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Light-activated ion channels for remote control of

neuronal firing

Matthew Banghart!3, Katharine Borges?3, Ehud Isacoff?, Dirk Trauner! & Richard H Kramer?

Neurons have ion channels that are directly gated by voltage,
ligands and temperature but not by light. Using structure-
based design, we have developed a new chemical gate that
confers light sensitivity to an ion channel. The gate includes
a functional group for selective conjugation to an engineered
K* channel, a pore blocker and a photoisomerizable
azobenzene. Long-wavelength light drives the azobenzene
moiety into its extended trans configuration, allowing the
blocker to reach the pore. Short-wavelength light generates
the shorter cis configuration, retracting the blocker and
allowing conduction. Exogenous expression of these
channels in rat hippocampal neurons, followed by chemical
modification with the photoswitchable gate, enables different
wavelengths of light to switch action potential firing on and
off. These synthetic photoisomerizable azobenzene-regulated
K* (SPARK) channels allow rapid, precise and reversible
control over neuronal firing, with potential applications for
dissecting neural circuits and controlling activity downstream
from sites of neural damage or degeneration.

Natural photoreceptive proteins, such as rhodopsin, have a covalently
attached chromophore that directly activates the protein on exposure
to light. Several strategies have been used to enable light regulation
of proteins that are not intrinsically light sensitive. Light can be used
indirectly to activate receptor proteins, for example, by making a ligand
available from a caged precursorl. Light can also be used to directly pho-
toisomerize a synthetic molecule that is covalently attached to a protein,
thereby imposing conformational changes?3. We have combined these
ideas by synthesizing a photoisomerizable tether that attaches a specific
ligand on a protein near its normal binding site. Photoswitching of
the tethered ligand rapidly regulates its ability to reach its binding site,
thereby switching the protein on and off without causing unnatural
conformational changes. Photoswitchable tethered ligands can be ago-
nists (for example for nicotinic acetylcholine receptors?®), antagonists,
or other regulators of protein function. We have applied this general
design principle to an ion channel, where the chosen ligand is a blocker
of the channel’s pore.

Our approach is particularly valuable for controlling neuronal
firing because ion channels are the basis of neuronal signaling.

Many techniques exist for controlling neural activity, but they all
have considerable limitations. Traditional electrical and chemical
methods require invasive electrodes or chemical delivery systems
that cannot control patterns of activity in densely packed neural
tissue. Optical techniques utilizing caged neurotransmitters®® are
less invasive and can be more precise, but reversal of the effects of
the uncaged transmitter is limited by its diffusion kinetics. Recently,
the exogenous expression of genes encoding ion channels has been
used to influence electrical activity in specific neurons’?, but the
onset and reversal of gene expression is slow. A modification of this
technique, in which a receptor from one species is introduced into
another that lacks a natural ligand, dramatically improves temporal
control'®!1 but this approach still relies on a diffusible ligand whose
time course of removal limits reversibility. Finally, photic regulation
has been conferred on neurons by introducing a rhodopsin-based
signal transduction cascadel?. This technique requires coordinated
exogenous expression of three different genes and produces light
responses that can be slow in onset and offset and variable in differ-
ent neurons, possibly because the nature of the native ion channels
that are regulated by the cascade can vary between neurons.

We have developed light-activated ion channels as an alternative
strategy for controlling neuronal activity. Like other optical methods,
light-activated channels allow rapid, remote and noninvasive control.
Because the light-activated gate is covalently linked to the ion channel,
and because the ion channel is integral to the neuronal cell membrane,
control over individual neurons is spatially accurate and does not rely
on a diffusible ligand. In addition, the gate can be reversibly photo-
switched, allowing recurrent control of neural activity.

RESULTS

Engineering and testing the light-activated channel

As a starting point for engineering a light-activated channel, we used the
Shaker K* channel because of the availability of structural and molecu-
lar information314, Voltage-gated K* channels, including Shaker, are
blocked by the binding of quaternary ammonium ions, such as tetra-
ethylammonium (TEA), to a site in the pore-lining domain1>16, Amino
acid Glu422 is estimated to be 15-18 A from the TEA binding site”-19,
When a cysteine is substituted at position Glu422, tethering of a series of
cysteine-reactive compounds that contain quaternary ammonium to this
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3 min. To generate the adduct, MAL-AZO-QA S 0.10 €
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(1.5 M) for 12 h at 21 °C. (b) Unblocking of <C 0.051 cis 3 2l
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violet light unblocked as much as 1 nA of current, visible light reblocked
the channels almost completely and both effects nearly reached steady
state within 5 s under standard epifluorescence illumination. With
steady ultraviolet illumination, the channels remained unblocked. In
the dark, however, unblocked channels slowly (>5 min) returned to
the blocked state (Fig. 2d), consistent with thermal relaxation of the
azo moiety to the more stable trans configuration in the absence of
light20. Current block in the dark followed a biexponential time course
(Fig. 2d), suggesting that a second process was involved. This may be
a decrease in slow inactivation as the channels become reblocked by

l, .I quaternary ammonium?l,

=" Spectral sensitivity

Which wavelengths are best for opening and closing MAL-AZO-QA-
modified channels? To address this question, we first measured the
absorbance spectra of MAL-AZO-QA in solution as a glutathione
adduct (Fig. 3a). The trans configuration of MAL-AZO-QA has a large
absorbance peak at 360 nm and a small shoulder at about 440 nm, as
reported for other azo derivatives?°, Maximal photoisomerization to the
cis configuration considerably decreased the 360-nm peak and slightly
increased absorbance between 440 and 540 nm. Although the spectra
indicate the wavelengths of maximum absorbance for the trans and
cis isomers, the spectral overlap between isomers suggests that these
may not be the optimal wavelengths for maximal photoconversion. In
addition, coupling of MAL-AZO-QA to the channel protein could affect
the absorbance spectra. Finally, the spectral properties of the illumi-
nation system used in the experiment (in our case a xenon lamp) will
determine the relative intensities of different wavelengths. We there-
fore determined the optimal wavelengths empirically by measuring the
action spectrum of each isomer (Fig. 3b—d).

To determine the wavelength that results in maximal recovery of K*
currents, inside-out patches were initially exposed to long-wavelength
light (500 nm) for at least 1 min to maximize occupancy of the blocked
state. The patch was then irradiated with a discrete wavelength between
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300 and 480 nm for 1 min, and the peak current at steady state was
measured to determine the degree of unblock (Fig. 3b). The resulting
action spectrum shows that 380 nm is most effective in unblocking
MAL-AZO-QA-modified Shaker channels (Fig. 3d). The action spec-
trum for channel unblock presumably reflects the steady-state ratio of
trans and cis isomers (the photostationary state) at each wavelength.

To determine the complementary action spectrum for channel
reblocking, patches were exposed to 380 nm for 1 min to maximize
occupancy of the cis state. Subsequent exposure to discrete wavelengths
between 420 and 600 nm caused reblocking of the channels at different
rates (examples are shown in Fig. 3c). In this case, rate of reblocking is
the most relevant parameter, because many wavelengths will eventu-
ally result in complete blocking, as MAL-AZO-QA reaches its thermo-
dynamically more stable trans configuration. Thus we measured the
degree of blocking at a fixed time (0.2 min) for each wavelength. The
broad peak of this action spectrum (Fig. 3d) indicates that wavelengths
from 460 to 500 nm cause the fastest reblocking of channels.

Expression and use in neurons
We next tested whether light-activated channels could be used to con-
trol neuronal excitability. First, we wanted to modify the voltage depen-
dence of the channel, so that the photoswitch is the primary regulator of
gating. Normally, Shaker-type K* channels make only a minor contri-
bution to the membrane conductance at typical resting potentials (—40
to—70 mV). The channels also display voltage-dependent inactivation,
further limiting their contribution. We therefore introduced mutations
to eliminate rapid inactivation (A6-46; ref. 22), to reduce slow inac-
tivation (T449V; ref. 23) and to shift voltage-dependent activation to
hyperpolarized potentials (L366A,; ref. 24), as confirmed by expression
in oocytes (data not shown). Expression of voltage-gated K* channels
with these modifications should result in a high resting conductance
for K* and silencing of spontaneous activity.

This multiply mutated Shaker channel was expressed in cultured
hippocampal neurons, which were subsequently treated with MAL-
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The observation that only Shaker-transfected
neurons are light sensitive indicates that
MAL-AZO-QA may selectively attach to the
introduced cysteine, and the reaction is facili-
tated by the high effective local concentration
of the cysteine-reactive maleimide when the
quaternary ammonium binds to the pore?,
Nonselective attachment of MAL-AZO-QA
to extracellular cysteines on other membrane
proteins may have no detectable effects on
cellular electrophysiology, because other
channels and receptors are unlikely to have a
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Figure 4 Expression of light-activated channels confers light sensitivity on hippocampal pyramidal
neurons. (a) Spontaneous action potentials are silenced and revived by exposure to 390- and
500-nm light, respectively. A neuron that was transfected with the multiply mutated Shaker
channel was treated for 15 min with MAL-AZO-QA before recording. The frequency of spontaneous
synaptic potentials generated by untransfected presynaptic neurons is not affected by light.

(b) Depolarizing current steps elicit repetitive firing in 500-nm light (left) but only single action
potentials in 390-nm light (right). Neurons were held under current clamp at about -55 mV

and were depolarized to about —15 mV. (c) Summary of repetitive firing data. Number of spikes
resulting from a suprathreshold depolarization to -15 mV is significantly modulated by light in
the multiply mutated Shaker-transfected neurons treated with MAL-AZO-QA (*P < 0.01). Neurons
expressing the channel without MAL-AZO-QA treatment or treated with MAL-AZO-QA without

channel expression were unaffected by light.

TEA-binding site positioned at the appropri-
ate distance from a modifiable cysteine.

DISCUSSION

Coupling MAL-AZO-QA to the outside of
Shaker adds a new light-switchable gate to
the channel without compromising its nor-
mal voltage-dependent gating mechanism. By
combining synthetic chemistry and protein
mutagenesis, we have re-engineered the Shaker
channel, adding an artificial control mecha-
nism that is orthogonal to the natural one
provided by evolution. This strategy may be
extended to ionotropic or metabotropic recep-
tors by incorporating specific receptor agonists
or antagonists. Two conditions must be met for
light-switchable ligands to alter the function of
channels or receptors: (i) a given target protein
must have a binding site for the ligand compo-
nent of the molecule, and (ii) that site must be
a precise distance from the covalent attachment
site on the protein. MAL-AZO-QA attaches to
a specific cysteine, but it might be possible to
use other attachment strategies, including site-
specific recognition sequences?.

AZO-QA for 15 min in the dark, followed by thorough washout.
Current clamp recordings from transfected pyramidal cells, identi-
fied by coexpression of green fluorescent protein (GFP), showed that
exposure to 390-nm light silenced spontaneous action potentials within
3sand exposure to 500-nm light restored activity, also within seconds
(Fig. 4a). Similar results were obtained in five cells. Activity could also
be restored simply by leaving neurons in the dark after silencing (data
not shown), but the onset was slow (>30 s), in accord with the slow
reblocking of ionic current observed in oocyte patches in the dark.
Hence, a 5-s pulse of 390-nm light should produce relatively sustained
silencing. Prolonged depolarizing current steps caused repetitive firing
in 500-nm light (Fig. 4b, left). In contrast, in 390-nm light the same
steps elicited rapidly accommodating responses (usually a single action
potential, even with depolarization well above threshold; Fig. 4b, right).
On average, 390-nm light decreased the number of action potentials
elicited by a depolarizing step by 79% (n = 4; Fig. 4c).

Light had no effect on MAL-AZO-QA-treated neurons that
expressed GFP without the multiply mutated Shaker channels
(n=4), nor on channel-transfected neurons without MAL-AZO-QA
treatment (n = 5; Fig. 4c). Hence, it seems that native K* channels
are not susceptible to light-regulated block by tethered MAL-AZO-
QA, even though many of these channels can be blocked by TEA.

In the absence of MAL-AZO-QA, overex-
pression of the mutant Shaker channel may
alter the normal electrical activity of hippocampal neurons. One would
expect channel overexpression to hyperpolarize the membrane poten-
tial and suppress action potential firing, especially given the mutations
that shift activation and reduce inactivation. Overexpression of Shaker
channels can, however, result in a compensatory change in the expres-
sion of genes encoding native ion channels, causing hyperexcitability
of neurons?’. In addition, overexpressed Shaker channels could form
heteromultimers with native channel subunits, but this should occur
slowly, as the turnover rate of native K* channel subunits probably takes
days. None of these perturbations should interfere with the use of light
in regulating the activity of the MAL-AZO-QA-maodified channels and
ultimately in regulating neuronal firing. The procedure used here could,
however, be modified to limit undesired effects of channel overexpres-
sion. For example, MAL-AZO-QA could be introduced at the onset of
channel expression, ensuring that the channels are continually blocked,
so that compensation is less likely to occur. Mutations resulting in milder
changes in Shaker channel gating might also allow light regulation of
firing without perturbing basal activity.

Site-directed functionalization of Shaker channels with MAL-
AZO-QA introduces a new and permanent photoswitched gate. The
power of this technique lies in its spatial and temporal accuracy,
its noninvasiveness and its reversibility. The spatial resolution of
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channel activation should be limited only by the optics of the experi-
mental system, and the kinetics of the response is limited only by the
intensity of the light source.

Because these channels can control the firing of action potentials, we
propose the name SPARK (synthetic photoisomerizable azobenzene-
regulated K*) channels. Irradiation of SPARK channels may be used
to control neuronal populations, individual neurons, or even parts
of neurons, such as axonal or dendritic branches. SPARK channels
have the potential to transform the experimental analysis of neuronal
circuitry not only in vitro but also in vivo. Shaker-type K* channels
can be readily expressed at high density in mammalian neurons using
standard gene transfection techniques including lipofection?8, viral
infection?? and transgenic gene expression2’. Amphipathic molecules
similar to MAL-AZO-QA, such as voltage-sensitive dyes3C, penetrate
deeply into neural tissue and label neuronal membranes. These fea-
tures may enable the widespread use of SPARK channels, even deep in
neural tissue. In addition to their use experimentally, SPARK channels
may provide an effective means for controlling the activity of specific
neurons downstream from sites of neural damage or degeneration. A
particularly intriguing possibility is to use these channels to restore
light-regulated activity in healthy retinal neurons after degeneration of
rods and cones, the native photoreceptors. Light-regulated molecular
machines, such as the SPARK channel, may also have applications in
fields other than neurobiology, such as nanotechnology, bioelectronics
and material sciences.

http://www.nature.com/natureneuroscience

METHODS

Synthesis of MAL-AZO-QA. MAL-AZO-QA was synthesized in a two-step cou-
pling procedure from commercially available 4,4’-azodianiline and the respective
acid chlorides of the maleimide and quaternary ammonium components (M.B.,
K.B., E.I.,R.H.K.and D.T., unpublished data).

Patch recordings from oocytes. X. laevis oocytes were injected with 12.5-100
ng of MRNA encoding Shaker H4, with the following mutations: A6-46, E422C
and T449V. We found that the effects of light on channel activity were largest
for the TEA-binding site mutant T449V as compared with the wild-type chan-
nel (Thr449) and two other mutants (T449Y, T449F). Devitillenized oocytes
were recorded from 2-10 d postinjection using standard patch-clamp meth-

Ve, 0ds. For outside-out patches, glass patch pipettes (2-4 MQ) were filled with
@a solution containing 100 mM KCI, 10 mM HEPES, 0.1 mM CaCl,, 0.5 mM
=" MgCl, and 10 mM EGTA, whereas the bath contained 10 mM KCI, 90 mM
NaCl, 10 mM HEPES, 0.1 mM CaCl,, 0.5 mM MgCl, and 10 mM EGTA.
For inside-out patches, patch pipettes and bath both contained 100 mM KCl,
10 mM HEPES, 0.1 mM CaCl,, 0.5 mM MgCl, and 10 mM EGTA. The pH
of all solutions was 7.1. Solid MAL-AZO-QA was dissolved as a concentrated
stock solution in DMSO and stored at —20°C until the day of use. Stocks were
diluted into oocyte bath solution to final concentrations of 10 uM or 100 uM.
The concentration of DMSO in the bath did not exceed 0.1%. Pulse protocols
and measurements were carried out with pCLAMP software, a DigiData 1200
series interface and a PC-505 amplifier (Warner Instruments). Samples were
taken at 10 kHz, and the data were filtered at 1 kHz. Patches were held at
—90 mV, pulsed to =100 mV for 60 ms to monitor leak and pulsed to —20 mV
for 30 to 100 ms at 1 Hz to elicit Shaker currents. The peak of the Shaker cur-
rents was measured to minimize the contribution of slow inactivation. Patches
with a leak conductance >100 pS were not included in the analysis.

Illumination of patches was achieved with a TILL Photonics Polychrome
Il monochrometer (Applied Scientific Instrumentation, Inc.) containing a
75-W xenon short arc lamp with an output of 250-690 nm, a quartz fiber
optic cable and an epifluorescence condenser with an achromatic lens. Discrete
wavelengths of light (10 nm) were focused on patches through a quartz cov-
erslip with a Fluor 20x, 0.5 n.a. objective lens (Nikon). Output intensity was
measured for wavelengths between 300 and 600 nm. The measured output
intensities for wavelengths between 340 and 600 nm ranged from 0.324 x 1078
t0 6.23 x 1078 W/cm?.

© 2004 Nature Publishing Group
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Recordings from hippocampal neurons. Primary dissociated hippocampal
cultures were prepared from embryonic day (E) 18-19 Sprague-Dawley rat
embryos and were grown on glass coverslips in serum-containing medium
in 7% CO, in air at 37 °C. All animal care and experimental protocols were
approved by the Animal Care and Use Committee at UC Berkeley. Cells were
transfected with GFP along with the modified Shaker channel described above
with additional L366A and V454L mutations. Transfections with Lipofectamine
2000 (Invitrogen) were carried out at 12—-14 days in vitro. About 10% of the
cultured neurons were GFP positive at 2-3 d after transfection. Coverslips con-
taining the neurons were treated for 15 min with 300 uM MAL-AZO-QA at
37 °C in an extracellular recording solution containing 135 mM NaCl, 5 mM
KCI, 1.2 mM MgCl,, 5 mM HEPES, 2.5 mM CaCl, and 10 mM glucose at
pH 7.4. Patch pipettes (7-10 MQ) were filled with 10 mM NacCl, 135 mM
K-gluconate, 10 mM HEPES, 2 mM MgCl,,2 mM Mg-ATP and 1 mM EGTA at pH
7.4. After washout of MAL-AZO-QA with extracellular solution, the membrane
potential was recorded at room temperature under whole-cell current clamp
with an AXOPATCH 200A amplifier (Axon Instruments) and was filtered at
10 kHz. Initial recordings were made at the resting potential to evaluate the effects
of light on spontaneous activity. In experiments where we wanted to quantify
the effect of light on firing (such as Fig. 4b), cultures were treated with CNQX
(1 uM) and bicuculline (10 uM) to silence synaptic activity. Baseline currents
were adjusted to set the membrane potential at =50 mV before depolarizing cur-
rent steps ranging from 0.01 to 0.03 nA were applied to evoke action potentials.
Cells were irradiated with a Lambda-LS illuminator containing a 125-W xenon
arc lamp (Sutter Instruments Company) equipped with narrow-bandpass
(£10 nm) filters through a Fluor 20x, 0.5 n.a. objective lens (Nikon). Variability
among data is expressed as mean * s.e.m., unless noted otherwise.
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