N

N

IM/2 bi M/BM: M/ BKT QpBM: T?QiQ@+QM
+?2 MM2Hb BM MQ+B+2TiQ b rBi? xQ#2Mx2M
H2t M/°2JQOm Qi- *? BbiB M >2 QH/- JB+? 2H EB2M»>

hQ +Bi2 i?Bb p2 ' bBQM,

H2t M/°2JQm Qi- *? BbiB M >2 QH/- JB+? 2H EB2MxH2 - _B+? /> E"
T QpBM; T?QiQ@+QMi'QH Q7 BQM +? MM2Hb BM MQ+B+2TiQ b rBi? xC
Q7 S? 'K +QHQ;v- kyRd- Rd8 URKV- TTXkkNe@kjRRX RYXRRRRf#T?2XF

> G A/, 2 HOYR8d39R]j
?2i1iTb,ff? HXbQ #QMM2@ mMMBp2 bBi2X7 f? HQy!
am#KBii2/ QM kN m; kyRd

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.sorbonne-universite.fr/hal-01578413
https://hal.archives-ouvertes.fr

Understanding and improving phetontrol of ion channels in
nociceptors with azobenzene photoswitches

Alexandre Mourdt, Christian Herol&®, Michael A.Kienzlef* and Richard H. Kramér

Affiliations:

1: Sorbonne Universités, UPMC UniRaris 06, INSERM, CNRS, Neuroscience Paris Seine
Institut de Biologie Paris Seine (NP8PS), 75005 Paris, France

2: Department of Molecular and Cell Biology, University of California Berkeley, Berkeley,
CA 94720, USAR

3: Biophysics Graduate Grouphiversity of California Berkeley, Berkeley, CA 94720, USA
4: Department of Chemistry, University of Maine, Orono, ME 04469, USA

* These authors contributed equally.

Correspondenc®: almourot@gmail.conor rhkramer@berkeley.edu

Running title:Optgoharmacologyor pain-sensing neurons

Keywords: photopharmacology, optopharmacology, nociception, optogeetatgesiaion
channel blocker, lidocaine, @QX14

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/bph.13923

This article is protected by copyright. All rights reserved.


mailto:almourot@gmail.com

Abstract:

x Background and PurposéNe previously developeda photoisomerizablelocal
anaestheticnamed QAQ{to gain rapid, optical control ovgrain signalingwithout
involving genetic modificationIn darknessor in green light transQAQ blocks
voltagegated K* and Na" channels and silences action potentials in {saimsing
neuronsUpon photoisomerization t@s with near UV light QAQ blockade isapidly
relievedandneuronal activity is restoreéHowever, themolecularmechanisnof cis
andtrans QAQ blockade isnot known.Moreover, the absorption spectrum of QAQ
requires UV light for photaontrol, precluding use deapsideneural tissue.

x Experimental ApproachVe haveused electrophysiology and molecular modelling to
characterize the binding efs andtrans QAQ to voltagegatedK™ channes, andwe
have develope@ENAQ, a redshifted QAQderivativethat is controlled with visible
light.

x Key Results Trans QAQ blockedcurrent through Shaker‘Kchannel with a5-fold
greater potency than cis QAQ. Both isomerswere usedependent, open channel
blockersthat bindfrom the cytoplasmicside butonly trans QAQ block wasslightly
voltage dependen@ENAQ alsoblockednative K and N& channelgpreferentiallyin
the trans state QENAQ was photoisomerized tocis with blue light, and
spontaneously reverted toans within seconds in darknessnablingrapid photc
control ofaction potentiadin sensory neurons

x Conclusion and Implicationd.ight-switchable locahnaestheticprovide a means to
norrinvasively photacontrol pain signiding with high selectivity andast kinetics.
Understanding the mode of action of QAQ and related compounds willirhéiye
designof drugs with improved photpharmacologicabroperties

Non-approved abbreviationsAAQ: acrylanide - azobemene - quaternary ammonium;
ACSEF: artificial cerebrospinal fluid solutiorBzAQ: Benzoyl +azobenzene quaternary
ammonium;CAP: Compound Action PotentiaDRG: dorsal root gangligrip: peak current;
Iss: steadystate currentMEA: multi electrode arrayQRI: Oocyte Ringer solutignP2X7:
ATP-gated ion channel 7PIl: photoswitching index;QAQ: quaternary ammonium
azobenzene- quaternary ammoniumQENAQ: quaternary ammonium ethylamine -
azobenzene quaternary ammoniuntShakeflR: Shakesinactivation removedTEA: tetra
ethyl ammonium TG: trigeminal ganglion TRPV1: transient receptor potential vanilloid
receptor 1

Plain Language Summary

Drugs that can be rapidly turned on andwith light offer the possibility to solve the issues
of toxicity and side effects aflassicalpharmacotherapietiere we have characterized and
tuned the photpharmacological properties of a lighensitive local anaesthetiand we
achieved optical cdrol of pain signalling with blue lightvithout genetic engineering
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x Introduction

Local anaesthetics decrease pain sensation by silencing the firing of nociceptor neurons.
However, local anaesthetics can also silence other sensory and motor neurons, leading to
serious side effects, especially when the drugs are applied for an extendedop time We
have beerdevelopinglight-sensitive local anaesthetics that can be controlled with spatio
temporalprecision, and which act specifically on nociceptors, avoiding side effects.

Optgpoharmacologyor phobpharmacologyrefers to the use gfhotosensitivedrugsthat
change structure upon irradiation with ligitramer et al., 2013; Velema et al., 2014; Lerch
et al., 2016)The aim is to establisbrecise opticalcontrol overtheactivity, the kineticsand
the site of actionof a bioactive compound. Optopharmacologicalagents are rationally
designed to incorporate their structurea chemical photoswitch, which confers to the drug
its photosensitivity. Azobenzeneaxcommonly used photoswitch, owing to the considerable
geometricaldifferencebetweenits bent,cis andstraight,trans configuration(Fehrentz et al.,

6]\PD VNL HW. pon photoisorarization, azobenzermntaining drugs
change shape, afféeg their binding totargetreceptos, and hence their biological activity.
Azobenzene can be rapidly switched back and forth between their two istanesrable
control over receptorsvith high temporalprecision(ms). Light can be deliveredith high
spatial precisionto restrictthe action of azobenzementaining drugs to a tightlypcalized
regionin biological tissue Finally, the wavelength and/or intensity of incident ligiain be
adjusted to changethe ratio betweentrans and cis isomers, altering theeffective
concentratiorof the active form othe compoundhteracting with the receptor.

We previouslydevelopeda series ofphotoswitchable blockers fovoltagegated K™
channels named XAQs(Banghart et al., 2009; Mourot et al., 2011; 2012; 2013a; 2013b)
XAQs possesa quaternary ammoniugroup (Q) whichbinds to thecytoplasmic tetraethyl
ammonium(TEA) binding site on K channels, a central azobenzene photoswitch (A), and a
terminal aliphatic chain of variable structure (X)AQs are permanently charged, yabst
are sufficiently hydrophobic tgpassively cross the membrane bilayand reach the
cytoplasmiclumen on K channelgBanghart et al., 2009They have been used to optically
control action potential firing in dissociated neuronfBanghart et al., 2009)rain slices
(Mourot et al., 2011)and in the retinafor restoing visual responses in blind mice
(Polosukhina et al., 2012; Tochitsky et al., 2014; 201®e of thesephotoswitchable
blockers, QAQ (quaternary ammoniunazobenzene quaternary ammoniuprFig. 1A) has
two importantfeatures that distinguish it from other XAQE: it contains twopermanently
chargedquaternary ammoniurgroups andthereforecannotpassively crosshe memibane
bilayer, and 2)it is not selective for voltaggated K channels butlso photosensitizes
voltagegatedNa' andC&* channels(Mourot et al., 2012)QAQ can be loaded into neurons
by two means: eitheartificially usingthe patch pipie, or 3 Q D W X hyy[p&s€ing through
open ion channels with large pordst areendogenous tsome neuronssuch as th@2X7
receptorand theTRPV1 channelOnce inside neuronsrans QAQ blocks many voltage
gated ion channelard silences neuronal activity the dark while illumination with violet
light isomerises the molecule ts, relieving blockadeandrestoring excitability

QAQ is structurallyand functionally similar to themembranadmpermealt lidocaine
derivative QX-314 (Fig. 1B, (Strichartz, 1973) with the additional benefit of being pheto
controlable Lidocaine(Fig. 1C)is a potent local anaesthetiat preverd signal propagation
to the brain, by blocking voltaggatedNa" and other ion channel@ozzard et al., 2011)
Because lidocaine is membrane perme@mén deprotonatecdowever,it silences not only
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painsengg neurons but also otheensory and motor neuroria contrast, both Q814 and
QAQ fail to blockNa" channels when applied outside celisit are potentblockers once
introducedinside cellsln a clever experimental desigBinshtok et alachieve nociceptive
selective analgesia using €344 (Binshtok et al., 2007)Theyfound thatthis moleculecould
enter nociceptors selieely by passing througkhe pore of noxioudieat sensitivfRPV1
channels, which are highly expressed in nociceptors but scarcely present in othealneuron
cell types (Binshtok et al., 2007)Similarly, we found thatQAQ could selectivelysilence
pain-sensing neuronsyhile leaving other sensory modalities unaffectedt unlike Q%314
which produces longasting analgesigBinshtok et al., 2009)the effect of QAQcan be
reversed witm seconds usindglashes ofnearUV light (Mourot et al., 2012)QAQ can
therefore fuction as a targeted, lightinable local anaesthetisothexandin vivo.

However,how the two isomers of QAQ blodkn channed is unclearin addition, the
short wavelengtlof light necessaryo effectively switch QAQ tocis can becell damaging,
and poorly penetrate intact tissue. Therefore, wesought a mechanistic understanding of
QAQ action on ion channels, to inform chemical modificatitmat could improve photo
control in neural tissue. Wgrobel cis andtrans QAQ bindingusing electrophysiology and
molecular modiing. We chosethe ShakerK* channel a prototypical voltaggated ion
channel with welunderstood biophysical propertiess a model system to study QAGh
channel interactionddaving established how QAQ interacts with ShakércKannels, we
have designed a reshifted version of QAQQENAQ) that photoisomerizes ts using blue
light and reverts back tivanswithin seconlsin darkness We further showhat QENAQ can
be usedo optically control action potential firing in intact dorsal root gangdhaights from
QAQ and QENAQwiIll inspire the design of related compoundsth tuned properties
expanding thigroup ofoptical tools for neuronal contrdboth for gaining scientific insights
and as potential therapeutic agents

x Methods

Synthesis ofQAQ and QENAQ

QAQ was synthesized as describedNtourot et al., 2012)QENAQ was synthesized
as described in Scheme Reactions were carried out under nitrogen atmosphere and
magnetically stirred in ovedried glassware.

(E)-2-((4-((4-aminophenyl)diazenyphenyl)(ethyl)aminoN,N,N-triethylethar1-
aminium (B): 4((4-aminophenyl)diazenyiN-(2-bromoethyljN-ethylaniline (A 63 mg,
0.182 mmol(Kienzler et al., 2013)was transferred to a aey-walled pressure vessel and
dissolved in ethanol (4 mL), dichloromethane (0.5 mL), and triethylamine (0.2 mL). The
mixture was sparged with nitrogen gas and the flask was sealed and then heated to 80 °C for
5 days. The reaction mixture was concentramedacuo and the residue purified by reverse
phase (€18 silica gel) flash column chromatography (0% to 40% methanol in 0.1% aqueous
formic acid) to yield 26.5 mg (40%) of B as a red sdktiNMR (500 MHz, Methanetl,) /
7.77 (d,J= 8.6 Hz, 2H), 7.63d,J= 8.5 Hz, 2H), 6.90 (d] = 8.8 Hz, 2H), 6.74 (d]= 8.6
Hz, 2H), 3.85 (tJ= 7.7 Hz, 2H), 3.54 (q] = 6.9 Hz, 2H), 3.44 (m, 8H), 1.35 (= 7.2 Hz,
9H), 1.23 (tJ= 6.9 Hz, 3H); HRMS (ESI+n/zcalcd for G-HzaNs [M]*: 368.2808, found
368.2809.

QENAQ: Freshly prepared-ghloro-N,N,N-triethyl-2-oxoetharl-aminium C, 150
mg, 0.842 mmo(Banghart et al., 200Pyissolved in acetonitrile (5 mL) was slowly added to
a stirred flask containing (E-((4-((4-aminophenyl)diazenyl)phenyl)(ethyl)amini)N,N-
triethylethanl-aminium @, 18.5 mg, 0.050 mmol) dissolved in acetonitrile (5 mL) and
diisopropylethylamine (0.2nL), all of which was cooled to 0 °C in an ice bath. The reaction
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was stirred and allowed to warm to room temperature overnight. The reaction mixture was
concentrated in vacuo and the residue purified by reverse phd$esiica gel) flash column
chromabgraphy (0% to 20% methanol in 0.1% aqueous formic acid) to yield 14 mg (55%) of
QENAQ as a red solid*H NMR (600 MHz, Methanetl,) /7.88 (dJ= 9.1 Hz, 2H), 7.84
(d,J= 8.8 Hz, 2H), 7.77 (d] = 8.8 Hz, 2H), 6.93 (d] = 9.2 Hz, 2H), 4.22 (s, 2HRB.90 (s,

2H), 3.69 (qJ = 7.3 Hz, 6H), 3.58 (gl = 7.1 Hz, 2H), 3.50+3.42 (m, 8H), 1.40 (= 7.2

Hz, 9H), 1.37 (tJ = 7.2 Hz, 9H), 1.26 (t) = 7.0 Hz, 3H);"*C NMR (151 MHz Methanotd,)

/ 163.14, 151.22, 150.86, 145.75, 140.33, 126.20, 124.ar58,2113.65, 55.88, 55.85,
54.47, 49.57, 46.83, 44.03, 12.45, 7.99, 7.90; (E®¥eralcd for GoHs00O1Ng [M] 2+
255.2021, found 255.2018.

UV/Vis spectra were measured at room temperature using a SmartSpec Plus
photometer (BieRad USA).

Compliancewith requirements for studies using animals

Male wild type mice (C57BL/6J strain, Jackson Laboratory) @@emonths were
used in all experiments. All animal procedures were approved by the UC Berkeley
Institutional Animal Care and Use Committee and were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animasimal studies are ported in
compliance with the ARRIVE guidelindMcGrath and Lilley, 2015)

Expression d ion channel proteins inXenopus laevi®ocytes

Oocytes of maturation stage | to IV frodéenopus leavidrogs were surgically
removed from female adults by laparotankyogs were housedin a facility approved by
OLAC of UC Berkeley The animals were anesthetized by tricaine metisaifenate (MS
222, Western Chemical, USA) at neutral pH and individual frogs were used up to 6 times to
harvest eggs. Removed oocytes weredigested with 22 mg/ml collagenase (SigmdSA)
to support dfolliculation and connective membranes were manually removed. Oocytes with
intact vitelline membranes were kept at 16°C in Oocyte Ringer solution (ORI, in mM: 96
NaCl, 2 KCI, 1MgCl,, 1.8 CaC4, 5 4(2-hydroxyethyl}1-piperazineethanesulfonic acid
(HEPES) adjusted to pH 7.4 with NaOHphakerIR (inactivation removedgxpression was
accomplished by injection of mRNA constructs which were synthesized from linearized
DNA plasmids (mMessage mMachine T7 kit, Applied B&tems, USA) containing Shaker
IR and aT7 site as previously describé8mat and Krishek, 1995)RNA injection took
place 12 to 48 hours after oocyte harvest with a Nanoinject Il microinjector (Drummond
Scientific, USA) and injected oocytes were stored in ORI f& @ays at 16°C before
recording, ORI buffer was replaced dailpjection pipettes were pulled from losillicate
capillaries (Microcaps: inner diameter 0.70m, outer diameter 0.97™m, Drummond
Scientific, USA) with a micropipette puller &7, Sutter Instruments, USA). Tips were
broken over a tissue cloth to hasa approximate tip diameter of 1Bn, backfilled with
colored mineral oil and loaded with RNA solution. RNA was diluted in ORI to a final
concentration of 0.08 ng/nl and 250 nl were injected totaling 2-5 ng of RNA. For
optimal expression and oocytedith, RNA was injected at the midline, the equatorial band,
between animal and vegetal p¢&mart and Krishek, 199%f stage IV oocytes.

Voltage-clamp inside-out recordings from Xenopusoocytes

Before recording, the outer vitelline membrane was removed by placing the oocyte in
hypertonic stripping solution (in mM: 200" Kasparate, 20 KCI, 1 MgCl, 1€thylene glycol
tetra acetic acifEGTA), 10 HEPES, pH 7.4) for a few minutéBrown et al., 2008 and
carefully peelng off the outer membrane with fine forceps avoiding cell damage. Oocytes
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were then transferred into a recording chamber filled with bath solution recapitulating
intracellular ion composition (in mM: 160 KCI, 0.5 MgC1 EGTA, 10HEPES, adjusted pH
7.4 with KOH). Filamented, heat polished tsitlicate glass pipettes (Warner Instruments,
USA,; outer diameter 1.5am, inner diameter 1.1%m) with 22 0Y UHVLVWDQFH ZHUH
with pipette solution mimicking extracellular ion composition (in mM: 150 NaCl, 10 KClI, 10
HEPES, 1 MgC, 3 Ca&Cl,, adjusted to pH 7.4 with NaOH, filtered 0y2m). All
electrophysiology experiments were conducted at room tempera#&uhigh seal resistance
was established before the pipette was retracted rapidly ripping out a piece of membrane
covering the opening of the pipette forming an ingdé patch. Electrophysiological signals
were amplified by a Patch Clamp PO1A amplifer (Warner Instruments, USA), lopass
filtered at 1kHz, digitized at 5kHz by a Digidata 1322A converter (Molecular Devices,
USA), and acquired with Clampex 10 software (Molecular Devices, USA). A ctrsiaie
Matlab program (Mathworks, USA) was usedctinvert, concatenate and arzdyClampex
files. A seal test-60 to-80mV for 50ms) verified the stability of the recording before each
voltage step. A selinade line connector was used to quickly apply different solutions to the
membrane patch which wagsided into a polyethylene tube for fast solution exchange.-Dose
response curves were created utilizing the following model equations:

le= A1+(A2-A)/(1+(c/ICsg)) (Equation 1)
where t is current at concentration c,; /& bottom and Ais top asymptotethe Matlab
regression model was programmed to let:A0 for c-> infinity, and A -> 100 for c-> 0. A
nonparametric Ranksum (MaAWilcoxon) testwas usedo test the difference between the
ICs0sS.
For modelling voltage dependence of QAQ block the following equation was applied:

I/lo= (1+[B]/K(0) exp€]/)9 57 (Equation 2)
where K(0) is the zergoltage dissociation constant, [B] is the blocker concentration (here
100 uM), z the molecular chge (here 1) / WKH IUDFWLRQ RI WKH WRWDO
binding site, F Faraday constant, R gas constant absolute tempeeatdr€ absolute
temperaturgWoodhull, 1973) For the molecular charge, we used z = 1, because it is very
unlikely that the two positive chages of the moleculesense theelectric field of the
membraneespecially in thérans configuration wherg¢he two ammonium groupee located
about 19 A away from each other

Voltage-clamp wholecell recordings from dissociated trigeminal neurons

Trigeminal ganglion (TG) neurons from naatal mice were prepared as described in
(McKemy et al., 2002) Briefly, TGs were dissectedheurons wre dissociated with
collagenase and trypsimnd plated on polyllysine)coated coverslips. TG neuromgere
keptin minimum essential medium containing 5% horse serum, MEM vitamins (Invitrogen
USA), glutamine and penicillistreptomycinfor one night bedre measurementsPatch
clamp recordings were performed at room temperature. Bath solution cor{taingd): 138
NacCl, 1.5 KCl, 1.2 MgCl,, 2.5 CaCh, 5 HEPESand 10 glucose. Pipette solution contained
(in mM): 10 NaC| 135K" gluconate10 HEPES2 MgCl,, 2 MgATP, 1 EGTA All solutions
were adjusted to pH 7.4nd filtered 0.2 Rn. Patch pipettes resistances were 20
Electrophysiological measements were performed with PatchClamp PC505Bamplifier
(Warner Instruments, USH digitized with aDigidata 1200 interface (Molecular Devices
USA), andlow-passfiltered at 2 kHz.Na" channel currents were corrected by P/N leak
subtraction. For intracytoplasmic application through the patch pipett@ ENAQ was
dissolvedn intracellular solutionZ00 0) and neasurements wergarted after 5.0 min of
equiibration time.
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lllumination for voltage -clamp experiments
lllumination of membrane patches cells was performedby a Lambda.S xenon
lamp (Sutter Instruments, USA) with 379+aih and 500+&m band passlters and a 125
W light source. The light beam was led through a 20x objective (Nikon Fluor, Japan,
Numerical Aperture (N.A.) 0.75). Lighhtensites measurect the objectivaising a hand
held power meter (Newport 840, USA), were 3.85 mW/crfor 380 nm light,4 mWicn?
for 480 nm lightand 500 pW/crhfor 500 nm light

Preparation of intact dorsal root ganglia (DRG) tissue from adult mouse

Adult mice (wild type C57BL/6J, Jackson Laboratory, on regular,dieusedin a
mouse facility approvetly OLAC of UC Berkeley)were deeply anesthetized with isoflurane
and quickly sacrificed by cervical dislocation. The skin covering the dorsal side of the mouse
was removed and the peripheral sciatic nerves were isolated from the surrounding muscle.
Fiberswere transected about 5 mm distal to the stigliéxus preserving about 235cm of
total nerve fiber. Following transection the spinal column from the upper cervical vertebrae to
the lower lumbar region was carefully detached from the mouse and pracetti(4°C)
artificial cerebrospinal fluid solution (ACSF, buffered at pH 7.4, in mM: 124 NaCl, 4 KCl, 2
MgCl,, 2 CaC}, 26 NaHCQ, 20 Dglucose, 2 Na Pyruvate, 0.4 Ascorbic Acid), constantly
equilibrated with 95% @and 5% CQ. A laminectomy from the thrax to the sacrum
revealed the spinal column which was subsequently removed exposing the DRGs. Finally,
bone structures of the spinal column were gently opened to take out the lumbad6L3
DRGs. Only the most outer layer of the epineuriwas removed, laving the tissue intact
otherwise. After dissection, the DRG preparations were placed on a floating nitrocellulose
membrane (Sartorius Stedim Biotech, USA) in an oxygenation chamber keeping the tissue at
the airsolution interface of equilibrated ACSF abm temperature (182°C) to recover for
30-60 min before the start of recordings.

Multi electrode array recordings from intact dorsal root ganglia

Intact DRG tissue was mounted onto a multi electrode array (MEA) chip (MEAGO
200 3D GND, Qwaneaioscience, Switzerland) consisting sikty 3D tip-shaped platinum
electrodes penetrating 60 um into tissue spaced at 20qHeunschkel et al., 2002)he
tissue is secured in place to ensurt WLPDO FRQWDFW XVLQJ D puKDUST
membrane stretched over thick platinum wire and bonded with super glue; the wire was U
shaped to allow the nerve to exit without being crushed. The MEA chip was mounted on an
MEA1060-UP-BC amplifier (Multi Channel Systems, Germany) and placed on the stage of
an upright microscope (Laboph®t Nikon, Japan). Peripheral nerves were electrically
stimulated using a suction electrode driven by an external, battery driven DS2 stimulus
isolator (Digitimer, UK).The nerve bundle was gently led into a manipulatmunted glass
suction electrode of appropriate size. Stimulation mode (constant current vs. constant
voltage), blanking time of the amplifier (2@DO0us), stimulus pulse length (Z&D0 us) and
stimulation stength were optimized to yield extracellular responses with maximal response
amplitude while minimizing electrical artifacts at the beginning of recordings. DRGs were
checked for response to stimulation at 1 Hz prior to recording. Evoked responses were
rerded at 20 kHz sampling rate with MC_Rack v4.5.12 software (Multi Channel Systems,
Germany). Raw voltage traces were filtered with a second order Butterworth high pass filter
at 300 Hz andh low pass filter of 10 kHz. lllumination was provided by a Spec&-3X-
A2 LED light source (Lumencor, USA) routed through a 4x objectivé\. 0.13, Nikon,
Japan) yielding an intensity of 13.2 mW¢ém? for 475 nm light. Stimulator, recording
software andight source were centrally controlled by a custom made Matlab (MathWorks,
USA) program triggering TTL pulses through a BI2C10 I/O card (National Instruments
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USA). The MEA chamber was continuously perfused with oxygenated ACSF at about 3
ml/min and reordings were performed at constant’84 QENAQ was incubated at 3Q0M

solution in ACSF for 5 min. DR&were washed with ACSF for 10 min after incubation
before experimest Recordings were done at a stimulation rate of 10 Hzewhilminating

the DRG wih 480 nmlight or in darkness The start of recordings was synchroudize the

onset of the stimulus pulse and recordings lasted 50 to 90 ms for each stimulation sweep.
Each experiment consisted fofe cycles of 30 s undet80 nm light followed by 30 sn the

dark The DRG was stimulated for the last 5 s unlii@mination or in the darkallowing 25 s

to recover from adaptation in between stimulation episodes.

Analysis of multi-electrode data

Multi electrode data was imported into Matlab using the imporctionality of the
FIND program bundle (University of Freiburg, Germariieier et al., 200§) Subsequent
analysiswas performed by a custom made Matlab program packatgaulation artifacts
were excluded from the analysis and evoked signals were detected by a threshold manually
set beyond the noise level. Overall responses were divided in negative and positive
defledions and each deeiction was analyzed separatefy Matlab algorithm conservatively
excluced small and/or irregular signals. We chose the area under the voltage trace as
parameter tocalculate photosensitivityThis valuewas averaged over the five reciogl
cycles in each wavelength. Since QAQd QENAQfunction as an open channel blocker
(Mourot et al., 2012)photosensitivity increaseover the duration of a stimulation episode.
Therefore, the last 1.5 af the stimulation protocolvere used to calculate a measure of
normalized photosensitization, the Photoswitching Index (PI), which is defined as (area in
480nm tarea indark) / (area id80nm + area imlark). The distribution of Pl value®llowed
a non-normaldistributionand we therefore applied the naparametric ManiWhitney utest

IRU WZR FRPSDULVRQV RU WKH .UXVNDO :DOOLV WHVW ZL

comparisons).

Molecular docking in silico

The threedimensional strucne of the open channel Kvi21 chimera (PDB ID
2R9R,(Long et al., 2007yvere used to dockis andtrans QAQ molecules into the lumen of
the channel. Molecular docking was carried out in Glide @algren et al., 2004)
implemented in Maestro 9.2 (Schrodinger Inc., USA). Tiayxstructure was used to create
a grid after the adtion of hydrogen atoms and the removal of fwotein moieties. A QAQ
3D structure ¢is or trans configuration) was docked into this grid using the Standard
Precision algorithm.

Nomenclature of targets and ligands

Key protein targets and ligands in tligicle are hyperlinked to corresponding entries
in http://www.guidetopharmacology.org, tbemmon portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY(Southan et al., 2016and are permanently archived in the
Concise Guide to PHARMACOLOGY 2015/1{Alexander et al., 2015a; 2015b)

This article is protected by copyright. All rights reserved.



x Results

Concentration dependence of QAQ blockade

Intracellular QAQ blocks voltaggated K, Na" and C&" channels in darkess(Mourot et
al., 2012) To investigate QAQ binding to the internal TEA binding site, mave used the
Shakerinactivation removed (ShakéR) K* channel, amutant that does not inactivate
during brief depolarization(Hoshi et al., 1990; Demo and Yellen, 199This channellacks
the N-terminal 3ED O O D Qreotif; Widdh @y binding to the internal TEA binding site
(Zhou et al., 2001)night interfere with QAQblockade Because QAQ deenot cross the
lipid bilayer (Mourot et al., 2012)we used the insideut configuratiorfrom excised patches
to directly exposethe photoswitchable blockeo the cytosolic side ofShakerlR, and
characterizecis and trans QAQ blockade(Fig. 2A). ShakeflR opening was triggeredith
depolarizng voltage steps-§0 to +40 mV)for 200 msat 1 Hz. QAQ wasapplied until
blockade ofcurrent reached steadyate(Fig. 2B). Then, QAQwas photoisomerizetb cis
using 380 nm lightwhich resulted in a rapid increase ifi gurrent lllumination with 500
nm light reverted QAQ tderans and restored blockade. Using 1®0 QAQ, 61.0+5.5 % of
the ShakeflR steadystate current (Issjvas blockedunder green lightand bloclade was
reduced tdl6.4+3.8 % under380 nm light(Fig. 2C, D). At thisillumination condition >96%
of the QAQ molecules amonvetedto cis (Mourot et al., 2013b)Hence while bothisomers
of QAQ canblock ShakeflR current,the effect is more profound imansthan incis. A full
doseresponse curve afteadystatecurrentblockadeshowedthat trans QAQ hasa sixfold
lower 1G5o value (65 + 17 uM) compared teis QAQ (380 nm light >96%cis, ICso = 390+
111uM, p = 0.008 ManfWilcoxontest Fig. 2D).

Voltage dependence of QAQ blockade

Because QAQ ia charged moleculdts interaction with K channels may be sensitive to
the electric fieldacrossthe membraneéWNe investigated theffect of membrangpotentialon
cisandtrans QAQ block with incrementaloltagestepsirom -80 to +40 mV(Fig. 3A). QAQ
blockade was more potent unde®0 nmthan 380 nmlight, for all membrane potential
tested (Fig 3A, B). To quantify the voltagedependene of blockade,we measuredhe
reduction in current byboth trans and cis QAQ (100 RM) at voltages wherehannel
activation is completda.e. >-20 mV (seeblack trace inFig. 3C).Blockade withtrans QAQ
was slightly voltagedependent anthvouredby more positive potentialgFig. 3C). Voltage
GHSHQGHQFH RI EORFN FDQ EH GHVFULEMGGEW MH H UDHIWH.RR\V
the membrane potenti®AQ traverses to reach its binding s{@oodhull, 1973) A fit of
equation 2 (see methods) yieldsns 0.18 which agres closely ZLWK W KHO0.A5Y DO XH
reported for TEA block oK™ channe$ (French and Shoukimas, 1981; Yellen et al., 1991)
contrast, blockade witltis QAQ was not voltage dependeand wa fitted with a linear
regressionmgs = 0.0004 M Q V. WR P ZLWK S ThisGsWyXeGtsi QW IV
thatcis QAQ blocks K current but without sensing the electrical field of the membrane.

Use and time-dependence of QAQ blockade
A common property of quaternary ammonium pore blockers is that they bind to the pore

only after the channel has oper(&hoi et al., 1993)To test whether this is true fois and
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trans QAQ, we have perfused 308/ QAQ under 380 or 500 nm light for one minute, while
keeping the membrane potential-80 mV to ensure a verpw opening probability. This
perfusion time is normally sufficient to achieve potent blockade gBY.ShakeflR currents
werethenmonitored at 1Hz (+40 mV depolarization pulses), under both wavelengths of light,
and compared with currents recordedobe QAQ application. The first depolarizing test
pulse elicited a neadfull sized ks current, but block rapidly accumulated over time with
subsequent pulses under both wavelengths of light similar to QAQ application while Shaker
is constantly openedFig. 4A). This indicates that neitheis nortrans QAQ hasaccess to the
pore of ShaketR while the channel is closed. Like other quaternary ammonium pore
blockers, QAQ produced a udependent accumulative blockade in response to a train of
depolarizing pulses, under both wavelengths of light (Fig. 4B). Higkquéncies produced
more blockade for bothis andtrans QAQ, while blockade witltis QAQ was negligible for
frequencies <1 Hz. Hencimcreasepening of K channels allowicreasediccess of QAQ

to the poreThe blockade of bothis andtrans QAQ wasalso time dependeni.e., blockade
developednoninstantaneously during woltage pulsgFig. 4C), which corresponds to the
association of QAQ to the open chanrEhe current block withtrans QAQ followed an
exponentialdecline and increased with QAQ concentration (BD), similar to other open
channel blockers, including long alkghain quaternary ammoniugchoi et al., 1993pand

the Niterminal ball and chain motif of Kchannel§Demo and Yellen, 1991)n contrast, the
blockade ottis QAQ could not be fitted with an exponential function.

Interaction of QAQ with the gating mechanism of ShakeflR

We nexttested whether QAQ interacts withe gatingmechanisnof the ShakefIR
channel.Most quaternary ammonium blockel RQ W DIIHFW WKH DFWLYDWLEF
channel, but slow down deactivation because thegt dissociate before the channel can
close(Armstrong, 1971; Choi et al., 1993; Holmgren et al., 19%inilarly, we found that
the activation kinetics of Shak&R were not affected by the presence of QAQ, in either
wavelength(see Fig. 2C for instanceJo look at deactivation kinetics, waeasuredhe
exponential decline irail current after repolarization t&60 mV andfound that bannel
closingwasindeedslowed whertis QAQ wasbound to the poréFig. 4E), consistent with a
3SIRRW LQ WKH G RARmstroRd BBRIDSDipNsAgly trans QAQ hadno significant
effect on channel deactivation kinetiaghich may indicate a faster dissociation kinetics of
the elongated trans isomer, compared to the is@AQ.

Binding modes ofcis and trans QAQ

The two QAQ isomerdlock ShakedR K* channel with different potencyoltage
dependence and tirependence, and only thes isomer affects channel gating, suggesting
that cis and trans QAQ bind the internal lumerwith distinct orientationsThe crystal
structure of the K channel might provide additional insights into liglependentQAQ
blockade. We used a docking simulation to explore the predicteddis of trans QAQ to a
chimeric K channel, whose pore domain is derifiemin Kv1.2, a mammalian homologusf
Shaker(Long et al., 2007)This channel wagrystallized in the open conformatiowhich
shouldallow QAQ accesandbinding Figure 5 showsne ofthe best docking poséor each
isomer.In thetrans configuration,a quaternary ammoniurof QAQ is directly beneath the
selectivityfilter, on the central4old axis of the chann€Fig. 5A, B). Thesecond quaternary
ammonium is directed away toward the exit while the azobenzenénteracts with
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hydrophobic residues from the S5 and S6 helic@his pose is similar toquaternary
ammonium blockers complexed withe KcsAK* channel(Zhou et al., 2001; Lenaeus et al.,
2005; FaraldeGomez et al., 2007and is consistentwith electrophysiology experiments
indicating two functionally distinct subsites for blockevgith a TEA headgroup and an
hydrophobic tail (Baukrowitz and Yellen, 1996)Binding of cis QAQ was drastically
different: due to its bentonfiguration,this isomeifailed to positiona charged ammoniurnm

a central positiotelow the selectivity filterin none of the best pos@sg. 5 A, B). Thesein
silico results are in agreement with our electrophysiolpgyiding a plausibleexplaration
for why blockade otis QAQ isless potent (FigzD) andnot voltage sensitive (FI§C).

Tuning the photo-physical properties of QAQ

QAQ has been usenh vivo as an opticallyegulated local anaesthetic, yet only in the
cornea which is fully transparent, thereby facilitating light access. Optical control of
nociception in the skin or deeper into organ tissues requires a QAQ derivative that
photoswitches at loreg wavelengths of light. The photosensitive core of QAQ (Fig. 1A) is
PDGH RI D 3FODVVLFDO" D]JREHQ]JHQH JURX@ithd@a®i@NHG ZL\
acylamino moieties. In the darkans QAQ predominates, with a strong S band at 362 nm
in water (Fg. 6B). Irradiation with near UV light (380 nm) isomerizes the azobenzene group
to the highetenergycis conformer.Cis QAQ is metastable, and relaxes to the loeeergy
transstate in the dark, with a hdlife of 7-8 min(Mourot et al., 2012)lsomerization back to
trans can be accelerated upon irradiation with a longer wavelength of light (500 nm). The
limitation of using UV light forin vivo and therapeutic applications prompted us to design a
redshifted version of QAQ. The incorporation of elect@wnating groups in thertho
position of the azobenzene ring shifts the wavelength for maximal photoswitching to a longer
wavelength and increases the rate of spontaneous ttantrelaxation in the darkBeharry
et al., 2011; Fehrentz et al., 2012; Samanta et al., 2@&3eview sedDong et al., 2015)

Yet efficient red shifting is achieved with the introduction of bulky eleetfonating
substituents, which can impair the thimg of the ligand moiety to the protegiRehrentz et al.,
2012) Azobenzenes with an electrdonating group in thgara position also absorb at
longer wavelengths of light (blue range) and display fast kinetitseomal relaxation in the
dark (mss) (Sadovski et al., 2009; Mourot et al., 2011; Kienzler et al., 204/8) reasoned
that the steric hindrance induced byara substitution might be better toleeat than that
induced by arortho substitution, and that ion channel blockade might be less affected. We
designed a redhifted version of QAQ (QENAQ) with minimal variation to the structure, by
replacing the electrewithdrawing acylamino with an electraionating ethylamino group in

the para position (Fig.6A). QENAQ was synthetized as depicted in Scheme 1. As expected,
QENAQ displayed a red shift in its absorption specthyrabout 80 nn{ Qax = 445 nm) in
aqueous solution (FigeB), similar to what has den observed for related reHifted K
channel blocker@Mourot et al., 2Q1).

QENAQ photosensitizsnative voltagegated K* and Na* channels.

QAQ blocks not onlyK* channels but alstla” and C&" channels(Mourot et al.,
2012) The initial redshifted compounds/e had designed were potent hannel blockers
but failed at photosensitizinga” channelsand therefore could not silence neurdgiourot
et al., 2011)To test whetheQENAQ photosensitizes voltaggated Naand K channels, we
included it in the patch pipette, &low direct accessf the drugto the cytoplasmic binding
site. Voltage-gated N& current from primary sensory neurons wegeorded under 480 nm
light and indarknessWe found that Nacurrentswerelarger under blue light, wWheQENAQ
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(200 AM) was partially incis, than indarknesswhenQENAQ wasfully in trans (Fig. 7A).
lllumination with blue light rapidly increased current, while blocking was restosigan
secondsn darkness(Fig. 7B). We initially testedthe concentration used for QAQQO RM)
but did not observe reliable photoswitching (not show®ENAQ (200 BRM) also
photosensitized native voltagmted K channels from primary sensory neuroi$ currents
werelarger under bluaght than in darkess(Fig. 7C) and blockade occurred within seconds
after light wasshutoff (Fig. 7D). Hence, like QAQ,QENAQ blocks voltagegated K and
Na" channe$ in the trans configuration and unblocks them icis. But unlike QAQ,
conversion tocis occurredupon illumination withvisible light, instead of neadV light
neededor QAQ. In addition,cis QENAQ is notthermally stablen the darkandconversion
back totrans occursspontaneouslywithin seconds as judgdxy the recurrence dfla” and

K* channel blockadeHence a single wavelength of light, in the blue range, is required to
rapidly toggleQENAQ in and out of itdinding site on ion channels.

QENAQ photosensitizes intact dorsal root gangtin neurons

QENAQ, like QAQ, photosensitizes voltagmtedNa™ and K™ channels inprimary
sensory neurong.o check whetheQENAQ could be usedb optically control the electrical
activity of theseneurons, we turned to a system we have developed for @®&Qrot et al.,
2012) We recored the activity of tens okensoryneuronsat oncewithin an intact DRG,
while simultaneouslycontroling the isomeric state of the photoswitakingthe optics of a
microscopgFig. 8A). Whole intactDRGs were placed oa3-dimensionalMEA, consisting
of 60 spineshaped electrodes that protrude into the gangkan 8B). Neuronalactivity was
evoked by electrichl stimulating action potentials in axow$ the peripheral nerveEach
electroderecorded thdntegratedextracellularactivity of several neurons, appearing as a
Compound Action Potential (CAFRFig. 8C). Most signals recorded originate fromfiBer
neurons, including nociceptore/hich can bedentified by theirslow-conducton velocity
(Mourot et al., 2012)After treatment withQENAQ, the amfitude of evokedCAPs was
larger in 480 nm light than in darkness (Fig. 8C, D). Moreover, the CAP amplitude
diminished moreapidly in darkessthanin 480 nm lightduring a stimulus traifFig. 8D, E),
consistent with cumulative activiyependent blockade of voltaggated channels
Photosensitivity was quantified by a measure cdfleatoswitchindex(P1) of firing (Fig. 8E
inset and methods)vhich reflects the amount of photoswitmbmpoundoaded into neurons
QAQ is a membrananpermeanimolecuk, yet itcanenter neuronby passing througbpen
TRPV1 channelsor other conduit channels thapen transientlyn dissected DRGEVourot
et al., 2012) Similarly, QENAQ alone photosensittd neurons, whil@pplication of the
TRPV1 agonist capsaicin (BM) promotedQENAQ loading into neurons, ashownby an
increasd Pl (Fig. 8F). Hence QENAQ could accumulate in neuronthrough activated
nociceptive ion channeland enablel photocontrol of action potential firing with visible
light.

x Discussion

QAQ andQENAQ are potent photoswitchable blockers of voltggéedK™ andNa"
channels. They provideorrinvasive andrapid silencingof firing by pain-sensing neurons
andthereforeoffer promiseboth for understanding and for treating pafs a consequence,
characteriing the biophysics of QAQ binding to voltagmted ion channelmayincrease the
utility of QAQ as afundamental researctool, while rationally tuning the photochemical
properties of QAGhouldimprove thetranslationalvalueof such compounds.
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Mechanism of QAQ blockade

We found thatboth isomers oQAQ are usedependent opeohannel blockey for
voltagegated K channels The mechanism oftrans QAQ block resembles that of
hydrophobic quaternary ammonium blockexgth a slight voltagedependece, possiblydue
to the positioning of the TEA groypst beneath the selectivity filtelhe mechanism adfis
QAQ blockades quite differentit shows novoltagedependencen agreement wittthe TEA
groupspositionedaway fromthe central path for Kions. Cis QAQ is less potent thatnans
QAQ at blocking ion conductiorThis can be explained eithiey a decreased affinity, or by a
decrease efficacy of block of thecis isomer, or bothThe fact thatcis QAQ drastically
affects the closing kinetics of tlehannelat a concentration (106M) that yields only 16%
block favours the hypothesis ofs QAQ occupyingthe lumen, yeblocking K* conduction
inefficiently. This hypothesis is also in agreement with our docking simulatmas an
unusual binding of the quaternary ammonium grolfisvever,since we technically were
unable to perfuseis QAQ at a saturating concentration (Fig. 2BJ)e could notverify
whether blockade witkis QAQ is complete or not, and therefore we caroorhpletelyrule
out the possibility thathe affinity of cis QAQ is lower thanthat oftrans QAQ. QAQ is 6-
fold more potent in blocking(™ channelsin the trans than in thecis configuration This is
significantlyless thardight-dependent block by two other azobenzene photoswitsAEs or
BzAQ (30- and60-fold trandcis blocking ratio respectively (Banghart et al., 2009R large
difference inIC50 between the two isomers is important to avoid resibladkadewith the
cis isomer for a large range of concentratiomMéeverthelessthe appropriate concentration
(100 V) stimulation frequency<1Hz) and sufficiently bright light can ensure no blockade
of K* channelsin 380 nm light and nearly complete block300 nm light(see Fig.4B).
Similarly, 100 B QAQ ensures no block of N@hannelsn the dark anahearlyfull unblock
in 380 nm lightat low frequency stimulatioMourot et al., 2012)Together, thesactions on
channelsenablereversible control of action potential firing

Silencing primary sensory neurons with light

Optical silencing of nociceptor firingcan also been achievedhrough exogenous
expression obptogenetidools (Montgomery et al., 2016¥senetic strategies can be used to
restrict gsin expression to a subset of neurang. to nociceptors expressing voltagsed
Nav1.8Na  channels(Daou et al., 2013)r TRPV1 receptorgLi et al., 2015) Intrasciatic
viral injection of AAV6 viruses carrying inhibitory opsirs has been showito selectively
transduce nociceptois wild type animalsresulting ineffective optical inhibition of acute
pain even though only a small fraction of nociceptoosild betransducedlyer et al., 2014)
Our methodor silendng neurons is different: QAQ anfgENAQ block theintrinsic neuronal
ion channels that are responsible for the initiation and propagatiantioh potentials We
found that he mechanisnmof QAQ blockade isndeedvery similar to that otlassicallocal
anaestheticgHille, 2001; Fozzard et al., 201 2ywhich ae highly potentpain killers QAQ
and QENAQ block both Kand N& channels, reducing action potential amplitude and
increasing its haiffvidth (Mourot et al., 2012)Broadeningaction potentialdncreaes the
open timeof Na' channels, potentiating channel blockade and resulting in iahibition of
neuonal activity(Drachman and Strichartz, 199QAQ, which potently photosensitizes ion
channels at a concentration of 10®, is slightly more potent than QENAQX et both
moleculescan be applied to study neuronal systems similar te3QX while adding the
ability to precisely photaontrol ion channel blockad€@AQ and QENAQ photosensitize
nativetissue within minutes, as opposed to days or weekégrfalrexpressiorof opsins And
because they are highly soluble small molecules, QAQ and QENAQ diffuse readily through
tissue, reaching all cells thatesusceptible to photosensitization
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Red shifting QAQ for safer, potent optical control deep into tissue

Light penetration throgh biological tissue critically depends on the wavelength, with
short wavelengths being scattered and absorbed more st{digar et al., 2011)QENAQ
has a regshifted absorbance spectrum and therefore photoswitches with visible light, which
should facilitatecontrol withtransdermal illumination. In addition, becau3ENAQ relaxes
back totrans rapidly in the dark (second)nly asingle wavelength is required foapidly
switching the molecule between its active and inactive fomssa downside continuous
high intensitylight is required toreduce the concentration of thrans isomersufficient to
relieve blockadeHowever, a derivative of QENAQ with a higher thermal stability, as has
beenachievedwith a ortho-substituted QAQ derivatiwe(half-life of the cis isomer from
hours to daysjMourot et al., 2013bjvould be an ideatandidate for londasting optical
control of pain signalling.A major issue remains light delivery in the periphenhere
classical optical fibers are not suitablultiple technologiesare emerging, including
wirelessy poweredminiatureLEDs (Kim et al., 2013; Montgomery et al., 2015; Park et al.,
2015) and wireless optofluidic systems for localized drug delivery and photostimulation
(Jeong et al., 2015 his latter systencould prove extremely useful faptopharmacology
applications using ENAQ or other photosensitive drugs.

Potential clinical implicatioafor chronic pain

The emergence adptopharmacologyoffers interesting therapeutic promise pain
researchby achieving high temporal and spatial precision of éretgon(Lerch et al., 2016)
Several poto-pharmacologicabgents have been introduced targespegcific transduction
channels and neurotransmitter receptors in the pain patimeygding TRPV1 agonists and
antagonistgStein et al., 2013; Frank et al., 20,0&)Popioid receptomgonist(Schoénberger
and Trauner, 2014)a propofolderived anaestheti¢Stein et al., 2012and an allosteric
modulator of metabotropic glutate receptor 4Zussy et al., 2016) QAQ and QENAQ
represent a different strategy for achieviogtical controlover nocicepon. While these
compounds act on voltaggted ion channels found in all neurons, they only enter and
accumulate imociceptors, which haviargepore ion channelsuch as TRPV.1This gives
QAQ and QENAQ potentially interesting clinical value for controlling chronic pain while
simultaneously minimizing unwanted side effects in other neurons. Indeed, it has been shown
that, in animal models of neuropathic pain, TRPV1 channels are hyperactive in central
terminals of the dorsal hor(Kim et al., 2014) Hence, by exploiting thiscell-entry
mechanism, QAQ and QENAQ could be delfgeted to hypeactive neurons, i.e. the ones
that need to be silencéide most andafford painselective analgesi#n addition, because ion
channel blockade can be finely tuned with light intensity and/or wavelength, analgesia could
potentially be photditrated at wil. QAQ and QENAQmay not fulfil all the prerequisitefor
clinical use. In particular, it will be important to develop compounds with greatgy IC
difference between the two isomensdthat can be photsomerized in both directions with
wavelengths of light in therapeutic window (60200 nm).NeverthelessQAQ and QENA
represeng useful starting point for the developmentigiit-switchable local anaesthetics.
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Figure 1: QAQ, a photoswitchable localanaesthetics A) Chemical structure dfans and
cis QAQ. QAQ photoisomerizes tois upon illumination withnearUV light (380 nm)
Isomerizationbackto trans occursrapidly upon illumination with green lighf500 nm) or

slowly (min) in the dark B) Chemical structure of Q®14. C) Chemical structure dfie
local anaesthetilidocaine.
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Figure 2: Concentration dependerce of cis and trans QAQ blockade on ShakerIR K*
channels A) Schematic representation of an insalé patch recording wittocal perfusion
tubeand illumination through the microscope objecti@AQ has direct access the internal
lumen on ShakelR. B) Representativ&hakefIR current recorded at Hz frequency, upon
application of QAQ 100mV, and under illumination with 380 and 500 nm light. Curneat
elicited by a 200 ms depolarization frorff0 to +40 mV. Steadsgtate current (Iss)i.e.
current athe end of the 200 ms pulssplotted C) Representative Kcurrent elicited by the
depolarization to +40 mV, before QAQ application, and during @fflication under green
and violet light illumination. Ip: current at the peak; Issteady state currentD)
Concentration dependence of QAQ blddkHz) under 380 nm(violet) and500 nm light
(green).ICsprans= 65+ 17 UM, ICscis= 390+ 111 uM (mean+95% confidence interval), open
circles represent individual experiments, filled circles meanxsgm,= 4, Naum = 4, Nioum
=5, Naoum =5, N1ooum = 10, N3ooum = 5 patches|Cso curve derived from data range [10, 300]
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Figure 3: Voltage dependence otis and trans QAQ blockade on Shaker-IR K* channels
A) Representativeurrent traces at different holding voltagé®m -80 to +40 mV)before
QAQ application (black), and in the presence of QAQ B0under 380 (purple) or 500 nm
light (green).B) Currentvoltage relationshipof ShakefIR before QAQ application, or
during QAQapplication(100 M) under 380 (purple) or 500 nm light (gree@urrents were
normalized to pool mitiple patch recordings é%), solid line represerg mean valugss.e.m
are represented by shaded aréz)sVoltage dependence ais (purple) and trans (green)
QAQ blockade compared with the voltage dependenc8haikesIR gating (black). The
amplitudesof Shaker currentsdrenormalized (I/4) so that Iss atl0 mV is unity The ratio
of Shakeisscurrentin thepresence of 100M QAQ in either wavelengtlwasplotted ove a
voltage range where Shaki®& is fully open i.e. for voltages 20 mV. Cis QAQ shows no
significant voltage dependence of block (p =90.36 W X G H Q W Y sdlidNiné¥ kepfegenatD Q G
linear regression fit(mgs = 0.00@+0.0008 mV™). In contrast,trans QAQ blockade
exhibited a slightvoltage dependence] {ans= 0.18, K(O)yans= 58 uM). Error bars represent
s.e.m., nS.
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Figure 4: Statedependent interaction of QAQ with ShakerlR. A) QAQ does not
associate with closed Shal& channelsneither in thecis nor in thetrans form. ShakefIR
channels were kept close at negative potentB0d (mV) while QAQ was perfused either
under green or under violet light. QAQ block accumulated only aftanne$ were open
usingdepolarizatiorto +40 mV. Shaded areas represent s.e.m, B34Cis andtrans QAQ
are usedependent blockers of Shak& K™ channels. Blockadaccumulatedvith increasd
opening frequency of the channels (0.25 Hz to 2 KWrgrage of3 examples is showrC)
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Representative traces fassociationrates oftrans and cis QAQ (10 and 300 puM}o open

ShakeflR channelsCurrent kinetics within a 20hs pulse(+40 mV) were normalized to

control (preQAQ) and compared for 10 uM and 300 pRIAQ. D) Blockade kinetics

increased witlirans QAQ concentration (exponential fit, error bas®.m. 1gwm = 56.6+9.1

PV 300dm = 29.6t4.4 ms, p=0.33, Studenttest, n6). E) Closing kinetics of ShakdR in

the absence (black) and presenceigbr trans QAQ. Representative tail currents are plotted

after normalizationInset: Trans 4$4 4#s= 18t05 ms, n=6 did not affect channel
FORVLQ dontdd BMEHOA NS, n=6p = 0671 6 WXGHQWITV W WHQAY ,Q FR
significantly slowed channelclosing compared ttrans 4$4 2= 3.1+0.7 ms, n=6,

p=0016 6 W X Gtds)avid &lsaNo contropE0.04 6WXGHQWIV W WHVW
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Figure 5: Molecular docking of cis and trans QAQ to open K™ channel Crystal structure
of the open K1.2-2.1 chimera with docked QAQ isomeflhe voltagesensing domainef
the K" channelare not represented, for clari#y) Side view perpendicular to the membrane
Note the position of the quaternaaynmoniumion just below the selectivity filter fotrans
but not forcis QAQ. Only two of the four subunits are shown, for clarity purpoBgstop

view, from the extracellular side.
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Figure 6: QENAQ, a red-shifted QAQ. A) Chemical structure dfrans and cis QENAQ.

QENAQ photoisomerizes tais under illumination with blue light (480 nm), and reverts back

to transrapidly (seconds) in the dark) Absorption spectra of QAQ and QENAQ in the dark

(transisome) in phosphate buffer saline, pH 7.Qax = 362 nm for QAQ and 445 nm for

QENAQ.
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Figure 7. Optical control of native Na® and K" channels in dissociated trigeminal
neurons with QENAQ. A) Representative oltagegated Na current from a TG neuron
filled with 200 M QENAQ, under 480 nm light and in the dark. Opening of the channels
was triggeredat 1 Hz using a 10 ms depolarization froi®0 to-10 mV. B) Reversibility of

Na" peak current photoswitchin@is QENAQ wasunstable in the dark an@versedo trans
within secondsC) Representativeoltagegated K current from a TG neuron filled witP00
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M QENAQ, under 480 nm light and in the dark. Opening of the channels was triggeted
Hz using a 200 ms depolarizatidrom -60 to +40 mV.D) Reversibility of K steadystate
current photoswitching.

This article is protected by copyright. All rights reserved.



Figure 8: Optical control of intact dorsal root ganglia using visible light. A) Schematic
representation of thexperimental arrangement for measuring DRG photosensitiz#ion
intact, acutely dissectedmouse DRG igositionedonto an MEA with 60 electrodesThe
electrodes have a threémensional tip shape in order to penetrate the DRG datect
signals fromneurons.The peripheral nerve bundle wésd into a suction electrode and
electrically stimulated using a battedyiven isolator A 4X objective was used to focus light
(480 nm)onto the DRG.B) Image of an intact DRGnountedonto a MEA chip with
superimposed nerve stimulation respor(sesnpound actiompotentials, CAP)Scale bar 400
pm. C) CAP ggnals recorded from one electrode, in aeegsand under 480 nm light. The
DRG was prancubated with 300 QENAQ. The amplitude of voked CAPswas smaller

in darkness (trans QENAQ) than underillumination with blue light (cis QENAQ). D)
Adaptation of CAP amplitudeof a QENAQ-treated DRG under blue light and in the dark
over the course of a stimulus train (5 s at 10 With 25 s pauses in betweaains upper
pane). E) Change in CAP amplitude during a stimulus train. BecauseEf ®4 TV -XV H
dependencef block in darkess the decrease in CAP amplitude accumulates over time
during a stimulus train. We measured the mean CAP amplitude for each wavelength over the
last 1.5s of the stimulus train (time period shownréd) to calculate the Photoswitch Index
(PI) which increases during a stimulus train (ins&). The TRPV1 agonist apsaicin
promotes QENAQ loading into sensory neuron®hotosensitization withQENAQ is
significantly greater(p=0.0063, nofparametric ranksum testyhen QENAQ is ccapplied
with capsaicinl MM (P1=0.118+ 0.015, n83 signalsh=6 DRGs) tharalone(PI=0.04% *
0.015, n=18Gignals,n=6 DRGS).
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