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ABSTRACT

Discovery and development of new molecules directed against
validated pain targets is required to advance the treatment of pain
disorders. Voltage-gated sodium channels (Nays) are responsible
for action potential initiation and transmission of pain signals. Nay
1.8 is specifically expressed in peripheral nociceptors and has
been genetically and pharmacologically validated as a human pain
target. Selective inhibition of Nay1.8 can ameliorate pain while min-
imizing effects on other Nay, isoforms essential for cardiac, respira-
tory, and central nervous system physiology. Here we present the
pharmacology, interaction site, and mechanism of action of LTGO-
33, a novel Nay/1.8 small molecule inhibitor. LTGO-33 inhibited Nay
1.8 in the nM potency range and exhibited over 600-fold selectivity
against human Nay1.1—Nay1.7 and Nay1.9. Unlike prior reported
Nay1.8 inhibitors that preferentially interacted with an inactivated
state via the pore region, LTGO-33 was state-independent with
similar potencies against closed and inactivated channels. LTGO-
33 displayed species specificity for primate Na, 1.8 over dog and
rodent Nay1.8 and inhibited action potential firing in human dorsal
root ganglia neurons. Using chimeras combined with mutagenesis,

the extracellular cleft of the second voltage-sensing domain was
identified as the key site required for channel inhibition. Biophysical
mechanism of action studies demonstrated that LTGO-33 inhibi-
tion was relieved by membrane depolarization, suggesting the
molecule stabilized the deactivated state to prevent channel open-
ing. LTGO-33 equally inhibited wild-type and multiple Na,1.8 var-
iants associated with human pain disorders. These collective
results illustrate LTGO-33 inhibition via both a novel interaction site
and mechanism of action previously undescribed in Nay1.8 small
molecule pharmacologic space.

SIGNIFICANCE STATEMENT

Nay, 1.8 sodium channels primarily expressed in peripheral pain-
sensing neurons represent a validated target for the develop-
ment of novel analgesics. Here we present the selective small
molecule Nay1.8 inhibitor LTGO-33 that interdicts a distinct site
in a voltage-sensor domain to inhibit channel opening. These
results inform the development of new analgesics for pain
disorders.

Introduction

Pain represents a common reason patients seek medical care
with over 30% of Americans reporting pain over a 3-month
period and 11% suffering from daily chronic pain associated with
worse health status and more disability (Mantyselka et al., 2001;
Nabhin, 2015; Lucas et al., 2021). Chronic pain, defined as persist-
ing or reoccurring for 3 or more months, represents a
significant unmet medical need impacting over 100 million
Americans per year with an annual economic impact over $500
billion, exceeding heart disease, cancer, and diabetes (Treede
et al., 2015; Holmes, 2016). Current pain therapies comprising
NSAIDs, antidepressants, antiepileptics, and opioids suffer from
limited efficacy, significant risk of abuse or dependence, and/or
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low tolerability with numbers needed to treat for one individual
to achieve 50% or greater pain relief between 4 and 10 (Finnerup
et al., 2015). The discontinuation of numerous molecules from
clinical development coupled with the last approval of a new
pain therapy more than 10 years ago highlights the pressing
need to discover and develop new molecules against validated
targets for the treatment of pain disorders (Knezevic et al.,
2015).

Voltage-gated sodium channels, or Nay channels, control the
excitability of neurons in the peripheral (PNS) and central ner-
vous system (Catterall, 2000). From a closed state, sodium
channels open briefly upon membrane depolarization to let so-
dium ions into the cell and then rapidly inactivate to prevent
sustained sodium influx (Ahern et al., 2016). Sodium currents
entering pain sensing nociceptor neurons through Nay channels
drive the upstroke of an action potential (AP), the electrical
means of sensory information transfer in the nervous system.
In the PNS, sensory neurons in the dorsal root ganglia (DRG)
are responsible for pain signaling. Action potentials are trans-
mitted along peripheral afferent nerve fiber axons to the spinal

ABBREVIATIONS: AP, action potential; DMEM, Dulbecco’s modified Eagle’s medium; DRG, dorsal root ganglia; hNay1.8, human Nay1.8;
Nay, voltage-gated sodium channel; NEAA, non-essential amino acids; PNS, peripheral nervous system; rNay1.8, rat Nay1.8; TTX, tetrodo-
toxin; TTX-R, tetrodotoxin-resistant; TTX-S, tetrodotoxin-sensitive; VSD, voltage-sensing domain; WT, wild-type.
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cord and then to the central nervous system for pain signal
processing and integration (Basbaum et al., 2009).

Nay1.8 is a member of the voltage-gated sodium channel
family specifically expressed in DRG neurons in the PNS
(Han et al., 2016; Bennett et al., 2019; Shiers et al., 2020).
The biophysical properties of Nay1.8, specifically the right-
shifted voltage-dependence of inactivation coupled with rapid
recovery from inactivation, support Nayl.8-mediated high
frequency action potential firing in DRG neurons (Han et al.,
2015). Nay1.8 is a genetically and pharmacologically vali-
dated pain target in humans. Rare gain of function mutations
in SCN10A, the gene encoding Nay1.8 protein, are associated
with or drive pain phenotypes in small fiber neuropathy, dia-
betic peripheral neuropathy, and trigeminal neuralgia (Faber
et al., 2012; Huang et al., 2013; Han et al., 2014, 2018; Ste-
fano et al., 2020). In contrast, a more common single nucleo-
tide polymorphism is linked to reduced pain in inflammatory
bowel disease, post-surgical pain, and experimentally in-
duced mechanical pain (Duan et al., 2016a, 2018; Gonzalez-
Lopez et al., 2018; Coates et al., 2019). Pharmacologic block
of Nay1.8 with small molecules inhibited native Nay1.8 cur-
rent [termed tetrodotoxin-resistant (TTX-R) current] and ac-
tion potential firing in DRG neurons as well as pain behavioral
endpoints in preclinical rodent model systems (Jarvis et al,,
2007; Kort et al., 2008; McGaraughty et al., 2008; Scanio et al.,
2010; Zhang et al., 2010; Payne et al., 2015; Qin et al., 2023).
VX-150, a Nayl.8-selective small molecule inhibitor, was the
first Nay-selective inhibitor to impart significant analgesia in
the clinic in phase 2 studies of acute post-operative pain, osteo-
arthritis pain, and small fiber neuropathy neuropathic pain
[NCT03206749 (https:/clinicaltrials.gov/study/NCT03206749?
tab=results); NCT03304522 (https://clinicaltrials.gov/study/
NCT03304522?tab=results); https://investors.vrtx.com/
news-releases/news-release-details/vertex-reports-full-year-
and-fourth-quarter-2016-financial; Hijma et al., 2021]. A sec-
ond Nay1.8-selective small molecule, VX-548, inhibited post-
operative pain in phase 2 bunionectomy and abdominoplasty
studies (Jones et al., 2023). Thus, pharmacologic inhibition of
Nay1.8 is clinically validated as a novel analgesic mechanism
of action targeting the PNS for both acute and chronic pain
disorders.

Here we report on LTGO-33, a new small molecule Nay1.8
inhibitor. The compound is potent with greater than 600-fold
selectivity over Nay1.1—Nay1.7 and Nay1.9. LTGO-33 exhib-
its state-independent inhibition with similar potencies on
channels in the closed and inactivated conformations. LTGO-
33 inhibits native TTX-R Nay1.8 currents in non-human pri-
mate and human DRG neurons, where it reduces action po-
tential firing. The compound inhibits Nay1.8 via interaction
with a novel site on the voltage-sensing domain (VSD) II ex-
tracellular region to stabilize the deactivated state. In sum-
mary, LTGO-33 represents a new Nayl.8 inhibitor with a
distinct mechanism of action and binding site previously un-
described in the Nay1.8 pharmacologic space.

Materials and Methods

Compounds

LTGO-33 and LTGO-34 ((R-)- and (S-)-(2-(4-fluoro-2-methyl-phenoxy)-
N-[3-(methylsulfonimidoyl)phenyl]-5-(trifluoromethyl)-pyridine-3-carbox-
amide, respectively) were synthesized at WuXi AppTec (Hong Kong) as
described for example 115 as a racemic mixture (Huang et al., 2020)

and enantiomers resolved by chiral supercritical fluid chromatography.
Compounds were dissolved in DMSO to make concentrated stocks at 100 mM.
The purity of LTGO-33 (99.7%) and LTGO-34 (97.9%) were deter-
mined by liquid chromatography-mass spectrometry.

Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
or Thermo Fisher Scientific. Tetrodotoxin citrate (TTX) was pur-
chased from Alomone Laboratories (Jerusalem, Israel).

Molecular Biology and Channel Constructs

c¢DNA clones for human (hNay1.8; NM_006514.3) and rat (rNay
1.8; NM_017247.2) Nay1.8 were cloned into a pcDNA3.1-P2A-mCherry
mammalian expression vector (Thermo Fisher Scientific). The P2A
element is a self-cleaving sequence that separates the C-terminal
mCherry red fluorescent reporter from Nayl.8 during translation.
All mutagenesis was performed at Genscript (Piscataway, NJ), and
sequences were verified by Sanger sequencing at Genscript and
Laragen, Inc (Culver City, CA). The numbering of human amino
acids is based on RefSeq NP_006505.4. Plasmids were transfected
into ND7/23 cells using Lipofectamine 3000 (Thermo Fisher Scien-
tific) according to the manufacturer’s protocol, and cells were used
for patch-clamp recordings 24 to 48 hours post-transfection.

Sequence Alignment and Structural Analysis

DNA and protein sequences were aligned using Clustal Omega
(EMBL-EIB, Cambridgeshire, UK). Molecular graphics and struc-
tural analyses were performed with UCSF ChimeraX (version 1.3). A
published structure of the apo hNay1.8 (PDB: TWFW) was used to
generate structural models.

DRG Preparation

Rat and Mouse DRG. Female rat and mouse DRG were pur-
chased from BrainBits LLC (Springfield, IL) and dissociated the day
after tissue collection. Mouse or rat DRG were sequentially digested
in 0.12% papain for 45 minutes (BrainBits) and 0.3% collagenase
Type II (Worthington Biochemical, Lakewood, NdJ) for 15 minutes at
37°C in Hibernate A medium without Ca?* or Mg?* (BrainBits), fol-
lowed by trituration with 0.05% DNAase I (Worthington) in Hiber-
nate A medium. Cells were pelleted by centrifugation at 180 g for
5 minutes and washed twice with NbActiv4 (BrainBits). Dissociated
neurons were plated on glass coverslips (Neuvitro, Camas, WA)
coated with rat tail collagen (Cell Applications Inc, San Diego, CA) in
NbActiv4 with 25 ng/mL rat nerve growth factor (Thermo Fisher Sci-
entific). Neurons were kept at 37°C in 5% COg and used for patch-
clamp recordings the next day.

Dog DRG. Dog DRGs were obtained by Neuroservice USA (San
Diego, CA) from all spinal levels of a male beagle dog. Procedures
were carried out in accordance with the Guide for the Care and Use
of Laboratory Animals as adopted and promulgated by the U.S. Na-
tional Institutes of Health and approved by an Institutional Animal
Care and Use Committee. DRGs were enzymatically and mechani-
cally dissociated by methods adapted from reports (Gerhauser et al.,
2012; Tongtako et al., 2017; Schwarz et al., 2020). Briefly, ganglia
were dissected into small pieces and enzymatically dissociated by in-
cubation with 0.2% hyaluronidase (Worthington), 0.2% collagenase
Type 4 (Worthington), and 0.2% collagenase Type XI (Sigma) for
30 minutes at 37°C in Hibernate A without Ca®* or Mg®*. After
30 minutes, type I trypsin (Worthington) was added to 0.2% followed
by 30-minute incubation at 37°C. The tissue was mechanically disso-
ciated by trituration with flame-polished Pasteur pipettes after add-
ing 0.2% DNAse 1. Cells were pelleted by centrifugation at 300 g for
5 minutes then resuspended in NbActiv4 and plated onto glass cover-
slips coated with poly-D-lysine (100 ug/ml; Sigma-Aldrich) in NbActiv4
with 1% penicillin-streptomycin (Gibco) and recombinant human nerve
growth factor (25 ng/mL; Axol, Coral Gables, FL) and maintained
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at 37°C in 5% COs. Neurons were used for patch clamp recordings
up to 3 days post-dissociation. All work was performed at Neuro-
service USA.

Cyno DRG. Cyno DRGs were obtained by Neuroservice USA
from all spinal levels of a female cynomolgus monkey. Procedures
were carried out in accordance with the Guide for the Care and Use
of Laboratory Animals as adopted and promulgated by the U.S. Na-
tional Institutes of Health and approved by an Institutional Animal
Care and Use Committee. DRGs were dissociated and plated using
the same protocol as dog DRGs. Neurons were used for patch clamp
recordings up to 3 days post-dissociation. All work was performed at
Neuroservice USA.

Human DRG. All human tissues used for the study were ob-
tained by legal consent from anonymous organ donors in the United
States by Anabios Corporation (San Diego, CA). Anabios Corpora-
tion’s procurement network includes only US-based organ procure-
ment organizations and hospitals. Policies for donor screening and
consent are established by the United Network for Organ Sharing.
Organizations supplying human tissues to Anabios follow the stand-
ards and procedures established by the US Centers for Disease Con-
trol and are inspected biannually by the California Health and
Human Services Agency. Donors were healthy adults without a his-
tory of pain-related disorders. Three male and two female donors
were used for the voltage-clamp study, and one male and two female
donors were used for the current-clamp study. Demographic details
for each donor can be found in Supplemental Table 1. The DRGs
were enzymatically digested using proprietary procedures that were
adapted from published methods (Davidson et al., 2014; Valtcheva
et al., 2016) and the isolated neurons cultured in Dulbecco’s modified
Eagle’s medium (DMEM) F-12 supplemented with Glutamine 2 mM
(Gemini Bio-Products, West Sacramento, CA), 10% FBS (Invitrogen),
hNGF (10 ng/ml; Cell Signaling Technologies, Danvers, MA), GDNF
(10 ng/ml; ProSpec, East Brunswick, NJ) and 1% penicillin-strepto-
mycin (Thermo Fisher Scientific) and maintained at 37°C in 5% COs.
Recordings were made from neurons after 2 to 4 days in culture. All
neuron preparations were performed at Anabios Corporation.

Mammalian Cell Culture and Preparation

HEK293 cells stably expressing hNay1.8 (AF117907/NM_001293306)/
1 (NM_001037) (CYL3025; Eurofins DiscoverX) were grown in DMEM/
F-12 + Glutamax (Thermo Fisher Scientific), 10% FBS (Sigma), 1%
nonessential amino acids (NEAA; Sigma-Aldrich), and 1% penicillin-
streptomycin (Thermo Fisher Scientific) with 0.625 pg/ml puromycin
(Thermo Fisher Scientific), 400 pg/ml geneticin (Thermo Fisher Scien-
tific), and 100 ug/ml hygromycin (Thermo Fisher Scientific) included
as selection antibiotics. ND7/23 cells stably expressing rat Nayl.8
(U53833/NM_017247) (CYL3050; Eurofins DiscoverX) were main-
tained in media containing DMEM + Glutamax, 1% Glutamax, 10%
FBS, 1% NEAA, 1% penicillin-streptomycin, and 400 ug/mL geneticin
as selection agent. The HEK293 hNay1.8/1 and ND7/23 rNay1.8 sta-
ble cell lines were screened by the vendor using the ELISA-based My-
coplasma Detection kit (Roche, Penzberg, Germany) and by a PCR
VenorGeM kit (Minerva Biolabs, Berlin, Germany) to confirm the
absence of Mycoplasma species. Cells were not routinely monitored
for mycoplasma contamination during the course of these experi-
ments. ND7/23 cells (92090903, Sigma-Aldrich) used for transfection
were maintained in media containing DMEM + Glutamax, 1% Gluta-
max, 10% FBS, 1% NEAA, and 1% penicillin-streptomycin. The myco-
plasma status of wild-type (WT) ND7/23 cells was unknown at
acquisition and cells were not routinely monitored for mycoplasma
contamination. All cells were cultured at 37°C with 5% CO,. Cells
were lifted with TrypLE dissociation reagent (Thermo Fisher Scien-
tific) and plated onto uncoated German glass coverslips (Neuvitro)
with antibiotic-free media. Cells were thereafter kept at 30°C with 5%
CO; and used 1 to 2 days after plating.
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Electrophysiological Recordings

HEK293, ND7/23, Rat DRG, and Mouse DRG Voltage Clamp.
HEK293 cells, ND7/23 cells, and mouse and rat DRG neurons were
tested in the whole-cell configuration on manual patch clamp rigs us-
ing an Axopatch 200B amplifier (Axon Instruments, San Jose, CA)
and a Digidata 1322A or Digidata 1440A digitizer (Axon) using
pClamp 9.2 or 10.7 (Molecular Devices, San Jose, CA), respectively.
When testing transfected cells, red fluorescence from the cleaved
mCherry reporter was used to identify cells expressing Nay1.8.
Mouse and rat DRG neurons were selected for recording based on
smoothness of the membrane. All electrophysiology data were ana-
lyzed with Clampfit 11.1 (Molecular Devices). All recordings were
done at room temperature (21 —23°C). A low-volume RC-26GLP re-
cording chamber (Warner Instruments, Hamden, CT) was used with
a gravity perfusion system flowing at a rate of 8 mL/min. The exter-
nal bath solution was made of 130 mM NaCl, 15 mM TEA Cl, 1 mM
MgCly, 2 mM CaCl,, 10 mM HEPES, 10 mM D-glucose, and 500 nM
TTX, adjusted to pH 7.4 with NaOH. LTGO-33 was added with a
constant 0.1% DMSO and vehicle solutions contained 0.1% DMSO
without LTGO-33. The pipette solution contained 65 mM CsF,
65 mM CsCl, 10 mM HEPES, 5 mM EGTA, 1 mM MgCl,, adjusted
to pH 7.4 with CsOH. Mannitol was used to adjust osmolarity, with
the pipette solution kept 10 to 15 mOsm hypoosmotic relative to the
bath solution. Pipettes were pulled from borosilicate glass (Sutter In-
struments, Novato, CA) with a P-97 Flaming/Brown Puller (Sutter)
and polished on a MF-9 Microforge (Narishige, Tokyo, Japan). When
filled with intracellular solution, pipette resistances were 1.5 to
4 MAQ). Series resistance was compensated to 70% to 85% for protocols
involving voltage-steps and was otherwise < 10 M) when uncom-
pensated. Signals were filtered at 10 kHz and digitized at 50 kHz.
All measures of LTGO-33 potency used a voltage protocol with a
50 ms pulse to 0 mV from a holding potential of —80 mV at 0.5 Hz.
Voltage protocols that differ are indicated in the figures.

Dog and Cyno DRG Voltage Clamp. Recordings were made
using a Multiclamp 700B amplifier (Axon) and signals digitized us-
ing a Digidata 1550B (Axon), with pClamp 11.2 software (Molecular
Devices) used for data acquisition and analysis. Neurons for record-
ings were selected based on smoothness of the membrane. The exter-
nal bath solution contained 50 mM NaCl, 90 mM choline chloride,
2.5 mM KCl, 2 mM CaCl,, 1.3 mM MgCl,, 10 mM glucose, 10 mM
HEPES, and 500 nM TTX buffered to pH 7.3. The pipette solution
contained 70 mM CsF, 70 mM CsCl, 3 mM MgCl,, 5 mM EGTA,
0.5 mM CaCl,, 4 mM ATP, 0.3 mM GTP, and 10 mM HEPES buffered
to pH 7.3. Measures of LTGO-33 potency on dog and cyno neurons
were measured by a 30 ms pulse to —20 mV from a holding potential
of —100 mV at 0.067 Hz. All work was performed at Neuroservice
USA.

Human DRG Voltage Clamp. Voltage-clamp studies using neu-
rons from donors #1 and #2 (Supplemental Table 1) were tested at
Anabios as follows. Whole-cell patch-clamp recordings were con-
ducted under voltage-clamp mode at room temperature (~23°C) us-
ing a HEKA EPC-10 amplifier (HEKA Elektronik, Stuttgart,
Germany). Neurons for recordings were selected based on smooth-
ness of the membrane. Data were acquired on a Windows-based com-
puter using the PatchMaster program (v2x90.4; HEKA) and
analyzed with Fit Master (HEKA) and MS Excel (Microsoft). Pipettes
(1.0-2.0 MQ) were fabricated from 1.5 mm capillary glass using a
P-100 puller (Narishige) and fire polished using an MF-830 micro-
forge (Narishige). Signals were filtered at 3 kHz and sampled at 10
kHz. A P/4 protocol was used for leak subtraction. The external bath
solution contained 20 mM NaCl, 95 mM choline Cl, 3 mM KCI, 1 mM
MgCly, 2 mM CaCly, 0.1 mM CdCly, 0.1 mM NiCl,, 10 mM glucose,
10 mM HEPES, 20 mM TEA, and 500 nM TTX. pH was adjusted to
7.4 with N-methyl-D-glucamine. The internal pipette solution con-
tained 135 mM CsF, 1 mM MgCly, 2 mM Na-ATP, 1 mM EGTA, 10
mM HEPES, and 10 mM phosphocreatine Tris. pH was adjusted to
7.20 with CsOH. The pipette solution was kept 25 mOsm
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hypoosmotic to the bath solution. LTGO-33 potency was measured
by 50 ms pulses to 0 mV from a holding potential of —80 mV at
0.5 Hz.

Voltage-clamp studies using neurons from donors #3 to #5
(Supplemental Table 1) were tested at Latigo Biotherapeutics using
an identical protocol as that for rat and mouse DRG neurons except
that the external bath solution was made of 30 mM NaCl, 100 mM
choline Cl, 1 mM MgCl,, 2 mM CaCl,, 10 mM HEPES, 10 mM
D-glucose, and 500 nM TTX, adjusted to pH 7.4 with NaOH.

Human DRG Current Clamp. Current-clamp studies using
neurons from donors #6 to #8 (Supplemental Table 1) were tested at
Anabios as follows. Whole-cell patch-clamp recordings were con-
ducted under current-clamp mode at room temperature (~23°C) us-
ing HEKA EPC-10 amplifier. Cells for recordings were selected
based on smoothness of the membrane. Data were acquired on a
Windows-based computer using the PatchMaster program (HEKA)
and were analyzed with Fit master (v2x90.3; HEKA) and MS Excel
(Microsoft). Pipettes (1.5-3.0 MQ)) were fabricated from 1.5 mm capil-
lary glass using a P-97 puller (Sutter). Cells were held at resting
membrane potential. Signals were filtered at 3 kHz and sampled at
10 kHz. For neurons treated with LTGO-33, action potentials were
induced by a train of 120 individual current steps delivered at 1, 3,
and 10 Hz using current injection at 150% of baseline rheobase (the
minimum current needed for stable action potential induction). For
time-matched vehicle controls, action potentials were induced by a
train of 50 individual current steps delivered at 10 Hz using current
injection at 150% of baseline rheobase. The external solution con-
tained 145 mM NacCl, 3 mM KCI, 1 mM MgCl,, 2 mM CaClg, 10 mM
HEPES, and 10 mM dextrose adjusted to pH 7.40 with NaOH. The
pipette solution contained 110 mM K* gluconate, 20 mM KCl,
10 mM EGTA, 8 mM NaCl, 4 mM Mg-ATP, and 10 mM HEPES ad-
justed to pH 7.30 with KOH. The pipette solution was kept 20 mOsm
hypoosmotic to the bath solution. All work was performed at Anabios
Corporation.

Nayl.1-Nayl.8 Selectivity. LTGO-33 potency on Nayl.1-1.8
was measured on the SyncroPatch 384PE platform (SP384PE; Nan-
ion, Livingston, NJ) using CHO cell lines stably expressing Nay
1.1-1.8 (Nayl.1 (CT6178), Nay1.2 (CT6010), Nayl.3 (CT6157), Nay
1.4 (CT6005), Nay1.5 (CT6007), Nayl1.6 (CT6158), Nay1.7 (CT6003),
and Nay1.8/83 (CT6011; Charles River Laboratories). Cells were rou-
tinely monitored for mycoplasma contamination using the MycoAlert
PLUS Mycoplasma Detection Kit (Lonza, Basel, Switzerland) to con-
firm the absence of Mycoplasma species. All test and control solu-
tions contained 0.3% DMSO (Sigma-Aldrich) and 0.03% Pluronic
F-127 (Sigma-Aldrich). The SP384PE system was used in population
patch clamp mode using 8-hole Nanion 384-well Patch Clamp chips
(8xM NPC-384). The bath solution contained 137 mM NaCl, 4 mM
KCl, 3.8 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM glu-
cose adjusted to pH 7.4 with NaOH. The intracellular solution con-
tained 50 mM CsCl, 90 mM CsF, 2 mM MgCl,, 5 mM EGTA, and
10 mM HEPES adjusted to pH 7.2 with CsOH. Cells were held at
—90 mV and a 200 ms pre-pulse to —120 mV was applied before a
test pulse to +10 mV (Nayl.1-Nayl1.3 and Nay1.8/83) or 0 mV (Nay
1.4—Nayl.7) at 10 second intervals. Data acquisition and analysis
were performed using the SP384PE system operation software. All
work was performed at Charles River Laboratories (Cleveland, OH).

Nayl.9 Selectivity. LTGO-33 potency on Nayl.9 was measured
on the QPatch 16X or QPatch HTS platform (Sophion, Ballerup,
Denmark) using an hNay1.9 HEK293 stable cell line and analyzed
with QPatch Assay software (version 5.2). Cells were monitored for
mycoplasma contamination annually with a polymerase chain reac-
tion VenorGeM kit (Minerva Biolabs) to confirm the absence of Myco-
plasma species. The bath solution contained 137 mM NaCl, 4 mM
KCI, 1.8 mM CaCly, 1 mM MgCl,, 10 mM HEPES, and 10 mM glu-
cose adjusted to pH 7.4 with NaOH. DMSO was held at 0.1%. The in-
tracellular solution contained 135 mM CsF, 10 mM NaCl, 10 mM
HEPES, 5 mM EGTA, 0.5 tM GTP-yS, and adjusted to pH 7.3 with
KOH. Cells were held at -140 mV and current was measured with 40

ms steps to —40 mV at 10 second intervals. All work was performed
at B'SYS GmbH (Witterswil, Switzerland).

Statistics and Analyses

Electrophysiology recordings were analyzed as indicated in prior
sections. GraphPad Prism 10.0 was used to analyze results, perform
fits, and generate plots.

Changes in DRG neuron action potential firing in response to
treatment with LTGO-33 at 3 and 10 Hz and vehicle at 10 Hz were
analyzed by comparing the ratio of APs remaining after treatment to
the APs at baseline for each neuron. The ratios were tested with a
two-tailed paired ¢-test using GraphPad Prism 10.0 with P < 0.05 set
as the threshold for statistical significance. The ratios were plotted,
and the geometric mean of ratios reported along with 95% confidence
intervals (CIs).

Action potential parameters were derived from measurement of
the rheobase action potential, (i.e., that evoked by the minimum cur-
rent amplitude needed to elicit an action potential) and calculated in
Clampfit 11.1. The peak (maximum positive voltage) and subsequent
trough (maximum negative voltage) were identified and the differ-
ence between them reported as the absolute amplitude (mV). The
width of the action potential at 50% of the absolute amplitude was
reported as half-width (ms). The maximum rise slope (mV ms™?) and
maximum decay slope (mV ms™!) were calculated as the greatest ris-
ing and falling slopes, respectively. These parameters were plotted
as pairs before and after treatment and compared with a two-tailed
paired ¢-test using GraphPad Prism 10.0 with P < 0.05 set as the
threshold for statistical significance. The differences (for absolute
amplitude and half-width) or ratios (for rheobase and maximum rise
and decay slope) were plotted and the arithmetic (for differences) or
geometric (for ratios) means were reported along with 95% confi-
dence intervals.

Concentration-response data were averaged by concentration and
fit with the nonlinear regression fit: “[Inhibitor] vs response — vari-
able slope (four parameters)” using the equation

Top — Bottom

IC,
1+ (%

Y = Bottom + (D

) Hill slope

where Top was set to equal 1.0 and Bottom to 0.0, and X is the con-
centration. 95% confidence intervals were reported for all ICsgs.
Measurements of single point ICsps additionally set the Hill slope
equal to —1.

Relationships between conductance and voltage (GV), inactivation
and voltage (SSI), and disinhibition and voltage were fit with the
Boltzmann equation:

Top — Bott
Y = Bottom + 22207 )
<1 + exp( S )

zF

where T is temperature in Kelvin, z is the valence, R is the universal
gas constant (8.314 J mol ' K1), and F is the Faraday constant
(9.648 x 10* C mol™1). 95% confidence intervals were reported for all
Boltzmann fits.

Single-exponential fits were performed with the nonlinear regres-
sion fit: “one phase decay” using the equation

Y = (Y0 — Plateau)xexp (—K+X) + Plateau (3)

where K is the rate constant and its reciprocal 7 (tau), the time cons-
tant, was reported. 95% confidence intervals were reported for all
single-exponential tau values.

All fits were made to the averaged data at each concentration or time
point, and values derived from fitting approaches (i.e., tau, ICsp, Vi0)
are reported in the text with 95% confidence intervals. Counts for n
reported in the text reflect biologic replicates. In cases where n was
variable between concentrations, the range of n is indicated in the
text and specific counts can be found in Supplemental Tables 2—6.
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Otherwise, the provided n value indicates all concentrations had the
given n. All plotted points represent arithmetic mean and error bars
represent S.D., unless otherwise noted.

This study was not designed to test a prespecified statistical null
hypothesis and a prewritten statistical protocol was not used. As a
result, this work should be considered exploratory.

Results

LTGO-33 Is a Potent and Selective Nay1.8 Inhibitor

To assess LTGO-33 (structure shown in Fig. 1A) potency
against human Nay1.8 (hNay1.8) in heterologous cells, we
used manual patch clamp electrophysiology with a conven-
tional two-pulse voltage-clamp protocol in HEK293 cells sta-
bly co-expressing hNay1.8 and the 1 accessory subunit (Fig.
1B, inset). The first test pulse measured inhibition from the
closed or resting state, while the second pulse measured inhi-
bition from an inactivated state, following an 8-second hold
at —45 mV, which approximates the Vi, of inactivation
(Supplemental Fig 1A, Supplemental Table 7).

LTGO-33 exhibited an IC5q of 33 nM (95% CI: 24 to 44 nM,
n = 10 cells) from the closed state and 24 nM (95% CI: 19 to
30 nM, n = 10 cells) from an inactivated state (Fig. 1B and
C). LTGO-33 showed no overt state dependence, in that po-
tencies were comparable between both resting and inacti-
vated states. LTGO-33 did not affect the voltage-dependence
of activation (Supplemental Fig. 1B). The rate of channel in-
activation remained unaffected by LTGO-33, indicating that
inhibition was not due to acceleration of inactivation and fur-
ther supporting the state-independent mode of inhibition
(Supplemental Fig. 1C). Given this, we performed all further
measures of potency using voltage protocols that interrogate
the closed state to shorten recording time and minimize cur-
rent rundown.

We next evaluated LTGO-33 selectivity against the human
Nay family. LTGO-33 was tested against hNay1.1-hNay1.9
using automated patch-clamp platforms (Fig. 1D). The potency
of LTGO-33 against hNay1.8 was 44 nM (95% CI: 38 to 52 nM,
n = 6 — 8 wells per concentration, Supplemental Table 2) while
the potencies against hNayl.1-hNayl.7 and hNayl.9 were
over 30 uM (n = 2 — 7 wells per concentration, Supplemental
Table 2), corresponding to a minimum selectivity over 600-fold.
The fold-selectivity is likely considerably higher, as LTGO-33
inhibited all non-hNay1.8 isoforms by less than 25% at 30 uM.
The enantiomer, LTGO-34, showed similar potency against
hNay1.8 in HEK293 cells as LTGO-33 (ICsq of 34 nM, 95% CI:
31 to 38 nM, n = 7 cells), a high degree of selectivity among
the human Nay family (selectivity over 450-fold), and a
state-independent inhibition profile (ICs5y of 24 nM from an
inactivated state, 95% CI: 21 to 26 nM, n = 7 cells), indicat-
ing chirality of the sulfoximine moiety had no impact on
these pharmacologic parameters (Supplemental Fig. 2A-D).

LTGO-33 was also tested against immortalized rat DRG/
mouse hybridoma neuronal ND7/23 cells stably expressing
the rat isoform of Nay1.8 (rNay1.8). Compared with hNay1.8
expressed in HEK293 cells (IC5q of 14 nM, 95% CI: 12 to 16,
n = 6 cells), the potency of LTGO-33 was markedly right-
shifted, with an IC5o of 5.7 uM (95% CI: 4.1 to 8.7 uM, n = 4
cells), representing a 400-fold drop in potency compared with
hNay1.8 (Fig. 1E). To extend this finding, we tested the po-
tency of LTGO-33 against native Nay1.8 channels that gener-
ate TTX-R currents in DRG neurons from several rodent and
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nonrodent species. LTGO-33 inhibited TTX-R currents in pri-
mary DRG neurons from human (male donors: IC5¢ of 110
nM, 95% CI: 92 to 120 nM, n = 3 — 15 neurons per concentra-
tion; female donors: ICsq of 120 nM, 95% CI: 100 to 140 nM,
4 — 6 neurons per concentration, Supplemental Table 3) and
cynomolgus monkey (ICsq of 100 nM, 95% CI: 71 to 150 nM,
n = 6 cells) but was markedly less effective on DRG neurons
from dog (IC59 >10 uM, n = 6 cells), rat (IC5o >30 uM, n = 7
cells), and mouse (IC5y >30 uM, n = 8 cells) (Fig. 1F). We
observed no sex-dependent difference in LTGO-33 potency
on human DRG neurons. Potency in human and cynomolgus
monkey neurons was comparable, and potency in human
neurons decreased around threefold compared with HEK293
cells.

LTGO-33 Decreased Excitability of Human DRG Neurons

We next assessed the effect of LTGO-33 on action potential
firing in nociceptive neurons. Cultured DRG neurons from
three separate human donors (one male, two female) were
prepared, and the rheobase, or the minimum current injec-
tion required to elicit an action potential, was determined.
Neurons were stimulated with 20 ms current injections at
150% rheobase with various stimulation frequencies before
and after application of 200 nM LTGO-33, a concentration
twofold higher than the male or female human DRG neuron
IC5o (Fig. 2A, inset). Importantly, TTX was not included in
these experiments to provide a more physiologically relevant
context where both TTX-R and tetrodotoxin-sensitive (TTX-S)
conductances can contribute to the action potential upstroke
(Blair and Bean, 2002).

Human DRG neurons with resting membrane potentials
around —65 mV (Supplemental Fig 3A) showed a frequency-
dependent inhibition of excitability following LTGO-33 treat-
ment, with a statistically significant reduction of action
potentials at 10 Hz (3 Hz: treatment/baseline ratio: 0.81, 95%
CI: 0.57 to 1.1, P = 0.19, n = 10 neurons; 10 Hz: treatment/
baseline ratio: 0.53, 95% CI: 0.29 to 0.94, P = 0.034, n = 10
neurons) while time-matched vehicle controls showed no de-
crease in action potentials at 10 Hz (treatment/baseline ratio:
1.0, 95% CI: 0.83 to 1.2, P = 0.95, n = 4 neurons) (Fig. 2A
and B). Furthermore, LTGO-33 treatment increased the
rheobase of hDRG neurons (treatment/baseline ratio: 1.17,
95% CI: 1.07 to 1.28, P = 0.0040) (Fig. 2C). Vehicle-treated
neurons showed little change in AP firing while LTGO-33-
treated neurons showed a broad range of responses with
some unaffected and others markedly inhibited (Fig. 2D and
E, Supplemental Fig. 3B and C). Analysis of AP parameters
including amplitude, half-width, and the maximum rise and
decay slopes revealed a significant change in the maximum
rise slope (treatment/baseline ratio: 0.78, 95% CI: 0.66 to
0.93, P = 0.0121) (Fig. 2F—I, Supplemental Table 8) for
LTGO-33-treated neurons. Phase plots of LTGO-33-treated
neurons showed a slowed AP upstroke that was not observed
in vehicle-treated neurons (Fig. 2J and K).

The Predicted Binding Pocket for LTGO-33 Is Contained
within VSDII

Given the state-independent mode of LTGO-33 inhibition,
we next conducted experiments to elucidate the compound
binding site. To this end, we exploited the species selectivity
of LTGO-33. Human and rat Nay1.8 protein sequences are
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Fig. 1. LTGO-33 potently and selectively inhibits human Nay1.8. (A) Structure of LTGO-33. (B) Voltage protocol (top) used to generate concentra-
tion-response curves for LTGO-33 (bottom) on hNay1.8 stable cell line. Black shows inhibition of closed or resting channels and red shows inhibi-

tion following entry of channels into inactivated states. Mean + S.D. n =
escalating concentrations of LTGO-33. Currents elicited by a 50 ms puls
against other human Nay isoforms. Mean + S.D. n = 2 — 8 wells per conc

5 cells per concentration. (C) Example traces of hNay1.8 inhibition by
e to 0 mV from a holding potential of —80 mV. (D) LTGO-33 potency
entration (Supplemental Table 2). (E) Potency of LTGO-33 on hNay1.8

HEK (black) and rNay1.8 ND7/23 (red) stable cell lines. Mean + SD. n = 6 cells per concentration for hNay1.8 HEK and n = 4 for rNay1.8 ND7/
23. (F) Potency of LTGO-33 on the TTX-R component of DRG neurons from human (male and female), cyno monkey, dog, rat, and mouse. Mean +
S.D. n = 6 neurons for dog and cyno, n = 7 neurons for rat, n = 8 neurons for mouse, and n = 3 — 15 neurons per concentration for human

(Supplemental Table 3).

83.1% identical (Supplemental Fig. 4A), yet LTGO-33 was
400-fold less potent against the rat isoform. By using rNay
1.8 as an insensitive host background, we replaced regions
with hNay1.8 to recover LTGO-33 activity. We separately trans-
planted the voltage-sensing domain (comprising the transmem-
brane regions S1—S4), for domain I (VSDI), domain IT (VSDII),
domain IIT (VSDIII), and domain IV (VSDIV) (Fig. 3A). When
transiently expressed in ND7/23 cells, rNay1.8 containing hu-
man VSDI, VSDIII, and VSDIV were indistinguishable from
the WT rNay1.8 in terms of LTGO-33 potency [VSDI, VSDIII,
VSDIV all IC5 > 30 uM (n = 6 cells), WT rNay1.8 IC59 > 30
M (n = 5 cells)] while rNay1.8 containing human VSDII
showed a marked gain of function with an IC5q of 84 nM
(95% CI: 72 to 97 nM, n = 6 cells) (Fig. 3B and C). Simi-
larly, a chimera containing the full voltage-sensor domain
plus pore region (S1—S6) of human DII revealed an ICsq of
74 nM (95% CI: 58 to 95 nM, n 5 cells) while full DI,
DIII, and DIV chimeras all had I1C5q values greater than 30
uM (n = 6 cells) (Supplemental Fig. 5A-C). No additional in-
hibition was observed with inclusion of the S5—S6 pore region
of DII, suggesting the pore domain does not contribute to the
LTGO-33 binding site. These data suggest that the LTGO-33
binding site resides within VSDII.

To further narrow down the putative binding site within
VSDII, we aligned rat and human VSDII sequences (Fig. 3D)
and generated a minimal gain-of-function chimera containing
selected hNay1.8 VSDII residues introduced into the rNay1.8
backbone. By comparing the published structures of mammalian
Nay channels (Nay1.5: PDB 6UZ3; Nay1.7: PDB 6N4I; Nay
1.8: PDB 7WFW), we excluded amino acids whose side chains
were oriented into the membrane, instead focusing on differ-
ences within the extracellular VSD cleft. The minimal chi-
mera constructed changed six residues in the S1-S2 loop,
three residues at the extracellular terminus of S3, and a sin-
gle residue near the top of S4 adjacent to the first gating
charge, R1 (Fig. 3D, orange-shaded residues). LTGO-33 inhib-
ited this minimal chimera with an ICsq of 150 nM (95% CI:
130 to 180 nM, n = 6 cells), roughly half the potency of the
full VSDII chimera (84 nM) (Fig. 3E and F). Taken together,
these results strongly support a putative binding site for
LTGO-33 in the extracellular cleft of VSDII.

Alignment of the protein sequences of rat and dog Nay1.8,
which are both less sensitive to LTGO-33 inhibition, with
hNay1.8 revealed sequences unique to hNayl1.8 that may
play a prominent role in compound inhibition. Two amino
acids in the S1-S2 loop (Pro691 and Thr692), Val746 at the
top of S3 and Ser757 at the top of S4, are only present in
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Fig. 2. LTGO-33 inhibits human DRG neuron action potential firing. (A) Current clamp protocol (top) where hDRG neurons were stimulated with
20 ms current injections to 150% rheobase at 1, 3, and 10 Hz frequencies for a total of 120 pulses (or 50 pulses for time-matched vehicle controls).
Bottom, the percentage of action potentials remaining relative to baseline following application of 200 nM LTGO-33 (black) or time-matched vehi-
cle control (blue). Orange and mustard circles specify two LTGO-33-treated neurons shown in J while green and teal specify two vehicle-treated
neurons shown in K. Geometric mean + 95% confidence intervals. Asterisk indicates P < 0.05. In all panels, n = 10 for LTGO-33-treated neurons
and n = 4 for time-matched vehicle controls. (B) Example traces of action potentials before (black) and after (red) 200 nM LTGO-33 at 1, 3, and
10 Hz. Traces taken from the first sweep of a single neuron. Dotted lines indicate 0 mV. (C) Rheobase of hDRG neurons at baseline (black) and af-
ter treatment (color). Left shows paired comparisons and right shows ratios (treatment/baseline). Horizontal line shows geometric mean and verti-
cal line shows the 95% confidence intervals. Asterisk indicates P < 0.05. (D) Raster plot showing action potentials in response to 50 stimulations
delivered at 10 Hz for vehicle-treated neurons. Baseline firing is shown on left in black; vehicle control is shown on right in cool colors. Right mar-
gin indicates number of action potentials remaining/starting. (E) Raster plot showing action potentials in response to 120 stimulations delivered
at 10 Hz for LTGO-33-treated neurons. Baseline firing is shown on left in black, after LTGO-33 treatment on right in warm colors. Right margin
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hNay1.8 (Supplemental Fig 5D). To evaluate if these residues
impacted LTGO-33 inhibition, we generated reversion muta-
tions in which these positions were mutated back to the rat
sequence from the minimal rat—human VSDII chimera. Mu-
tation of P691D and T692A did not lose activity, while
V746A resulted in 6-fold decreased activity and S757T re-
sulted in 2.5-fold decreased activity (Table 1, Supplemental
Fig 5E). These data suggest a critical role of the S3—S4 re-
gion for LTGO-33 inhibition of hNay1.8.

Amino Acids in S1, S3, and S4 VSDII Contribute to LTGO-33
Inhibition

To identify specific amino acids in VSDII required for LTGO-
33 inhibition, we performed site-directed mutagenesis using an
alanine scan approach through regions predicted to line the
VSDII extracellular cleft based on a published structure of
hNay1.8 (Fig. 4A and B) (Huang et al., 2022). We focused more
on the S3—S4 region than the S1—S2 region given the minimal
effect of the S1—S2 reversion mutations described earlier and
the sequence differences between hNay1.8 and other hNay pro-
teins in the S3—S4 region that may explain the high degree of
isoform selectivity observed (Supplemental Fig 4C). Each of
the S4 gating charges (Arg/Lys) were also independently mu-
tated to alanine and glutamine.

Single point mutations of hNayl.8 were transiently ex-
pressed in ND7/23 cells and currents measured following treat-
ment with 100 nM LTGO-33, corresponding to a concentration
that inhibited about 75% of WT hNay1.8 (Supplemental Table
9). Extrapolated ICs, values were plotted along with the indi-
vidual cell responses to LTGO-33 (Fig. 4C). The point mutants
with the largest ICs, shifts were observed in the extracellular
S3—S54 linker, one residue in S1 (M682A) and the R1 gating
charge (R756Q) in S4, whereas point mutants in gating
charges R2, R3, K4, and K5 were nominally impacted. The mu-
tations showing the largest effects following 100 nM LTGO-33
application, defined as fivefold or greater reductions in ICsg, in-
cluding the R756Q first gating charge and selected surround-
ing residues were chosen for full IC5y determinations (Fig. 4D,
Supplemental Fig. 6A, Table 2, Supplemental Table 10) and
comparison of the single point and full IC50s showed agree-
ment (2 = 0.46) (Supplemental Fig 6B). Mapping these resi-
dues onto the reported cryo-EM structure of hNay1.8 (Huang
et al., 2022) illustrated a potential LTGO-33 binding pocket
comprising the extracellular cleft of VSDII formed by S1, S3,
S4 helices and S3—S4 linker region (Fig. 4E).

LTGO-33 Stabilizes the Deactivated State of VSDII

Having shown that LTGO-33 interacts with the VSDII
S3—S4 region and inhibition was state-independent, we sought
to further understand the mechanism of action of channel inhi-
bition. As peptide toxins from animal venoms have also been
reported to interact with the VSDII S3—S4 linker region of
Nay channels with higher potency for the deactivated state

(Bosmans et al., 2008; Xu et al., 2019), we hypothesized that
LTGO-33 binds to and stabilizes the deactivated (or down
state) of VSDII.

Since strong depolarizations can reverse peptide toxin inhi-
bition of Nay channels (Edgerton et al., 2008; Sokolov et al.,
2008; Moyer et al., 2018) indicating removal or release of the
peptide from the binding pocket, we sought to determine if
LTGO-33 bound to the deactivated state could be removed
from hNay1.8 using strong depolarizing voltages in HEK293
cells stably expressing hNay1.8. Using 500 ms steps from
—60 to +60 mV followed by a test pulse to 0 mV, we observed
progressive recovery of hNay1.8 current in the presence of
100 nM LTGO-33 at depolarized potentials (Fig. 5A). These
results were plotted against a conductance-voltage or G-V
curve of the channel in the absence of compound
(Supplemental Fig. 1A) and fit with the Boltzmann equation.
The voltage-dependence of disinhibition had a Vi, of —3.6 mV
(95% CI: —7.0 to —0.3 mV, n = 8 cells), 12 mV hyperpolar-
ized relative to the +8.9 mV Vy,5 (95% CI: 7.5 to 10 mV) of
the G-V curve. The voltage-dependence of disinhibition,
with a clear plateau, suggests this effect is driven by the
movement of the DII voltage sensor. The left shifted V. of
disinhibition may reflect the movement of DII itself, which
voltage-clamp fluorometry measurements have shown to be
hyperpolarized relative to the G-V curve in other sodium
channels (Silva and Goldstein, 2013; Varga et al., 2015). A
conceptual model presented in Fig. 5B illustrates the pro-
posed mechanism of inhibition whereby LTGO-33, depicted
as L, interacts with and stabilizes the deactivated state of
VSDII, depicted as D, as opposed to the activated state, de-
picted as A.

We examined the preference of LTGO-33 for the deacti-
vated (down) state versus the activated (up) state of VSDIIL.
To do so, we applied 100 nM LTGO-33 for 15 seconds while
holding channels either at —100 mV or +20 mV to place
VSDII in the deactivated or activated state, respectively, in
hNay1.8-expressing HEK293 cells (Fig. 5C and D). A pre-
pulse to +0 mV established a baseline current magnitude
and post-pulses to +0 mV assessed the fraction of channels
inhibited. For the protocol holding at +20 mV, the first post-
pulse measured the inhibition of channels that recovered
from fast inactivation, while the second post-pulse added 1
second after the first measured inhibition of channels that re-
covered from slow inactivation. After the —100 mV hold,
LTGO-33 application inhibited channels by 75% + 4.6% (n =
8 cells) while the vehicle-treated (0.1% DMSO) showed no
change (n = 8 cells) (Fig. 5C). After the +20 mV hold, both
LTGO-33 (47% + 4.8%, n = 7 cells) and vehicle-treated (43%
+ 2.1%, n = 7 cells) cells showed similar levels of inhibition
following the first post-pulse (Fig. 5D), whereas vehicle-
treated cells recovered to 82% + 4.5% (n = 7 cells) of the
starting current and LTGO-33-treated cells further decreased
to 30% = 2.4% (n = T cells) of the starting current following

indicates number of action potentials remaining/starting. (F—I) AP parameters at baseline (black) and after treatment (color). Left panels show
paired comparisons and right panels show differences (treatment — baseline) for amplitude (F) and half-width (G) or ratios (treatment/baseline)
for maximum rise (H) and decay slopes (I). Horizontal line shows arithmetic or geometric mean for differences and ratios, respectively, and verti-
cal line the 95% confidence intervals. Asterisk indicates P < 0.05. (J) Phase plots showing the slope of the action potential waveform for two
hDRG neurons at baseline (black) and after treatment with 200 nM LTGO-33 (color). Black arrows indicate the slowed rate of the AP upstroke.
Orange and mustard indicate individual neurons highlighted in previous panels. (K) Phase plots showing the slope of the action potential wave-
form for two hDRG neurons at baseline (black) and after vehicle (color). Green and teal indicate individual neurons highlighted in previous

panels.
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Fig. 3. Effect of LTGO-33 on human Nay1.8 VSDs swapped into rat
Nay1.8. (A) Schematic depicting the transfer of hNay1.8 VSDI-IV (col-
ored) into the rNay1.8 backbone (black). (B) Example traces of LTGO-
33 on Nayl.8 currents in WT rat and human-rat chimeric channels.
Black traces show the currents before and color traces show the cur-
rents after LTGO-33 (300 nM for VSDII, 3 uM for VSDI, VSDIII,
VSDIV, and WT rNay1.8). Scale bars are 5 ms on the horizontal axis
and 200 pA on the vertical axis. (C) Potency of LTGO-33 on WT rNay
1.8 (black) and human-rat chimeras (color). Mean + S.D. n = 6 cells for
each concentration. (D) Alignment of human and rat Nay1.8 VSDIIL.
Thick black bars above denote transmembrane helices S1-S4 and thin
black lines extramembrane linkers. Feature boundaries were adopted
from the Uniprot entry for Nay1.8 (Q9Y5Y9). Highlighted amino acids
are different between human and rat Nay1.8: gray residues were un-
changed and orange residues were changed to create the minimal
VSDII chimera. (E) Example traces of LTGO-33 inhibition on WT
rNay1.8 (top, 3 uM) and the VSDII minimal chimera (bottom, 300 nM).
Scale bar represents 5 ms on the horizontal axis, 200 pA along the
vertical. (F) Concentration-response data for LTGO-33 on the VSDII
minimal chimera and WT rNayl.8. Mean + S.D. n = 6 cells per
concentration.
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TABLE 1
LTGO-33 ICsq values for VSDII minimal chimera and reversion mu-
tants

Channels transiently expressed in ND7/23 cells were tested using man-
ual patch clamp electrophysiology.

System IC50 M) 95% CI (nM) n (cells used for IC5p)
WT rNay1.8 >3000 3
VSDII minimal 140 120 - 170 5
P691D T692A 140 130-170 4
V746A 840 680 — 1000 4
S757T 360 300 — 420 4

the second post-pulse. As both LTGO-33- and vehicle-treated
cells showed similar levels of remaining current after the
15 s hold, inhibition likely arose not from compound binding
to hNay1.8 but instead from channel accumulation in the
slow inactivated state. Following the second post-pulse, vehi-
cle-treated cells largely recovered from slow inactivation while
LTGO-33-treated cells showed inhibition similar to levels ob-
served with the —100 mV 15 s pulse. The results of this exper-
iment suggest that LTGO-33 rapidly and preferentially binds
the deactivated conformation of VSDII.

Next, we studied the kinetics of inhibition and disinhibition.
To assess the time dependence of disinhibition we employed a
protocol similar to the one used for testing interaction with the
activated state, using a +40 mV hold ranging from 10 ms to 1 s
in duration (Fig. 5E). Vehicle-treated cells showed no change in
current magnitude following short durations and began to di-
minish as the +40 mV hold approached 1 s, possibly due to en-
try of channels into the slow inactivated state (Supplemental
Fig. 7A). Cells that had been pretreated with 100 nM LTGO-33
showed a progressive recovery up to 55% (95% CI: 52 to 57%,
n = 6 cells) of the starting current compared with precompound
levels (Fig. 5E). To measure recovery of inhibited channels only,
we subtracted the current remaining after application of 100
nM LTGO-33. A single-exponential fit to this recovery curve re-
vealed that LTGO-33 dissociated from the activated VSDII con-
formation with a tau of 60 ms (95% CI: 47 to 78 ms, n = 6
cells). Complete recovery of inhibited current may be precluded
by accumulation of channels in inactivated states during the in-
creasingly long depolarization periods.

To measure the kinetics of binding to the deactivated state
we held channels at +40 mV for 500 ms to remove LTGO-33,
followed by a —80 mV recovery period extending from 1 ms to
1 s in duration (Fig. 5F). Currents during an initial phase of
durations up to 10 milliseconds were the same between 100
nM LTGO-33-treated and vehicle-treated cells, likely corre-
sponding to recovery from fast inactivation (Fig. 5F,
Supplemental Fig. 7B). However, as the vehicle-treated cells
reached a plateau, a second component emerged in the
LTGO-33-treated cells as current decreased from compound
reinhibiting in the deactivated state. A single-exponential
fit to the latter phase (from 20 ms to 1 s) revealed a tau of
580 ms (95% CI: 290 to 2800 ms, n = 6 cells). Finally, follow-
ing inhibition of hNay1.8 by 100 nM LTGO-33, we washed
compound off while using brief depolarizations to monitor re-
covery from inhibition. Vehicle solution was rapidly (8 ml/
min) flowed through the recording chamber and the observed
rate of recovery had a tau of 22 seconds (95% CI: 18 to 28 sec-
onds, n = 8 cells) (Fig. 5G). Taken together, these mechanism
of action studies indicate that LTGO-33 preferentially interacts
with the deactivated state over the activated state of VSDIL.


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.123.000789/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.123.000789/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.123.000789/-/DC1

242 Gilchrist et al.

amino acid mutated to A
amino acid mutated to A or Q

S1 out
GLVTDPFAELTITLCIVVNTIFMAMEHHGMSPTFEAML

s2 in s3

QIGNIVETIFFTAEMVFKITAFDPYYYFQKKWNIFDCI

S3 out S4

I
IVIVSLLELGVAKKGSLSVLRSFRLLRVFKLAKSWPTL

800

600

@
3
«Q
P
& ° g
- L 2
) § 400 5
o 1 5
2
s 313 g8 -
g e
R T S I W SRSE | S L P §ogo ot
! ] % o§§8 .. g i ¥ is §8§Xa ........ §.o87 8 200
0 X X X X g § X 0
LIS L L L L L L L L L
R E e I R R F R L P S R R R P I E P AR
OCOOOOOOOORRKRKNENNNNNNNSNNNMNNNNNRNNNNNNNNNNENNENNNENNNKNNNSNSNNN N~
ZFTULSSA0T 0ZTSLES>OddUA0>XXYYON NS> I Y ALYy JJXy>hyX IvXnNzo
] |
S1 S2 S3 out sS4
D E top view side view
1 -
S s2
ey
[
> 4
0
I T T T T 1
1 10 100 1000 10000 100000

[LTGO-33] (nM)

O M682A O K749Q O R756Q
O L744A O G750A O WThNa,1.8
V746A O L752A

Fig. 4. Alanine scan approach maps the LTGO-33 interaction site to VSDII. (A) Sequence of hNay1.8 VSDII. Thick black bars indicate the S1, S2,
S3, and S4 transmembrane segments and thin black lines extramembrane linkers. Feature boundaries were adopted from the Uniprot entry for
Nay1.8 (Q9Y5Y9). Highlighted residues were individually mutated to Ala or Gln. (B) Location of mutated amino acids indicated on hNay1.8
VSDII in apo-hNay1.8 cryo-EM structure (PDB 7TWFW). Orientation depicts the extracellular surface at top and intracellular surface at bottom.
Cyan indicates residues changed to Ala or Gln, and red indicates residues changed to Ala. (C) Potency of LTGO-33 on hNay1.8 mutants derived
from single point inhibition. Black open circles indicate individual cell responses to treatment with 100 nM LTGO-33. Geometric mean x/+ geo-
metric S.D. Dotted black line indicates geometric mean of WT hNay1.8 response to 100 nM LTGO-33. Red bars represent ICs5¢ calculated from
fraction of current remaining. Dotted red line indicates fivefold threshold used to identify mutants for full IC5y determination. n = 3 —5 cells per
mutant, n = 14 for WT hNay1.8. X denotes mutations that did not express detectable current. (D) Potency of LTGO-33 on mutations with fivefold
or greater change in single-point IC5o. Mean + S.D. n = 2 — 6 cells per concentration (Supplemental Table 4). (E) Locations of mutations with five-
fold or greater change in single-point ICso (lime green) mapped onto hNay1.8 VSDII (from PDB TWFW). Left is view from top (extracellular sur-
face) and right from side (within membrane with extracellular surface at top and intracellular surface at bottom).


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.123.000789/-/DC1

TABLE 2

LTGO-33 full IC5¢ values for hNay1.8 VSDII mutations
Channels transiently expressed in ND7/23 cells were tested using manual
patch clamp electrophysiology.

Construct 1C50 (nM) 95% CI (nM) n (cells used for ICs)
WT hNay1.8 50 36 —69 6
M682A 330 250 — 450 9
L744A 920 820 — 1000 5
V746A 230 200 —270 6
K749Q 600 400 — 900 5
G750A 1600 1300 — 2000 5
L752A 760 610 — 930 5
R756Q 300 260 — 350 6

LTGO-33 Exhibits Minimal Reverse-Use Dependence
under Physiologic Conditions

Reverse-use dependence, where high frequency depolariza-
tions can displace a compound from its binding pocket and par-
tially reverse compound-mediated inhibition, was described for
the Nay1.8 inhibitors A-803467 and A-887826 (Browne et al.,
2009; Jo et al., 2023). If reverse use dependence manifests dur-
ing high-frequency action potential firing in pain states, com-
pound inhibition could diminish and impact analgesia efficacy.
Given that LTGO-33 can be removed from activated VSDII in
the millisecond time frame, we sought to understand if this
could manifest as reverse-use dependence at various frequen-
cies. In the temporal context of a nociceptor firing action poten-
tials spontaneously or in response to algogenic stimuli, this
process would be driven by the balance between compound dis-
sociation during brief depolarizations and reinhibition in the
interval between action potentials. To understand this balance,
we used a 10 Hz protocol that employed a depolarizing step to
+20 mV for increasing durations (Fig. 6A, inset). The dura-
tions doubled from 5 to 80 ms, increasing the relative propor-
tion of time channels spend in the activated versus deactivated
states. For example, a 5 ms hold at +20 mV would correspond
to channels residing in an activated state for 5% and deacti-
vated state for 95% of the total duration of recording. 10 Hz
was selected as a physiologically relevant frequency at which
LTGO-33 inhibited hDRG neuron action potential firing.

Vehicle-treated HEK293 cells stably expressing hNay1.8
maintained near full currents after 40 pulses up to 40% of
the time in the activated state and showed a slight decrease
at 80% of the time in the activated state, suggesting that 20
ms may limit recovery time after 80 ms depolarizing pulses
(Fig. 6A). Cells treated with 100 nM LTGO-33, however,
showed current recoveries of the inhibited current that in-
creased with the fraction of time channels spent at +20 mV
(Fig. 6B). Plotting the fraction of current recovered as a func-
tion of time spent at depolarized potentials highlighted recov-
ery from inhibition with more time spent in the activated
state in the continued presence of LTGO-33 (Fig. 6C).

To quantitate reverse-use dependence using more physio-
logically relevant recording conditions, we performed voltage-
clamp experiments using an action potential waveform at
various frequencies from 1 to 40 Hz in ND7/23 cells tran-
siently expressing hNay1.8 and challenged with 100 nM
LTGO-33 (Fig. 6D, top). Currents resolved as two peaks at-
tributable to an initial peak of sodium influx (labeled i) that
decreased as the voltage neared the sodium equilibrium po-
tential and a second peak of sodium influx (labeled ii) that in-
creased as cells repolarized during the falling phase of the
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action potential waveform (Fig. 6D, bottom, black trace). So-
dium conductance (Fig. 6D, bottom, red trace) was calculated
and plotted as a function of stimulation number. hNay1.8
currents showed increasing levels of use-dependent inhibition
as stimulation frequency increased for both vehicle-treated
(Fig. 6E) and LTGO-33-treated cells (Fig. 6F), with LTGO-
33-treated cells starting from a lower current level during
the first pulse due to LTGO-33 inhibition.

Since recovery of conductance could be masked by use-
dependent inhibition, we used a curve fitting approach to sub-
tract the use-dependent inhibition effect (Fig. 6G). We applied
a single-exponential fit to the data measured from vehicle-
treated cells (filled black circles) to plot the time course of use-
dependent inhibition. We then subtracted the values of the
fitted line from the experimental data, which gave a residual
response (open black circles; vehicle recovered) that represents
the difference between the use-dependent inhibition effect (the
fitted curve) and the measured vehicle data, in this case close
to no residual response; this process removed the confounding
effect of use-dependent inhibition. To quantitate reverse-use
dependence in the LTGO-33-treated cells, we first had to re-
move the effect of use-dependent inhibition. For each cell, we
used the single exponential fit parameters derived from the ve-
hicle-treated data to generate a curve that would fit the LTGO-
33-treated data (filled red circles). This required scaling the
plateau parameter (a component of the exponential fit that de-
scribes the Y value extending to infinite times) to match the de-
gree of inhibition. If conductance was inhibited to 60% of its
starting value by 100 nM LTGO-33, then the plateau parame-
ter would be multiplied by 0.6. Having thus scaled the single-
exponential fit, we measured the residual difference between
the expected course of use-dependent inhibition (the fitted
curve) and the LTGO-33-treated experimental data (filled red
circles). After we removed the use-dependent inhibition effect,
we observed a small recovery of conductance in the LTGO-33-
treated residual response (open red circles; LTGO-33 recov-
ered), representing the reverse use-dependence effect.

Plotting the fraction of conductance recovered as a function
of stimulation number yielded small increases in conductance
at 10, 20, and 40 Hz during the first 10 stimulations that sta-
bilized over the last 30 stimulations (Fig. 6H). Recovery was
frequency dependent with 5% recovery at 10 Hz and 9% re-
covery at 20 and 40 Hz (Fig. 61). No recovery was observed at
3 Hz or lower.

LTGO-33 Inhibits Nay1.8 Variants Associated with Pain
Disorders

Defining work that established a genetic role of Nay1.8 in
human pain biology uncovered multiple Nay1.8 variants in
patients with diverse pain phenotypes. The hNay1.8 gain of
function mutations S242T associated with neuropathic pain
in diabetic peripheral neuropathy (Han et al., 2018), L.554P,
A1304T, G1662S, and 11706V associated with painful small
fiber neuropathy (Faber et al., 2012; Huang et al., 2013; Han
et al., 2014; Duan et al., 2016a; Xiao et al., 2019), and the
common single nucleotide polymorphism A1073V associated
with higher thresholds for experimental mechanical pain, re-
duced post-operative abdominal pain, and increased analge-
sia success rate ( Duan et al., 2018b; Coates et al., 2019;
Karatag et al., 2023) were generated and evaluated in tran-
siently expressing ND7/23 cells. The hNay1.8 clone used in
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Fig. 5. Stabilization of the VSDII deactivated state by LTGO-33. (A) Voltage dependence of compound dissociation as measured by voltage clamp
protocol on right. Blue indicates the fraction of recovered current relative to vehicle control before application of 100 nM LTGO-33. Uninhibited
current following application of 100 nM LTGO-33 was subtracted to measure recovery of inhibited channels. Mean + S.D. n = 8 cells. Black curve
is Boltzmann fit of hNay1.8 HEK GV shown in Supplemental Fig. 1A, open black circles. (B) Conceptual model depicting transitions between the
deactivated (D) and activated (A) VSDII, governed by voltage, and the apo- and ligand-bound (L) states, governed by LTGO-33 affinity. Blue indi-
cates ligand-bound transitions of the deactivated state and orange indicates ligand-bound transitions for the activated state. (C) Fraction of cur-
rent remaining after vehicle or 100 nM LTGO-33 application for 15 s at —100 mV (voltage protocol top). Ratio of peak ii to peak i in black for
vehicle; ratio of peak ii to vehicle peak i is in blue for LTGO-33. Mean + S.D. n = 8 cells. Arrow represents proposed state transition shown in
(B). (D) Fraction of current remaining after vehicle or 100 nM LTGO-33 application for 15 s at +20 mV (voltage protocol top). Left, ratio of peak
ii to peak i for vehicle and ratio of peak ii to vehicle peak i for LTGO-33. Right, ratio of peak iii to peak i for vehicle and ratio of peak iii to vehicle
peak i for LTGO-33. Black is vehicle and blue/orange is LTGO-33. Mean + S.D. n = 7 cells. Arrows represent proposed state transitions shown in
(B). (E) Fraction of current recovered after steps to +40 mV for increasing durations (top, voltage protocol). Ratio of peak ii to peak i is plotted for
vehicle (black), and ratio of peak ii to vehicle peak is plotted for 100 nM LTGO-33 (orange). Uninhibited current following application of 100 nM
LTGO-33 was subtracted to measure recovery of inhibited channels. Orange line represents single-exponential fit to average LTGO-33 data.
Mean + S.D. n = 6 cells. Arrows represent proposed state transitions shown in (B). (F) Fraction of current remaining after 500 ms steps to +40
mV followed by recovery at —80 mV for increasing durations (top, voltage protocol). Ratio of peak ii to peak i is plotted for vehicle (black); ratio of
peak ii to vehicle peak is plotted for 100 nM LTGO-33 (blue). Uninhibited current following application of 100 nM LTGO-33 was subtracted to
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our experiments contained Vall073, which is present in
nearly 40% of the population; therefore, this position was
changed to Alal073. These mutations are localized through-
out the channel sequence, but none reside directly within the
putative VSDII binding pocket (Fig. 7A). The potency of
LTGO-33 on all channel variants was similar to WT hNay1.8
(Table 3), demonstrating that LTGO-33 can interdict the
VSDII pocket of these channels to inhibit function (Fig. 7E).

Discussion

The results presented herein describe the pharmacology,
interaction site, and mechanism of action of LTGO-33, a
novel, potent, and selective Nay1.8 inhibitor. Differentiated
from prior published Nay1.8 inhibitors, LTGO-33 showed no
preference for inhibiting an inactivated state and mapped to
a distinct binding site on VSDII (Jarvis et al., 2007; Kort
et al., 2008; McGaraughty et al., 2008; Scanio et al., 2010;
Zhang et al., 2010; Payne et al., 2015). Some Nay1.8 inhibi-
tors interact with inner S6 segments in the pore domain
whereas LTGO-33 interacts with the extracellular cleft of
VSDII to stabilize the deactivated state (Payne et al., 2015;
Huang et al., 2022).

LTGO-33 inhibited native Nay1.8 channels in both non-hu-
man primate and human DRG neurons but was much less ef-
fective in inhibiting native Nay1.8 channels in dog, rat, and
mouse DRG neurons. This species-specific pharmacology war-
rants caution when testing in rodent pain behavioral assays,
as it may be challenging to obtain sufficient pharmacokinetic
exposure levels to sufficiently engage Nayl.8 channels
in vivo to the extent required to impact analgesia (Qin et al.,
2023). Translational models of target engagement using mi-
croneurography and thermal challenge assays in non-human
primates have been used to evaluate Nay1.7 inhibitors and
represent potentially viable biomarkers to pursue for Nay1.8
inhibitors (Pajouhesh et al., 2020; Kraus et al., 2021). In hu-
mans, a suite of thermal, mechanical, and electrical challenge
models in healthy volunteers has been leveraged to evaluate
target engagement with Nay1.8 inhibitors in phase 1 studies
(Hijma et al., 2021, 2022).

LTGO-33 suppressed action potential firing in cultured hu-
man DRG neurons in a frequency-dependent manner, consis-
tent with the role of Nayl.8 in sustaining high-frequency
firing driven by the right-shifted voltage-dependence of inac-
tivation coupled with rapid recovery from inactivation (Re-
nganathan et al.,, 2001; Vijayaragavan et al., 2001; Han
et al., 2015). These neurons express a mixture of TTX-S Nay
channels, including Nay1.6 and Nay1.7, along with the TTX-
R Nay channels Nay1.8 and Nay1.9 (Alexandrou et al., 2016;
Zhang et al., 2017). The specific functional contribution of in-
dividual Nay isoforms to action potential firing likely varies
between individual neurons with a continuum of Nayl.8
functional expression profiles present. Accordingly, neurons
exhibiting less inhibition of action potential firing by LTGO-
33 may express less Nay1.8 and more Nay1.7 at the plasma
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membrane. Conversely, neurons exhibiting near full block of
action potential firing by LTGO-33 may predominantly ex-
press Nay1.8.

Chimeras between hNay1.8 and rNay1.8, which was not
potently inhibited by LTGO-33, identified VSDII as the criti-
cal domain required for compound inhibition. Small twofold
differences in the potency of LTGO-33 against the rat—
human VSDII chimera compared with WT hNay1.8 indicate
potential expression system differences between HEK293
and ND7/23 cells and/or minor contributions from regions re-
siding outside VSDII. Through prosecution of a minimal gain
of function chimera, reversion constructs, and a detailed site-
directed mutagenesis campaign spanning the VSDII region,
we mapped the site required for LTGO-33 inhibition to the
VSDII extracellular cleft. Alanine mutations with the great-
est loss of LTGO-33 potency were found on the S1, S3, and
S4 helices as well as the S3—S4 linker, suggesting the in-
volvement of each of these segments in forming components
of the LTGO-33 binding pocket.

By comparing hNay 1.8 VSDII residues most important for
LTGO-33 inhibition, marked by fivefold or greater loss in po-
tency in site-directed mutagenesis studies, across the human
Nay family, the S3—S4 loop region emerged as an area of
poor conservation that likely drove the high degree of isoform
selectivity observed. Leu744 and Leu752 are conserved be-
tween Nayl.1-Nay1.9 indicating these hydrophobic residues
are important for LTGO-33 inhibition but not selectivity.
Val746 is a hydrophobic Leu in other Nay channels and may
contribute to selectivity. The basic and charged Lys749 is a
hydrophobic Val in all other sodium channels except for Nay
1.5 where it is a Met. The small and flexible Gly750 is a polar
Glu, Ser, or Gln in all other Nay channels. We propose that
Lys749 and Gly750, positioned in the extracellular S3—S4
loop region, are critical amino acids for imparting robust Nay
1.8 selectivity. Lys748, which is a charged/polar Asp or Asn
in most other channels, may also play an important role in
selectivity that was not uncovered in our alanine scan ap-
proach. Inspection of the hNay1.8 VSDII S3-S4 loop compris-
ing LGVAKKGSLSV reveals a di-basic core comprised of
Lys748 and Lys749 surrounded on either side by smaller and
hydrophobic amino acids. Interdicting this novel small mole-
cule site on VSDII may afford a greater degree of isoform se-
lectivity, and therefore margin for safety for analgesic drug
development, than molecules that target either the pore re-
gion or local anesthetic site that are both highly conserved
between family members.

The spider venom toxin ProTx-II interacts with a LFLAD
sequence in Nayl.7 VSDII S3—-S4 (Xu et al., 2019). In Nay
1.8 the corresponding amino acids of this site are LGVAK.
L744A and V746A were among the most impactful mutations
resulting in loss of LTGO-33 potency on Nay1.8, suggesting a
partially overlapping three-dimensional binding region with
ProTx-II may exist. Electrostatic repulsion by basic residues
in ProTx-II inserted into the VSD could partially oppose
movement of the R1 gating charge and/or electrostatically

measure recovery of inhibited channels. Black line is single-exponential fit to vehicle data. Blue line represents single-exponential fit to average
of LTGO-33 data from 20 ms to 1000 ms. Mean + S.D. n = 6 cells. Arrow represents proposed state transition shown in (B). (G) Fraction of cur-
rent recovered after 5 ms steps to +20 mV during 100 nM LTGO-33 washout with vehicle (top, voltage protocol). Blue symbols represent ratio of
measured current to vehicle preceding initial application of LTGO-33. Uninhibited current following application of 100 nM LTGO-33 was sub-
tracted to measure recovery of inhibited channels. Blue line represents single-exponential fit to average data. Mean + S.D. n = 8 cells. Arrow rep-

resents proposed state transition shown in (B).
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Fig. 6. Recovery from inhibition by high frequency depolarizations. (A) Remaining current in vehicle-treated ND7/23 cells after 40 pulses to
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tocol inset in Fig. 6A. Data points represent fraction of current recovered relative to vehicle. Uninhibited current following application of 100 nM
LTGO-33 was subtracted to measure recovery of inhibited channels. Percent time of sweep at +20 mV is indicated. Red line is single-exponential
fit to average data. X-axis indicates cumulative time at +20 mV. Mean + S.D. n = 7. (C) Fraction of current recovered plotted relative to percent
time of sweep at +20 mV. Fraction of current derived from plateau of single-exponential fits in Fig. 6B. Mean + S.D. (D) DRG action potential, ob-
tained from a small diameter rat DRG neuron, used to stimulate hNay1.8 expressed in ND7/23 cells (top). Current in black and calculated con-
ductance in red shown for a representative cell (bottom). (E) Fraction conductance (G) remaining after 40 stimulations with an AP waveform at 1,
3, 10, 20, or 40 Hz in ND7/23 cells transfected with hNay1.8 treated with vehicle (0.1% DMSO). Mean = S.D. n = 8. (F) Fraction conductance re-
maining after 40 stimulations with an AP waveform at 1, 3, 10, 20, or 40 Hz in ND7/23 cells treated with 100 nM LTGO-33, normalized to start-
ing conductance in vehicle-treated cells. Mean + S.D. n = 8. (G) Example analysis to subtract use-dependent inhibition from recovered
conductance. Filled black circles represent the conductance of a vehicle-treated ND7/23 cell in response to 40 sweeps of the AP waveform in
Fig. 6D and filled red circles the same cell treated with 100 nM LTGO-33. Open black circles are the recovered conductance of a single-exponen-
tial fit to the filled black circles. Open red circles are the recovered conductance from a single-exponential fit to filled red circles using the rate
constant (K) from vehicle fit and scaled plateau. (H) Fraction of conductance recovered after 100 nM LTGO-33 treatment at each frequency, normal-
ized to the starting conductance in vehicle. Colors correspond to the frequencies indicated in panel E. Thick line depicts mean, dotted lines depict
S.D. n = 8. (I) Fraction conductance recovered at each frequency. Fraction recovered is derived from plateau of single-exponential fit to curves in
panel H. Mean + S.D.
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Fig. 7. LTGO-33 inhibition of Nay1.8 variants associated with human
pain disorders. (A) Locations of hNay1.8 variants, indicated by colored
circles, within channel topology. (B) Potency of LTGO-33 on hNay1.8
variants. Dotted black line indicates LTGO-33 ICs, on hNayl.8 in
ND7/23 cells taken from Fig. 4D. Mean + S.D. n = 6 cells for each
concentration.

modulate acidic residues that favor gating charge movement.
Similarly, the yO-conotoxin MrVIA inhibited Nay1.4 by inter-
action with VSDII, and neutralization of the DII R1 and R2
gating charges prolonged toxin inhibition (Leipold et al.,
2007). Our observation that mutation of R756Q reduced
LTGO-33 potency suggests the compound may inhibit chan-
nel function, in part, by opposing the first gating charge
movement, thus stabilizing the deactivated state of VSDII.
Sulfonamide-based inhibitors that directly engage the R4
gating charge in VSDIV of Nay1.7 penetrate deeper in the
membrane compared with LTGO-33 and yield a 3,000-fold
loss in potency upon mutation (Ahuja et al.,, 2015). The
smaller fivefold potency loss of LTGO-33 with the R756Q gat-
ing charge mutation suggests stabilization of deactivated
VSDII is mediated through additional amino acids in the
S3—S54 linker. Our alanine scan did not encompass the entire
VSDII sequence; therefore, it is possible that other residues
important for LTGO-33 interaction, including those within
the S1-S2 region, exist that were not evaluated in our muta-
genesis campaign. A structural biology approach would be

TABLE 3

LTGO-33 ICs values for hNay1.8 variants associated with human pain
disorders

Channels transiently expressed in ND7/23 cells were tested using manual
patch clamp electrophysiology.

Construct IC50 (nM) 95% CI (nM) n (cells used for ICs)
WT (from Table 2) 50 36 — 69 6
S242T 33 27 —-40 6
L554P 34 28 —41 6
V1073A 48 36 —63 6
A1304T 40 32-49 5
G1662S 66 53 —-82 6
11706V 35 3238 6
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required to elucidate an exact binding pocket with resolution
of key Nayl.8 amino acid side changes forming chemical
bonds with LTGO-33 atoms.

It may be challenging to leverage docking of molecules to
the LTGO-33 site in VSDII using the published Nay1.8 cryo-
EM structure (Huang et al., 2022). Most Nay structures re-
flect VSDs in their activated state, given the absence of a
membrane potential in preparations of purified protein used
for structural studies. The native conformation of VSDII in
the deactivated state, where LTGO-33 interaction is robust,
may be structurally distinct from VSDII in the activated
state or LTGO-33 may bind a cryptic pocket not readily dis-
cernable in an apo-structure and subsequently undergo an
induced fit. Solving the structure of Nay1.8 with deactivated
VSDII would shed light on these points.

Biophysical mechanism of action studies demonstrated
that LTGO-33 stabilized the deactivated state of VSDII, ef-
fectively keeping the channel closed by preventing movement
of VSDII. The compound can be displaced from Nay1.8 by de-
polarization to positive potentials to promote transition of
VSDII to the activated state from which the compound disso-
ciates from the binding pocket. While our experiments point
to modulation of VSDII gating charge movement as the
driver for channel inhibition, voltage-clamp fluorometry stud-
ies would be required to directly demonstrate block of VSDII
movement to the activated state following LTGO-33 chal-
lenge and recovery of VSDII movement coupled with ligand
displacement during sustained depolarization.

Using an action potential waveform presented at various fre-
quencies, reverse use dependence was not readily observed
with 100 nM LTGO-33 until frequencies reached 20 to 40 Hz in
which channels were depolarized over 0 mV for 10% to 20% of
the total recording period. Reverse use dependence would be ex-
pected to be contingent on compound concentration, with higher
concentrations further blunting any effect as channels are
driven to higher levels of target occupancy. Although reverse-
use dependence was discernable, the magnitude was small and
comprised 5% to 10% of total conductance at higher frequen-
cies. Given human nociceptive C-fibers expressing Nay1.8 in
situ generally fire action potentials in the 0.4 to 10 Hz range fol-
lowing thermal, mechanical, and chemical algogenic stimuli, it
is unlikely that LTGO-33 receptor occupancy at VSDII would
be meaningfully and negatively impacted at physiologically rel-
evant spiking rates (Van Hees and Gybels, 1981; LaMotte
et al., 1984; Torebjork et al., 1984; Campero et al., 2001).

Rare gain of function Nay1.8 variants have been identified
in humans with painful neuropathies including diabetic pe-
ripheral neuropathy (Han et al., 2018) and small fiber neu-
ropathy (Faber et al., 2012; Huang et al., 2013; Han et al.,
2014; Duan et al., 2016a; Xiao et al., 2019). LTGO-33 was
able to effectively block these Nay1.8 variants with potencies
similar to WT hNay1.8 channels. Selective inhibition of Nay
1.8 may not only provide analgesia in the general population
afflicted with acute and chronic pain disorders but addition-
ally in humans with hyperactive variants in cases of geneti-
cally driven pain.
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Supplemental Figure 1. Conductance-
voltage and inactivation-voltage
relationships for hNay1.8 in HEK293
cells.

A) Conductance-voltage (GV) and steady-
state inactivation (SSI) relationships
measured with voltage protocol (top). Filled
circles represent SSI and open circles
represent GV. Mean £ SD. n = 10 cells.

B) Conductance-voltage relationship
measured with voltage protocol in A. Circles
represent GV before (black) and after (red)
treatment with 100 nM LTGO-33, normalized
to the peak conductance in vehicle period.
Black curve depicts a Boltzmann fit to the
black circles (V12 = 1.5 mV, 95% CI: -1.6 to
4.8 mV, n = 8 cells). Red curve is a
Boltzmann fit to the post-treatment GV (V1,2
=23mV,95% Cl: -4.3to7.2mV,n=8
cells), normalized to LTGO-33-treated cells.

C) Rate of fast inactivation versus applied
concentration of LTGO-33. Rate is the tau of
a single-exponential fit to the decay phase
of inactivating Nay current during
measurement of ICso shown in Fig 1b
(resting state, black). Mean £ SD. n =5 cells
per concentration.
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Supplemental Figure 2. LTGO-34 potently
and selectively inhibits Nay1.8.

A) Structure of LTGO-34

B) Voltage protocol (top) used to generate
concentration-response curves for LTGO-34
(bottom) on hNay1.8 stable cell line. Black
shows inhibition of closed or resting channels
and red shows inhibition following channel
entry into inactivated states. Mean + SD. n =
7 cells per concentration.

C) Example traces of Nay1.8 inhibition by
escalating concentrations of LTGO-34.
Currents elicited by 50 ms pulse to 0 mV
from a holding potential of -80 mV.

D) LTGO-34 potency against other human
Nav isoforms. Mean + SD. n = 2-8 wells per
concentration (Table S5).
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Supplemental Figure 3. Resting membrane potential (RMP) of human DRG neurons used

10 cells.
B) Raster plot depicting individual APs for hDRG neurons stimulated at 1 Hz for 120 pulses at
baseline (black) and after treatment with 200 nM LTGO-33 (red). Orange and mustard lanes

indicate specific cells shown in Fig 2.
C) Raster plot depicting individual APs for hDRG neurons stimulated at 3 Hz for 120 pulses at
baseline (black) and after treatment with 200 nM LTGO-33 (red). Orange and mustard lanes

indicate specific cells shown in Fig 2.

for current clamp studies and raster plots for 1 and 3 Hz stimulation protocols.

A) RMP of hDRG neurons studied in Fig 2. Average RMP is -65 mV £ 2.4 mV. Mean £ SD. n =
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Supplemental Figure 4. Protein identity of hNay1.8 across species and sodium channel

isoforms.



A) Table of % amino acid identity of Nay1.8 isoforms using the Uniprot sequence for human
(Homo sapiens, NP_006505.4), cynomolgus monkey (Macaca fascicularis, XP_005546741.2),
dog (Canis lupus familiaris, NP_001003203.1), mouse (Mus musculus, NP_033160.2), and rat
(Rattus norvegicus, NP_058943.2).

B) Table of % amino acid identity of VSDII (S1-S4) using the Uniprot sequence for hNayl1.1
(NP_001159435.1), hNav1.2 (NP_001035232.1), hNayv1.3 (XP_016860149.1), hNav1.4
(NP_000325.4, hNay1.5 (NP_932173.1), hNay1.6 (NP_055006.1), hNay1.7 (XP_011509918.1),
hNay1.8 (NP_006505.4), hNay1.9 (NP_054858.2), and rNay1.8 (NP_058943.2).

C) Alignment of VSDII (S1-S4) from hNay1.1-1.9 and rNay1.8 using the sequences indicated in
panel B. Thick black bars above denote transmembrane helices and thin black lines
extramembrane linkers. Feature boundaries were adopted from the Uniprot entry for Nay1.8
(Q9Y5Y9). Orange highlighted amino acids are conserved across isoforms. Unique KK
sequence in S3-S4 loop is shaded in magenta.
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Supplemental Figure 5. Effect of LTGO-
33 on human domains (VSD and pore)
swapped into rNay1.8.

A) Schematic depicting the transfer of
hNay1.8 DI-IV (colored) into the rNay1.8
backbone (black).

B) Example traces of LTGO-33 on Nay1.8
currents in human-rat chimeric channels.
Black traces show the currents before and
color traces show the currents after LTGO-
33 (300 nM for DII, 3 uM for DI, DIll, and
DIV,). Scale bars are 5 ms on the horizontal
axis and 200 pA on the vertical.

C) Potency of LTGO-33 on WT rNav1.8
(gray) and human-rat chimeras (color). WT
rNay1.8 data previously shown in Figure 3c.
Mean £ SD. n = 6 cells per concentration.

D) Alignment of VSDII for human, cyno,
dog, rat, and mouse Nay1.8. Thick black
bars above denote transmembrane helices
and thin black lines extramembrane linkers.
Feature boundaries were adopted from the
Uniprot entry for Nay1.8 (Q9Y5Y9).
Highlighted amino acids are different
between human, dog, rat and/or mouse
Nav1.8; gray residues were not changed,
orange residues were changed to create
the minimal VSDII chimera. Sea foam, blue,
and purple dots and shading indicate the
sites in the DIl minimal chimera that were
reverted to the corresponding rat residues.

E) Potency of LTGO-33 on WT rNay1.8, the
VSDII minimal chimera, and three revertant
mutants. Mean = SD. n = 3 cells per
concentration for WT rNay1.8, n = 5 per
concentration for VSDII minimal, and n = 4
per concentration for P691D T692A, V746A,
and S757T.
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Supplemental Figure 6. LTGO-33 effects on alanine scanning mutagenesis panel.

A) Potency of LTGO-33 on alanine mutants with negligible impact on inhibition but adjacent to
residues with 5-fold or greater change in single-point ICso. Dotted black line is WT hNay1.8 ICs
curve from Fig 4d. Mean = SD. n = 5-6 cells per concentration (Table S6).

B) Comparison of single-point and full ICses for each mutant where a full ICso was collected.
Black line represents a simple linear regression fit (r> = 0.46), using the GraphPad Prism
function “Simple linear regression”.
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Supplemental Figure 7. Fast and slow inactivation kinetics of hNay1.8 in HEK293 cells

A) Time-dependence of entry into inactivated state measured using inset voltage protocol. Mean
+ SD. n =6 cells.

B) hNay1.8 recovery from fast inactivation measured using voltage protocol (top). Mean + SD. n
= 5. Black curve is a single-exponential fit to the average data (tau = 5.1 ms, 95% CI: 4.8 t0 5.8
ms, n =5 cells).



Table S1. hDRG Donor Demographics. Neurons from human DRG donors were used in
voltage-clamp and current-clamp studies to measure the activity of LTGO-33 on native channel

function.
Donor # | Sex | Age | BMI | Ethnicity Cause of Death Displayed in: Tested at:
1 M 54 | 31.6 | Hispanic | CVA%ICH"/Stroke Figure 1F Anabios
2 F 48 | 32 Hispanic CVA/ICH/Stroke Figure 1F Anabios
: . Anoxia/Drug . .
3 F 32 | 33.7 | Hispanic Intoxication Figure 1F Latigo
4 M 30 | 25.8 Afrlc_an AnOX|_a/D_rug Figure 1F Latigo
American Intoxication
, Head . .
5 M 21 | 24.4 | Caucasian Trauma/Non-MVAS Figure 1F Latigo
6 F 54 | 36.1 | Hispanic Anoxia Figure 2 (LTGO-33) | Anabios
7 F 23 | 37.8 | Caucasian Anoxia Figure 2 (LTGO-33) | Anabios
. . Head . : .
8 M 22 | 29.2 | Hispanic trauma/GSWe Figure 2 (vehicle) Anabios

aCerebral vascular accident, PIntracranial hemorrhage, “Motor vehicle accident, ‘Gunshot wound
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Table S2. N for each concentration used in ICsomeasurements in Figure 1d. For ICsg

measurements where the number of wells, cells, or neurons used was not equal for each

concentration, a range of n was provided in the text. For Figure 1d, the specific n per
concentration is indicated in the table below.

Figure 1d
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Table S3. N for each concentration used in ICsomeasurements in Figure 1f. For ICs
measurements where the number of wells, cells, or neurons used was not equal for each

concentration, a range of n was provided in the text. For Figure 1f, the specific n per
concentration is indicated in the table below.

n
LTGO-33 (nM) Human (male) Human (female)
3 3 6
- 10 3 4
; 30 14 6
5 100 4 4
g 300 15 6
1000 7 4
3000 12 6
10000 5
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Table S4. N for each concentration used in ICsomeasurements in Figure 4d. For ICso
measurements where the number of wells, cells, or neurons used was not equal for each
concentration, a range of n was provided in the text. For Figure 4d, the specific n per
concentration is indicated in the table below.

Figure 4d

LTGO- WT
33 (nM) M682A | L744A | V746A | K749Q | G750A | L752A | R756Q Nayl.8
1 4
3 4
10 4
30 5 5 6 5 5 5 6 2
100 5 5 6 3
300 4 5 6 5 2 5 6 5
1000 5 5 4 5 5 6 3
3000 5 5 6 5 5 5 6 2
10000 5 4 3
30000 4 5 1 5 5 3
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Table S5. N for each concentration used in ICso measurements in Figure S2d. For ICso

measurements where the number of wells, cells, or neurons used was not equal for each

concentration, a range of n was provided in the text. For Figure S2d, the specific n per

concentration is indicated in the table below.

Figure S2d
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Table S6. N for each concentration used in ICspmeasurements in Figure S6a. For ICso
measurements where the number of wells, cells, or neurons used was not equal for each
concentration, a range of n was provided in the text. For Figure S6a, the specific n per
concentration is indicated in the table below.

LTGO-33 (nM) S753A G7

o
>

S757A

1
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10

30
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Table S7. Boltzmann fit parameters for G-V and SSl relationships of hNay1.8 stably
expressed in HEK293 cells. HEK293 cell stably expressing hNay1.8 were interrogated with a
two-step voltage protocol to measure the G-V and SSi relationships for hNay1.8. The V1,2 and
slope were determined using a Boltzmann fit to the normalized data.

Panel condition Viz (MmV) | 95% CI of Viz (mV) | Slope | 95% CI of slope n
Sla | HEK293 G-V | 8.9 mV 7.5t0 10 8.9 7.81t0 10 10
Sla | HEK293SSI | -35mV -37 to -32 -9.9 -121t0-8.2 10
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Table S8. Parameters for rheobase action potentials. For each neuron tested in current-
clamp and displayed in Figure 2, the action potential elicited at rheobase (1x) was measured for
amplitude, half-width, rheobase, maximum rise slope, and maximum decay slope, both at
baseline and after treatment with 200 nM LTGO-33 or vehicle. The mean and SD are plotted for
each parameter. Statistical significance was tested with a paired t-test in GraphPad Prism 10.0,
with p < 0.05 set as the threshold for statistical significance. For half-width and amplitude, the
differences (after - before treatment) were compared, and for rheobase, maximum rise slope,
and maximum decay slope the ratios (after/before treatment) were compared. N = 10 neurons

for 200 nM LTGO-33 treatment and n = 4 for vehicle treatment.

Baseline 200 nM LTGO-33
Parameter Mean SD Mean SD . Mean 95% CI | p-value
difference
Half-width 3.8 1.7 4.1 2.4 0.32 017% o 0.49
. -8.6 to
Absolute amplitude 120 14 120 15 -0.94 6.8 0.79
Mean SD Mean SD Ratio of 95% CI | p-value
means
Rheobase 2000 | 840 | 2400 | 920 1.2 1110 1 0.0040
Maximum rise slope | 150 63 130 63 0.78 0668350 0.0121
Maximum decay | g, 18 59 15 0.06 | 9881 | 4379
slope 1.0
Baseline Vehicle
Parameter Mean SD Mean SD di Mean 95% CI | p-value
ifference
Half-width 7.0 1.8 7.0 0.60 0.02 'Zéooto 0.97
Absolute amplitude 140 6.7 130 7.4 -3.5 -10 0.20
Mean SD Mean SD Ratioof 95% CI | p-value
means
Rheobase 440 | 420 | 450 420 1oo | %200 | o030
Maximum rise slope | 120 30 100 40 0.87 0'i44t0 0.42
Maximum decay 26 13 34 34 11 0.42to 0.84
slope 2.7
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Table S9. Fraction of inhibition by 100 nM LTGO-33 for mutations in hNay1.8 VSDII and
corresponding single-point ICso values. Channels transiently expressed in ND7/23 cells were
tested using manual patch clamp electrophysiology. Single-point ICses were fit using a
constrained top, bottom, and Hill slope as described in Materials and Methods. Mutants marked
with an “X” failed to produce detectable current.

Fraction _ ICs0 (NM:
Construct current Geometric single ’ 95% ClI fold vs | n (cells used
remaining SD factor . (nM) WT for 1Cso)
(geo. mean) point)

WT 0.29 1.2 43 36 to 49 1.00 14
N678A 0.29 1.2 41 26 to 59 0.96 4
T679A 0.18 1.3 22 14 to 33 0.53 4
I680A 0.42 1.1 75 57 to 96 1.8 5
F681A X
M682A 0.74 1.2 290 130 to 1100 6.8 4
M696A 0.28 1.4 42 20to 72 0.98 5
L697A 0.49 1.4 100 37 to 280 2.4 4
Q698A 0.22 1.2 29 21to 39 0.69 5
I699A 0.29 1.2 42 28 to 60 1.0 4
G700A 0.24 1.2 32 25t0 4 0.76 5
N701A 0.42 1.1 72 49 to 100 1.7 4
[702A 0.52 1.2 110 69 to 190 2.7 4
V703A 0.33 1.2 50 35 to 69 1.2 4
F704A 0.62 1.3 170 63 to 720 4.1 4
T705A 0.22 1.2 29 20 to 39 0.67 5
V739A 0.55 1.1 120 86 to 180 2.9 4
S740A 0.62 1.3 170 73 to 530 4.0 4
L741A 0.19 1.1 24 20to 29 0.57 5
L742A 0.32 1.4 50 9to 140 1.2 3
E743A X
L744A 0.89 1.0 770 500 to 1500 18 3
G745A 0.31 1.4 48 10 to 130 1.1 3
V746A 0.85 1.1 570 310 to 1800 13 4
K748A 0.45 1.2 82 53 to 120 1.9 4
K749A 0.48 1.2 95 58 to 150 2.2 4
K749Q 0.73 1.0 270 230 to 320 6.3 4
G750A 0.83 1.2 500 230 to 3500 12 5
S751A 0.54 1.1 120 8210170 2.7 4
L752A 0.75 1.1 300 190 to 550 7.1 4
S753A 0.37 1.2 60 23 to 130 1.4 3
V754A 0.35 1.1 54 43 to 68 1.3 3
L755A 0.22 1.1 28 23t0 33 0.66 4
R756A X
R756Q 0.63 1.3 190 79 to 610 4.4 5
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S757A 0.32 1.1 48 34 to 65 1.1 4
F758A 0.47 1.1 91 74 10 110 2.1 4
R759A X

R759Q 0.35 1.1 54 41 to 68 1.3 3
L760A 0.34 1.2 53 3210 84 1.3 4
L761A 0.38 1.2 61 42 to 86 1.4 4
R762A 0.32 1.0 46 42 10 51 1.1 4
R762Q 0.42 1.2 73 45 to 110 1.7 4
V763A 0.12 1.5 15 8 to 22 0.34 5
F764A 0.33 1.2 51 341073 1.2 4
K765Q 0.12 1.7 16 4 to 30 0.37 4
K765A 0.17 1.7 23 210 56 0.55 4
L766A 0.39 11 64 49 to 82 15 3
K768Q 0.26 1.4 37 14to 70 0.86 4
K768A 0.2 1.2 26 18 to 35 0.61 4
S769A 0.21 1.2 27 17 to 38 0.63 4
WT770A X

P771A 0.24 1.3 32 17 to 53 0.76 4
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Table S10. LTGO-33 full ICs values for hNay1.8 VSDII mutations that showed no impact
on LTGO-33 inhibition. Channels transiently expressed in ND7/23 cells were tested using

manual patch clamp electrophysiology.

Construct ICso (NM) 95% CI (nM) n (cells used for ICso)
S753A 47 38t0 59 6
G745A 40 34to 47 5
S757A 32 25t041 5
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