV) can
be used to control protein activity by light-induced
conformational changes (12).We therefore adopted
this strategy to place Kcv under light control. LOV
was fused to various regions of Kcv known to be
mechanically important for channel gating (fig.
S1A and constructs 3 to 12 in table S1).
A functional complementation approach based

on the growth rescue of Dtrk1 Dtrk2 potassium
transport–deficient yeast (strain SGY1528) (13) was
adapted to screen for light-gated channel activity
after replica plating (fig. S1B). One Kcv variant
with LOV fused at the N terminus (LK) showed
light-induced growth on selective agar (4 mMK+)
and liquid culture (fig. S1, B and C). LK was ex-
pressed in Xenopus oocytes and tested by a two-
electrode voltage clamp. LK currents showed
modest but reproducible increases in conductance
after transfer from darkness to blue light (455 nm,
80 mW/mm2) (fig. S2A).However, photostimulation
of LK currents required tens of minutes to develop
and appeared to be irreversible. In an attempt to
enhance coupling of LOV to Kcv, the soluble pho-
tosensory region of LKwas tethered to the plasma
membrane. Introducing a putativemyristoylation/
palmitoylation sequence (MGCTVSAE) (14) at the
N terminus of LK resulted in improved, but unex-
pected, properties. The new variant myLK (Fig. 1A
and fig. S2B) showed an enhanced response to
light comparedwith LK, but, in this case, light was
found to inhibit rather than activate the channel
conductance (fig. S2B). Moreover, the effect of
light was reversible and it did not decrease after
repetitive exposures. The light sensitivity of the
channel was wavelength-specific, elicited by blue
but not by red light (fig. S2B). The dynamic range
of the light effect (DR), i.e., the ratio between
light and dark current, was approximately 1.3. To
improve the performance of myLK, three point
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mutations (G528A, I532A, and N538A) known to
augment LOV-effector protein interactions (15)
were introduced into the construct, singly or in
combination (constructs 15 to 21, table S1). Sev-
eral of these variants exhibited robust differential
growth over a range of selective conditions (fig. S3).
Notably, two mutants, myLKI532A and myL-
KN538A, had increased DR values, 1.5 and 1.9,

respectively (Fig. 1B), confirming that myLK archi-
tecture enables rational protein design.
To screen for additional DR improvements,

random mutagenesis was performed using
myLKN538A to generate a library of myLK-
encoding sequences. Potassium transport–
deficient yeasts, transformed with this mutant
library, were grown initially on nonselective

agar plates and then replica-plated onto selec-
tivemediumbefore exposure to darkness or light.
Yeast expressing the parental myLKN538A chan-
nel did not grow on media with [K+]out below
4 mM. Thus, variants growing below this con-
centration were selected for further characteriza-
tion. Thirty-five variants were obtained showing
strong differential growth in the light (either

708 8 MAY 2015 • VOL 348 ISSUE 6235 sciencemag.org SCIENCE

Fig. 1. Engineering and functional characterization of light-gated myLK
channels. (A) Cartoon representation of myLK engineered by fusing LOV to
Kcv with an additional N terminal myristoylation/palmitoylation sequence;
myLK is shown as a monomer in the membrane. Kcv comprises slide helix
(SH), pore-helix (PH), turret (T), and transmembrane domains (TM1 and TM2)
(23). The LOV domain includes LOV2 and Ja (10). Jagged lines indicate lipid
anchoring to themembrane. (B) Currents recorded at–60mV in 100mM[K+]out,
from oocytes expressing myLK mutants: I532A, N538A, and myLK33. Note
that myLK I532A and N538A conductances are inhibited by blue light (blue
bars,455nm),whereas that ofmyLK33 is activated. (C)Repetitivephotoactivation
ofmyLK33 shows the reproducibility of the effect. (D) Red light (red bars, 617 nm)
at two light intensities, 13 and 50 mW/mm2, does not activatemyLK33 current,
whereas blue light does. (E) Current response of myLK33 to increasing light
intensities recorded at –80 mV showing threshold (>7 mW/mm2) and satu-
rating (35 mW/mm2) values of light intensity. (F) Dose-response curve obtained
from n= 4 oocytes. Line indicates data fitting by a Hill-type equation, yielding a
dissociation constant k = 25 mW/mm2 and a Hill coefficient n = 6. (G) Kinetics
of myLK33 activation by different intensities of blue light and (H) subsequent
inactivation in the dark. An oocyte expressing myLK33 was exposed to a re-

petitive light/dark regime with increasing light intensities ranging from low
(21 mW/mm2) tomedium (29 mW/mm2) to saturating (40 mW/mm2) intensities.
The current responses to the three light treatments are normalized to com-
mon starting values I = 0 for the onset of channel activation and I = –1 for the
start of current decay in the dark; numbers on current traces indicate the light
intensities in mW/mm2. Fittingof datawith single exponential equation (red lines)
yields similar ton values for low (21 mW/mm2, t = 49 s), medium (29 mW/mm2,
t = 52 s), and high (40 mW/mm2, t = 59 s) light intensity. Currents decay in the
darkwith the samevelocity, irrespective of pretreatmentwith a high (t = 148 s),
medium (t = 137 s), or low (t = 158 s) light. (I) ton (blue symbols) and toff (black
symbols) from a large number of independent experiments plotted as a
function of light intensity. (J) Photoadduct formation kinetics for myL (con-
struct 13, table S1) expressed and purified from Escherichia coli. Light-induced
absorption changes were recorded at 450 nm (DAbs450 nm) in response to
blue-light irradiation (455 nm, 90 mW/mm2) and show exponential kinetics
(ton = 7.6 s). (K) Dark recovery of Abs450 nm after light excitation shows ex-
ponential kinetics (toff = 38 s). (L) Representative light-induced absorption
spectra of myL recorded at 2-s intervals (upper panel) and light-minus-dark
difference spectra recorded every 10 s (lower panel).
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activation or inhibition), 13 of which survived
a second round of selection (to eliminate false
positives) and were sequenced. The recovered
mutations mapped throughout the randomized
portion of myLK, but a subset clustered around
proline 13 of Kcv (fig. S4), a residue known to
affect channel gating (16). Notably, one partic-
ular variant, myLK33 (construct 33, fig. S4),
harboring a mutation in P13 (P13L) and in the
myristoylation/palmitoylation sequence (A7T),
was activated rather than inhibited by light,
with a relatively large DR value (DR = 3) (Fig. 1B).
MyLK33 was therefore chosen for extensive func-
tional characterization.
The channel could be repeatedly activated by

light when expressed in oocytes without under-
going apparent inactivation (Fig. 1C). Activa-
tion was blue-light specific because red light
had no perceivable effect on channel activity
(Fig. 1D). By exposing the oocyte to increasing
light intensities (Fig. 1E), we obtained a sigmoidal
current responsewith a distinct activation thresh-
old (Fig. 1F). The mean dose-response curve was
best fitted with a Hill function yielding a value
for half-activation, k = 25 mW/mm2, and a Hill
coefficient n = 6. This operational light sensi-
tivity of the cell is less by a factor of about 500
than that of cells expressing light-sensitive pumps
such as NpHR (17).
To obtain information on the kinetics of chan-

nel activation/deactivation in light/dark, cellswere
irradiated with different intensities of blue light
and transferredback into darkness. Activation and
deactivation kinetics could be fitted with a single
exponential function (Fig. 1, G and H). The time
constants did not change over a wide range of
light intensities, from suboptimal to saturating
(Fig. 1I). Activation (ton, 87 T 28 s, n = 52) was

about twice as fast as deactivation (toff 168 T 31 s,
n = 43). To further examine the relationship be-
tween channel gating and the photocycle of the
sensor, we performed spectroscopicmeasurements
on the sensor portion of the protein (myL),
which was used to construct the channel. Global
photoadduct formation at saturating light inten-
sity (90 mW/mm2) and its recovery in the dark
(Fig. 1, J to L) show exponential kinetics with
values of 7.6 s for ton and 38 s for toff. Hence, myL
activates, under the same light conditions, about
10 times as fast as the channel, whereas photo-

adduct decay is about 4.5 times as fast as chan-
nel deactivation in the dark. Thus, the primary
light sensing by the photosensor seems to be
only loosely correlated with channel gating. This
agrees with the observation that other constructs
harboring the same photoswitch as myLK33 (see,
for example, I532A and N538A) responded to
light with a different kinetics (Fig. 1B). Together,
these findings suggest that light-regulated chan-
nel activity is mostly dominated by slow confor-
mational changes that follow LOV2-Ja photo
activation.

SCIENCE sciencemag.org 8 MAY 2015 • VOL 348 ISSUE 6235 709

Fig. 2. Properties of
BLINK1 in HEK293T
cells. (A) Whole-cell
currents recorded in
HEK293T cells
expressing myLJSK
(BLINK1), in dark,
blue light (455 nm,
40 mW/mm2) and after
returning to the dark.
Voltage steps from
+60 to –120 mV, tails
at –80 mV (selected
traces are shown
every 40 mV). A mea-
surable current, above
the background, was
found in about 8 to

10% of the GFP-positive cells. (B) Steady state I/V relation from currents in (A): dark
(black squares), after 5 min in blue light (blue circles) and return in dark (triangles). (C)
Currents recorded from an HEK293Tcell as in (A) but with 5 mM of BaCl2 added in light.
(D) Mean current-voltage relation (n = 4) from experiments as in (B): dark (black
squares), blue light (blue circles), blue light + 1 mM BaCl2 (inverted triangles). (E) Mean
Vrev values (n = 3) of light-activated BLINK1 current plotted as a function of [K+]out;

slope = 58 mV/log [K+]. Pipette solution contained 130 mM K+. (F) Repetitive activation/deactivation of BLINK1 current at –70 mV by blue light/dark
transitions. (G) Single-channel fluctuations recorded at –70 mV from the same BLINK1-expressing cell in dark (left) and in blue light (right). Dashed line
indicates zero current level; dotted lines indicate apparent single-channel opening levels. Calculated single-channel conductance is 70 pS.

Fig. 3. Light controls the behavior of zebrafish expressing BLINK1. (A) Altered escape response in
2-day-old zebrafish, expressing BLINK1 or GFP.The embryos were injected at t0, kept 24 hours in the dark,
and then either exposed to blue light (80 mW/mm2) (blue) or kept in the dark (black).The escape response
was tested by gentle mechanical stimulation with a pipette tip (see movie S1). Number of embryos (n) is
indicated. (B) Reversibilityof the effect of blue light on the escape response. Each data point represents the
response of a batch of 2-day-old BLINK1-injected embryos, preselected for positive light response (n = 15).
The embryos were repetitively exposed to blue light (blue circles) and dark (black circles) treatments
(30 to 45min each). (C) Kinetics of the light effect on the escape response of 2-day-old embryos. At time
zero, blue light was turned on and the response tomechanical stimulation was checked every 15min. After
60min, the effect reached themaximum and the light was turned off to monitor the deactivation kinetics.
Data are from three experiments in which the n of responding embryos was 62 over a total number of 163
(38%). Data were normalized to the maximum number of responding embryos at plateau in each
experiment (after 60 min of light).
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Experimental evidence that myLK33 retains
the pore properties of the parental K+-selective
channel Kcv is summarized in fig. S5. Barium, a
known Kcv channel blocker, completely inhib-
ited both dark- and light-induced currents of
myLK33 (fig. S5A). The current-voltage (I-V) curve
(fig. S5B) shows that light activation of myLK33
is voltage-independent. The reversal potentials
(Vrev) of myLK33 photocurrent shifted according
to the Nernst equation by 51 mV for a 10-fold in-
crease in external K+ concentration, a value similar
to that of Kcv (11) (fig. S5C). Moreover, exchang-
ing 100 mM external K+ with Na+ shifted Vrev

to the left by 110 mV, indicating a very low Na+

permeability (PNa/PK = 0.015 T 0.001 (n = 4)
(fig. S5D).
Despite these desirable features, in vivo appli-

cation of myLK33 is hampered by its high dark
activity. We have previously shown in other syn-
thetic channels that the linker between the sen-
sor and the effectormodule influences the coupling
of the two (4). We therefore progressively reduced
the linker region within myLK in an attempt to
improve the control of the photosensor over the
channel pore (constructs 23 to 37 in table S1 and
fig. S6). Best results were obtained withmyLJSK,
which lacks the final nine amino acid residues
within the Ja helix (fig. S7A). This variant showed
stringent differential growth in the yeast comple-
mentation assay (fig. S7B) but was poorly ex-
pressed in oocytes. Immunolabeling showed that
this channel is present on the membrane of hu-
man embryonic kidney 293T (HEK293T) cells,
albeit at a moderate level, when compared with
the parental channel Kcv (fig. S7C). Subsequent
electrophysiological characterization in HEK293T
cells demonstrated that myLJSK is activated by
blue light (Fig. 2, A and B). Light activation is
fully reversible in the dark (Fig. 2, A and B) and
inhibited by Ba2+ (Fig. 2, C and D). Importantly,
myLJSK lacks any channel activity in darkness,
as evident from the comparison of the amount of
current in the dark and in the presence of Ba2+

(fig. S7D). Channel opening moves the reversal
potential of the cell with EK, the K

+ equilibrium
voltage (Fig. 2E). The light sensitivity of myLJSK
occurs in the same range as that of myLK33,
being saturated at ~60 mW/mm2 (fig. S7E).
Light gating of myLJSK is best appreciated in

gap-free recordings. Repetitive exposure to blue
light caused rapid activation followed by deacti-
vation in darkness (Fig. 2F). Data recorded from
single-channel fluctuations (Fig. 2G) showed a
light-induced increase in channel activity and
indicated a unitary conductance of about 70 pS,
consistent with the high conductance of Kcv and
its synthetic variant KvSynth1 (4). The high single-
channel conductance and the relatively lowmac-
roscopic currents (≤400 pA at –100 mV) are
consistent with the low number of channels,
which were detectable by immunolocalization
(fig. S7C). A low number of channel proteins with
a large unitary conductance offers the advantage
of an efficient control over themembrane voltage
withminimal disturbance of the cell. These prop-
erties of myLJSK ultimately fulfilled our criteria
for successful light gating of Kcv. Hence, we re-

named this variant BLINK1, blue-light–induced
K+ channel 1. Expression of BLINK1 in Sf9 insect
cells (fig. S8A) produced fluorescence properties
that are characteristic for LOV-containing pro-
teins (fig. S8, B and C). Photoadduct formation
and decay for BLINK1 was therefore analyzed by
fluorescence spectroscopy and showed kinetics
similar to those obtained for myLOV in vitro
(14.5 s for ton and 51s for toff) (fig. S8, D and E).
To determine the in vivo applicability of BLINK1

for optogenetics, we examined its ability to regu-
late the escape response of zebrafish embryos.
Two-day old embryos respond to touchwith aburst
of swimming (18). We reasoned that BLINK1
photoactivation in zebrafish neurons (either soma-
tosensory or motor) and/or in myocytes would
prevent or drastically impair this behavior. Em-
bryos injected with either BLINK1 or green fluo-
rescent protein (GFP) RNA showed robust escape
motions when kept in darkness [over 90% of
embryos in both cases (BLINK1, n = 199; GFP, n =
151)]. By contrast, when embryos were exposed
to blue light, 37% of BLINK1-expressing embryos
exhibited a reduced escape response (n = 230)
compared with just 9% in control larvae (n = 170)
(Fig. 3A and movie S1). The blue-light effect was
fully and repetitively reverted in darkness (Fig.
3B), as expected for a BLINK1-driven effect. The
light-driven effect on embryonic escape motion
developed with a half-time of 15 to 20 min and
was reverted by dark with a similar kinetics
(Fig. 3C).
Several additional observations underscored

that BLINK1 was expressed in zebrafish and that
altered behavior of the larvae was driven directly
by its activation in blue light. First, the presence
of the channel is detectable by Western blotting
in BLINK1-injected embryos (fig. S9A). Second,
the success of eliciting escape behavior was high-
ly dependent on the wavelength of light with red
light (617 nm) being ineffective at evoking altered
behavior (fig. S9B). Third, in the dark, viability
and morphology were similar in embryos ex-
pressing BLINK1 or GFP (wild-type embryos at
2dpf BLINK1 = 77%, n = 81; GFP = 69%, n = 59),
confirming that BLINK1 is tightly closed in the
absence of light. Taken together, these data dem-
onstrate the ability of BLINK1 to modulate be-
havioral responses in vivo.
In conclusion, we have created a light-activated

K+ selective channel by combining a blue-light
sensor and a simple K+ channel pore. The result-
ing BLINK1 channel is fully genetically encoded
and does not depend on external factors for its
light regulation, as the flavin mononucleotide
chromophore is ubiquitously present in cells.
BLINK1 is therefore a promising tool in opto-
genetics and has several desirable properties rel-
ative to other light-gated pumps (17, 19, 20) and
channels (21, 22) used for inhibiting the func-
tions of excitable cells. First, in contrast to light-
gated pumps, whichmoveH+ or Cl– ions, it moves
K+, a physiological ion, down its electrochemical
equilibrium. Thus, BLINK1 does not expose the
cell to unphysiological hyperpolarizations or ion
gradients. Second, its large unitary conductance
guarantees that a small number of channels can

efficiently decrease the input resistance of cells
and hyperpolarize the membrane. In addition,
the channel does not inactivate in light, which
allows long-term control of channel activity by
light. The apparent sensitivity of BLINK1 to light,
combined with its slow kinetics, makes it a pow-
erful tool for long-term inhibition of cells at low
light intensities. Our pilot experiments in zebra-
fish demonstrate that BLINK1 can be successfully
used as an in vivo optogenetic tool. Besides an
obvious application for inhibiting neuronal activ-
ity, this channel will also find applications in the
control of cellular processes, which require long-
term stabilization of the membrane voltage such
as cell cycle regulation or the control of hormone
secretion.
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Materials and Methods:  

Cloning procedures and plasmids 

All constructs were prepared by adding the LOV2 domain, aa 404-546 of Avena sativa Phototropin 

1 (NPH1-1 GenBank: AAC05083.1) (24) to Kcv, aa 2-94 of chlorovirus PBCV-1-Kcv 

(NP_048599.1) (11) by overlapping PCR. The complete list of mutations, deletions and insertions, 

which were introduced in each construct, is reported in Table S1. Mutations introduced either in the 

LOV domain or in Kcv are numbered on the original sequences of phototropin and Kcv. Overlapping 

PCR was used to add the N-terminal myristoylation and palmitoylation sequence (MGCTVSAE) (14) 

to the N terminus of the construct and QuikChange XL II (Agilent Technologies) was used to 

introduce point mutations. Coding sequences were cloned in pYES2-Met25 vector (25) for S. 
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cerevisiae expression; in pSGEM (a modified version of pGEM-HE vector) for expression in Xenopus 

laevis oocytes; in pCDNA3.1+ for HEK293T cells expression; in a modified version of pET-21d 

containing a 7His-Strep II-SUMO tag  (26) for expression in E. coli and in pCS2+ for zebrafish 

expression. The plasmid for expression in SF9 Spodoptera frugiperda cells was built by Gibson 

assembly (27) using pAcHLT-A digested with SphI and SacI as backbone, a fragment amplified from 

pAcHLT-A (base pairs 215-2203) and the BLINK1 coding sequence amplified with a 3’ primer 

creating a C-terminal 6His-tag. 

Yeast functional complementation assays 

Functional complementation assays were performed using the S. cerevisiae strain SGY1528 (MATa 

ade2–1 can1–100 his3–11,15 leu2–3,112 trp1–1 ura3–1 trk1::HIS3 trk2::TRP1 (25, 28) This strain 

lacks the endogenous K+ uptake system and it is not able to grow on media supplemented with K+ 

lower than 100 mM.  

To test the functionality of the clones, yeast colonies were inoculated in non-selective medium (SD -

Ura, 100 mM KCl) and grown overnight to stationary phase. Cultures were then diluted to OD600 = 

0.8 and 10-fold serial dilutions were spotted (7μl) onto selective plates (SEL -Ura -Met with 0.5, 1, 4 

mM KCl). Twin plates were prepared for each K+ concentration and were either exposed to blue light 

or grown in the dark. After 3 and 4 days at 30°C images were taken and plates were screened for 

colonies with differential growth between Blue light and dark in the presence of low KCl 

concentration. To confirm functional complementation, cultures from overnight stationary phase 

were also inoculated in liquid selective media (SEL -Ura -Met with 4, 7, 10, 100 mM KCl) and grown 

for up to 117 h in presence of blue light or in the dark. OD600 of the cultures were measured to 

determine the growth ratio between the two conditions at 21, 45, 52 and 117 h after inducing protein 

expression. Positive clones were selected for plasmid isolation and DNA amplification in E. coli for 

sequencing. Non-selective and selective media were prepared as previously described (25).  Solid 

media were obtained adding 15g/l agar. 
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Yeast random library screening 

Randomization was performed on the sequence coding the myristoylation and palmitoylation domain, 

the whole LOV domain and the Kcv channel up to the first transmembrane region, where the channel 

DNA sequence has an endogenous SmaI restriction site. Random mutagenized libraries were 

generated using the Gene Morph II random mutagenesis kit (Agilent Technologies) in three steps: 

two samples with 50 ng of myLK N538A were amplified by PCR (30 cycles) with PAGE-purified 

60-mer primers (IDT-Tema Ricerca). The forward primer is complementary to the upstream plasmid 

sequence while the reverse primer is complementary to the Kcv sequence downstream of the SmaI 

restriction site (corresponding to the first transmembrane region). Two μl of each PCR reaction were 

used as template for a subsequent amplification reaction (30 cycles). This was repeated twice. The 

end products of the final six reactions were gel-purified, grouped and gap-repaired in yeast SGY1528 

strain with SmaI linearized pYES2-Met25 plasmid containing wild- type myLK N538A. Co-

transformation was performed with a Frozen-EZ yeast transformation II kit (Zymo Research). The 

library was first plated on non-selective medium (SD –Ura with 100 mM KCl) and grown for 3 days 

at 30 °C, in dark, yielding roughly 20000 transformed colonies. Non-selective plates were then 

replica-plated twice onto selective plates (SEL –Ura -Met with 0.5 mM KCl) and grown for 3 days at 

30 °C under blue light or dark conditions. Colonies showing differential growth between the two 

conditions were selected for subsequent functional complementation assays. 

 

Electrophysiology  

Xenopus oocytes - cRNAs were transcribed in vitro using T7 RNA polymerase (Promega) as 

described (11). Oocytes were prepared according to standard methods and injected with 50 nl of water 

or 50 nl of cRNA (0.8 µg/µl) and incubated in the dark at 19°C in ND96 solution : 96 mM NaCl, 2 

mM KCl, 1.8 mM CaCl2, 1mM MgCl2, 5 mM HEPES–NaOH buffer (pH 7.5), 5 mM sodium 

pyruvate, 50 µg /ml gentamicin). Measurements were performed 2-5 days after injection. Currents 
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were recorded by two-electrode voltage clamp, using the Gene-Clamp 500 amplifier (Axon 

Instruments) under control of pCLAMP7. Oocytes were perfused at room temperature with a solution 

containing: 100 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES-KOH buffer (pH 7.4). 

When different KCl concentrations were used, the osmolarity was adjusted to 215 mOsm with 

mannitol. The voltage protocols applied consisted in a step protocol of 20 mV steps from + 60 to - 

180 mV or in a gap free protocol at -60 or -80 mV. The channel blocker BaCl2 was applied to the 

external solution at a concentration of 1 or 5 mM, as indicated. 

HEK293T cells - HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (Euroclone) 

supplemented with 10% fetal bovine serum (Euroclone), 100 IU/mL of penicillin and 100 µg/ml of 

streptomycin, and stored in a 37 °C humidified incubator with 5% CO2. BLINK1 and myLK33 

cDNAs were co-transfected in HEK293T with a plasmid containing green fluorescent protein (GFP). 

Transfections were performed with TurboFect Transfection Reagent (Thermo Scientific). One to two 

days after transfection, HEK293T cells were dispersed by trypsin treatment and placed on 35-mm 

plastic petri dishes. Cells showing a clear fluorescence signal were selected for patch clamp analysis. 

Membrane currents were recorded in whole cell configuration using a Dagan 3900A patch-clamp 

amplifier and digitized using a Digidata 1322A controlled by pCLAMP 9.2. The pipette solution 

contained: 10 mM NaCl, 130 mM KCl, 2 mM MgCl2, and 5 mM HEPES–KOH buffer (pH 7.2). The 

extracellular bath’s solution contained: 100 mM KCl, 80 mM D-Mannitol, 1.8 mM CaCl2, 1 mM 

MgCl2 and 5 mM HEPES–KOH buffer (pH 7.4). When different KCl concentrations were used, the 

osmolarity was adjusted to 290 mOsm with mannitol. The channel blocker BaCl2 was applied to the 

external solution at a concentration of 1 or 5 mM. 

Light stimulation  

Yeast functional complementation assays were performed by means of a custom-made array of light 

emitting diodes (LEDs) (Royal-Blue LED, λ 447 ± 10 nm, LUXEON Rebel LED) for homogeneous 
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illumination of the samples (2 ± 0.2 μW/mm2) in a controlled temperature chamber. The same system 

was used for illumination of zebrafish embryos at 80 μW/mm2. Red light was also provided at 80 

μW/mm2 by means of Red-Orange LED, λ 617 nm (MR-H2060-20T, LUXEON Rebel LEDs). 

Transfected HEK293T cells and injected oocytes were protected from ambient light to prevent 

receptor activation prior to the assays and all manipulations were performed under red light (MR-

H2060-20T, LUXEON Rebel LEDs Red-Orange (617 nm)) in the Faraday cage shielded with a 580 

nm cutoff filter (Rosco Supergel, Deep Amber #22). Blue light was provided by a light-emitting diode 

(Royal Blue, 455 nm, High-Power LED; Thorlabs) at intensity indicated in figure legends.  Light 

power was measured using a handheld light power meter (Thorlabs). 

Protein expression and spectroscopic analysis 

For protein expression and purification, E. coli RosettaBL21(DE3)pLysS (Novagen) cells were 

grown in LB medium to an OD600 of 0.6, induced with 0.5 mM IPTG and incubated overnight at 

24 °C. Cells were harvested and tandem affinity purified with subsequent SUMO protease cleavage 

of the tag as described (26). 

Sf9 insect cells were grown in a monolayer with TC100 medium containing 10% FBS at 27 °C. For 

the construction of recombinant virus the transfer vector was co-transfected into cells with linearized 

baculovirus DNA using the BacMagic DNA Kit (Novagen). Transfected cells were incubated for 5 

days to raise the primary viral stock. Two additional rounds of virus propagation (each for 3 days) 

were performed. High titer virus was used for protein expression. Cells were incubated in medium 

supplemented with 20 μM riboflavin for 3 days in darkness prior to harvest. For fluorescence emission 

and excitation measurements, the cells were washed to remove residual riboflavin and resuspended 

in Dulbecco's PBS at a density of 1.5 x 107 cells/ml.  
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Absorption spectra of purified protein from E. coli were collected with a Shimadzu MultiSpec-1501 

diode array spectrophotometer at room temperature. In vivo fluorescence emission and excitation 

spectra of insect cells were recorded using a Perkin-Elmer LS-55 luminescence spectrometer. 

Fluorescence excitation spectra were recorded by monitoring the emission at 520 nm. Fluorescence 

emission spectra were obtained using an excitation wavelength of 450 nm. For absorbance and 

fluorescence measurements, a blue-light emitting diode (λ 455 nm) provided the excitation pulse.  

 

Immunocytochemistry  

HEK293T cells transfected with BLINK1 and Kcv-GFP (29) channels were treated with blocking 

solution containing 2% BSA in PBS. Cells were incubated 1 hour with anti-Kcv monoclonal antibody 

(30) washed briefly with blocking solution and incubated 1 hour with Alexa Fluor® 594 AffiniPure 

secondary antibody and Hoechst dye. Confocal microscopy analyses were performed using Leica SP2 

(http://www.leica-microsystems.com) laser scanning confocal imaging system. 

 

Microinjections and touch response assays in zebrafish  

pCS2+BLINK1 and pCS2+GFP constructs were linearized with NotI and transcribed with Sp6 RNA 

polymerase, using the mMESSAGE mMACHINE® SP6 Transcription Kit (Ambion) and following 

manufacturer’s instructions. Embryos were injected at the 1- to 2-cell stage with 200pg/embryo of 

RNA in water (W3500, Sigma-Aldrich), supplemented with rhodamine-dextran (D1817, Molecular 

Probes) as a tracer. Injected embryos were raised in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 

mM MgSO4, 0.33 mM CaCl2) at 28.5 °C and manually dechorionated at 1 day post-fertilization (1 

dpf). The screening for touch-evoked escape response was performed at 2 days post-fertilization 

(unless differently specified), following standardized procedures. Using a hand-broken microloader 

tip, a gentle stimulus was applied to the tail of the embryos and their reaction observed. Wild-type 

embryos at this developmental stage swim away from the source of the stimulus (31). 
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Western blot       

Yeast microsome preparation-Yeast cells grown in liquid culture in selective medium for 3 days at 

30 °C were pelleted (1,500 x g, 20 min). Pellet was resuspended in Breaking Buffer (50 mM 

NaH2PO4*H2O, 1 mM EDTA, 5 % (w/v) glycerol, 5μM Leupeptin, 1μM Pepstatin, 0.1mM PMSF, 

5mM DTT). Cells were broken by vortexing with glass beads (425-600 μm, Sigma-Aldrich) and 

centrifugated (4000 x g, 5 min) to remove cell debris. Then, the Eppendorf tube was centrifuged 

(15,000 x g, 1 hour) at 4°C and the supernatant was discarded. The microsomes were resuspended in 

Breaking Buffer and stored at -80 °C. 

Preparation of zebrafish lysates- Deyolked embryos were resuspended in modified RIPA buffer 

(50mM Tris, 150mM KCl, 0.1%SDS, 5%DOC, 0.1% NP-40, filter sterilized) and homogenized using 

IKA T10 basic homogenizer. Lysates were quantified and stored at -80°C.  

Insect cell protein extract - Cells were harvested (1,000 x g, 1min) and resuspended in Dulbecco's 

phosphate buffered saline supplemented with cOmplete EDTA-free protease inhibitor (Roche). Lysis 

of cells was performed by sonication with subsequent centrifugation (14,000 x g, 5 min) to remove 

cell debris. 

 

Western blot analysis- 60 μg (zebrafish) or 13μg (yeast) /lane of total protein were separated on 4-

20% tris-glycine denaturating gel (Novex). Proteins were blotted on a PVDF membrane and blots 

were blocked in 5% dry milk in TBST solution for 2 hours and incubated with primary anti-Kcv 

monoclonal antibody (30) at 4 °C overnight. Then the blots were rinsed in TBST for 3 X 10 min and 

incubated with alkaline phosphatase-conjugated secondary antibody for 1 hour. Antibody binding 

was detected using SIGMAFAST BCIP/NBT tablet (Sigma). 

For immunodetection of BLINK1 protein expressed in insect cells, 20 μg of total protein were 

separated by SDS-PAGE on a 4-20% gradient gel (BioRad) and transferred to a nitrocellulose 

membrane. The membrane was blocked for 1 h with TBST containing 4% milk powder, followed by 

1 h incubation with the first antibody (anti-Kcv). Afterwards the membrane was washed 3 x TBST 
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for 10 min each, incubated with the secondary HRP conjugated antibody for 45 min and then washed 

again as described before. Detection of immune complexes was made with ECL (Pierce) according 

to manufacturer’s instructions and a Fusion Fx imager (peqlab) used to record the signal. 
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Table S1. List of constructs and details on their sequences.  L= LOV domain (LOV2 and Jα); 
K= Kcv; my= myristoylaytion and palmytoylation sequence MGCTVSAE; GIN= mutations 
G528A, I532A and N538A (NPH1.1 numbering); M = methionine residue inserted N terminal to L. 
All constructs have been functionally characterized in yeast or/and in oocytes. 
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Figure S1.  Steps to developing rudimental light sensitivity in the K+ channel Kcv  
(A) Cartoon representation of the constructs engineered by fusing the light sensor to several positions. 
LOV domain is in green; Kcv in grey. The constructs are shown as monomers inserted into the lipid 
bilayer. (B) Functional complementation of Δtrk1 Δtrk2 potassium transport deficient yeast growth 
in solid medium with the above constructs named as follow: L, LOV domain; K, Kcv; ΔS, deletion 
of the N terminal slide helix (S) of Kcv; T, turret.  Serial dilutions of overnight cultures were spotted 
onto solid medium plates containing 0.5, 1, 4 and 100 mM K+ and exposed either to dark (black 
square) or blue light (447 ± 10 nm, 2 ± 0.2 μW/mm2) (blue square). Images were taken after 3 days. 
Boxed is the LK construct, which was selected for further improvement. (C) Yeast growth 
complementation with light-gated channel candidates in liquid medium. Δtrk1 Δtrk2 potassium 
transport deficient yeast transformed with a selection of the constructs above (K, KL, LK and KLK) 
was grown in liquid medium in dark and blue light. The medium contained 4, 7, 10 and 100 mM KCl, 
shown by increasing grey-levels. The four bars of the same color indicate, from left to right, the values 
of the  OD600 ratio [(light/dark)-1] measured after 21 h, 45 h, 52 h and 117 h. 
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Figure S2. Current recordings from LK and myLK channels in dark and light. 
(A) Cartoon representation and current-voltage relationship of LK recorded in Xenopus oocyte in the 
dark () and after 10 min of blue light (455 nm, 80 µW/mm2) (). External solution contained 50 
mM [K+]. (B) Cartoon of myLK with the N-terminal myristoylation and palmitoylation sequence. 
Continuous current recording at -60 mV in 50 mM [K+]out from one oocyte expressing myLK. The 
oocyte was exposed to dark/light cycles, including blue light (455 nm) and red light (617 nm). 
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Figure S3. Impact of mutations introduced in myLK on functional complementation of yeast. 
Mutations introduced in the J region of myLK were: G528A, I532A and N538A (in short GIN). For 
functional complementation details see fig. S1B.   
  



13 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. List of clones retrieved from library screening 
List of 13 clones selected from a library of myLKN538A (myLKN) mutants and schematic 
representation of the mutations found and of their position in the sequence, represented by a black 
line. Colored elements, indicated on the myLKN sequence, are as follow: orange, myristoylation and 
palmytoylation sequence; green, secondary structures of LOV domain (H1-H4,  helices; S1-S5, beta 
sheets and Jα); grey, secondary structures of Kcv (SH, TM1, PH, TM2, see fig. 1A). Dotted line 
marks the randomized portion of the channel. LOV mutations are numbered on NPH1.1 sequence 
(AAC05083.1), while those on Kcv are numbered on PBCV-1-Kcv sequence (NP_048599.1). 
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Figure S5. Electrophysiological properties of myLK33 in Xenopus oocytes  
(A) Effect of blue light on the inward current recorded from one oocyte expressing myLK33, at -80 
mV in 50 mM [K+]out. Dotted line indicates zero current level. Bars indicate illumination with blue 
light (40 µW/mm2). Arrowheads indicate addition and removal of 1 mM BaCl2 from the solution. (B) 
Mean I/V relationship obtained from n= 5 oocytes: (●) dark, (■) light. Values normalized to the dark 
current at – 120 mV are expressed in arbitrary units (a.u.). (C) Nernst plot with Vrev shown as a 
function of [K+]out calculated assuming [K+]in = 110 mM (11). Regression line has a slope of -51mV 
per log unit [K+]out. (D) I/V curves around Vrev of the photocurrent recorded either in 100 mM [KCl]out 
(■) or [NaCl]out (▲). 
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Figure S6. Modification of the linker sequence connecting the myL domain to Kcv 
List of myLK clones and their amino acid sequences showing the modifications introduced in the 
linker region connecting Jα (residues 523-543 of LOV) (green) to the slide helix (SH, residues 3-12 
of Kcv) (grey). The three central residues lysine, glutamate and leucine (KEL), belong to a short loop 
that follows Jα in LOV. Leucine (pink) is also the starting amino acid of Kcv sequence, after removal 
of the initial methionine.  
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Figure S7. BLINK1 expression in yeast and in HEK293T cells  
(A) Cartoon representation (for details see fig. S6) of myLJSK= BLINK1 showing Jα connected to 
the slide helix (SH) of Kcv; (B) yeast functional complementation by BLINK1 performed as 
described in fig. S1B. The phenotype shown was observed in 50% of 10 independent experiments. 
(C) Immunolocalization performed on non-permeabilized HEK293T cells with anti-Kcv monoclonal 
antibody recognizing specifically the tetrameric form of the channel (30). Left, cells transfected with 
BLINK1; right: cells transfected with Kcv-GFP. Calibration bar: 10µm. Fluorescent images show 
secondary antibody (conjugated to Alexa 594) in red and Hoechst staining of nuclei in blue. Lower 
panels show corresponding bright field images. (D) Currents recorded in the dark from HEK293T 
cells (n = 4) transfected with BLINK1 + GFP (white) or GFP alone (n = 8) (grey). Black diagonal 
pattern indicates the addition of 1 mM BaCl2 to the external solution. Measurements were performed 
at -80 mV in 100 mM [K+]out. (E) I/V recorded from a HEK293T cell expressing BLINK1 in dark 
(black line, average of three subsequent ramps) and blue light (blue line, 455 nm, 90 μW/mm2). Inset: 
increase in BLINK1 current recorded at -80 mV, as a function of increasing blue light intensity. 
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Figure S8. Expression and photochemical characterization of BLINK1 in insect cells.  
(A) Immnunoblot analysis on Sf9 insect cells infected with either recombinant baculovirus expressing 
BLINK1 or the kinase domain of Arabidopsis phototropin 1 (p1Kinase) as a negative control. 
Molecular weight obtained for BLINK1 is consistent with the tetrameric form of the protein (106.5 
kDa). (B) Corrected fluorescence excitation (blue line) and emission (red line) spectra for insect cells 
expressing BLINK1. Spectra were obtained by subtracting control spectra (from cells expressing 
p1Kinase). (C) Representative light-induced changes in fluorescence emission (520 nm) observed for 
insect cells expressing BLINK1 following blue light irradiation (on; 455 nm, 90 W/mm2) and after 
irradiation (off). (D) Photoadduct formation for BLINK1 (black circles) shows exponential kinetics 
( =14.5 s) similar to that obtained for myL (open circles). (E) Photoadduct decay for BLINK1 (black 
circles) shows exponential kinetics ( = 51 s) similar to that of for myL (open circles). Data of myL 
are redrawn from Fig. 1. 
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Figure S9. BLINK1 protein expression and absence of red light effect on zebrafish embryos 

(A) Western blot analysis performed with an anti-Kcv antibody that recognizes the tetrameric 
conformation only of the channel (30). Left blot, zebrafish lysates expressing GFP or BLINK1; right 
blot, yeast microsomes expressing myLK33 or BLINK1. Numbers on the side indicate molecular 
weights in kDa. Expected m.w of BLINK1 is 106.5 kDa and of myLK33 is 110.5 kDa.  

(B) Altered escape response in 3 day-old zebrafish, expressing BLINK1. The embryos  (n=34) were 
tested for escape response with the following protocol: the fish were first kept for 1h in the dark 
(black) then illuminated for 45 min with red light (617 nm, 80 μW/mm2) (red) and finally for 45 min 
with blue light (80 μW/mm2) (blue). The escape response was tested at the end of each illumination 
period by gentle mechanical stimulation with a pipette tip (see Movie S1).   
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Movie S1. Touch response of zebrafish embryos expressing BLINK1. 
(GFP) 2 day-old control embryo (GFP-injected), exposed to blue light for 1 h and then tested by 
mechanical stimulation with the tip of a pipette. (BLINK1) BLINK1-injected embryo, same treatment 
as the GFP-injected one. 
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