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Dual-Pocket Inhibition of Na, Channels by the Antiepileptic Drug Lamotrigine
Huang ], Fan X, Jin X, Teng L, Yan N. Proc Natl Acad Sci USA. 2023;120(41):2309773120. doi:10.1073/pnas.2309773120

Voltage-gated sodium (Nav) channels govern membrane excitability, thus setting the foundation for various physiological
and neuronal processes. Nav channels serve as the primary targets for several classes of widely used and investigational
drugs, including local anesthetics, antiepileptic drugs, antiarrhythmics, and analgesics. In this study, we present cryogenic
electron microscopy (cryo-EM) structures of human Navl.7 bound to two clinical drugs, riluzole (RLZ) and lamotrigine
(LTG), at resolutions of 2.9 Aand 2.7 A, respectively. A 3D EM reconstruction of ligand-free Nav|.7 was also obtained at
2.1 A resolution. RLZ resides in the central cavity of the pore domain and is coordinated by residues from repeats Il and IV.
Whereas one LTG molecule also binds to the central cavity, the other is found beneath the intracellular gate, known as site
BIG. Therefore, LTG, similar to lacosamide and cannabidiol, blocks Nav channels via a dual-pocket mechanism. These
structures, complemented with docking and mutational analyses, also explain the structure-activity relationships of the
LTG-related linear 6,6 series that have been developed for improved efficacy and subtype specificity on different Nav
channels. Our findings reveal the molecular basis for these drugs’ mechanism of action and will aid the development of novel

antiepileptic and pain-relieving drugs.

Commentary

Since the introduction of phenytoin as an anti-seizure
medication (ASM) in 1938, blockers of voltage-gated sodium
channels (Na,) have been a mainstay of epilepsy treatments."
Some ASMs, such as phenytoin, carbamazepine, oxcarbaze-
pine, and lacosamide, are presumed to exert their anti-seizure
effects primarily by modulating either the fast or slow inactiva-
tion state of the channel. Others, for example, cannabidiol and
cenobamate, have been shown to have additional mechanisms
of anticonvulsant action.? Generally, “traditional” sodium
channel blockers have similar efficacy in controlling focal
seizures with some being additionally used for treating general-
ized epilepsies.' The scope of activity has not been fully estab-
lished for the newer sodium blockers, but their adverse effect
profiles might differ from those of older drugs (eg, with regard
to sleepiness® or induction of drug-metabolizing enzymes).
To dissect the differences between sodium-blocking ASMs,
we need to better understand how Na, channels contribute to
seizures, what subtype(s) of channels they bind, and where
within the channel the binding site is. In humans, 9 Na, chan-
nels govern the firing of electrical signals in neurons and mus-
cles. The channels consist of pore-forming o subunits with an
ion-selectivity filter, 4 voltage-sensing domains, and auxiliary
B-subunits that regulate channel function and localization.*

Over the past few years, high-resolution structures of
eukaryotic Na, channels obtained using cryo-EM expanded
our understanding of how channel blockers exert their effects
at the near-atomic level.* Recently, the group of Nieng Yan
demonstrated that within Na, 1.7 channels, carbamazepine and
lacosamide occupy the same site beneath the intracellular gate
and tighten the gate in a similar manner.* This agreed with the
already-known shared binding site of phenytoin, lamotrigine,
carbamazepine, local anesthetics, and antiarrhythmic drugs.’
Yet the high resolution allowed identifying a novel binding
site for a second lacosamide molecule, the selectivity filter.
The same group additionally discovered 2 binding sites for
cannabidiol and demonstrated that neither of the 2 bound
cannabidiol molecules is in a position to physically occlude
the pore, suggesting allosteric inhibition.®

The featured article by Huang et al” takes this field one step
forward with new information on lamotrigine binding sites.
Using Na, 1.7 as a model sodium channel, dual-pocket inhibi-
tion was discovered also for lamotrigine. One lamotrigine bind-
ing pocket was within the central cavity of pore domain, in
common with those of multiple other drugs. The other was the
binding site for carbamazepine and lacosamide.” Thus, dual-
pocket inhibition emerges as a common mechanism among
Na,-targeting ASMs with diverse molecular structures.
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Figure |. Structures of several Na, selective and nonselective blockers. Source: PubChem.

The investigators further demonstrated in silico that a
fluoride-containing group of the lamotrigine analog BW-
4030W92 (Figure 1) occupied an additional hydrophobic
pocket within the channel, in line with the higher potency of
this analog. Another analog, PF-01247324 (Figure 1) docked
into the corresponding locus within another sodium channel,
Na,1.8. The same analog was spatially incompatible with the
equivalent pocket in the Na,1.7 channel due to a difference
between the channels of a single amino acid.

The dual-pocket inhibition unveiled in the current study is not
yet sufficient for deciphering the differences in clinical activity
between lamotrigine and other Na,-blocking ASMs (eg, in slee-
piness). Yet it adds to the increasingly growing pool of ASMs,
channel-selective and nonselective ASM analogs, and other
drugs, that is necessary for Al-assisted development of newer-
generation ASMs. Several examples of potential improvements
in Na, blocker characteristics are described below.

Brain Selectivity

Na, channels share a high degree of sequence similarity and
many sodium channel blockers are not subtype-selective.’ The
genes most frequently associated with inherited epilepsies are
those encoding Nay 1.1 and Nay 1.2 that are primarily expressed
in the brain,” but a drug that docks into pockets of these pro-
teins might also inhibit the cardiac Na,1.5 channel. Indeed, the
U.S. Food and Drug Administration issued in 2020 a new
warning regarding lamotrigine’s potential to cause cardiac con-
duction and rhythm abnormalities because in vitro, lamotrigine
behaved similar to class 1B antiarrhythmic drugs. In 2022
lamotrigine’s manufacturer reassessed the data and concluded
that the Na, 1.5 inhibition by lamotrigine was weak with rapid
kinetics, not translating into clinically relevant adverse cardiac
effects at therapeutic doses.® More recently, 2 retrospective
studies that included vulnerable populations did not identify
among patients with epilepsy any lamotrigine-associated
deaths due to cardiac rhythm or conduction causes.®’ One of
these studies found an apparent increase in cardiac death in a
subpopulation of patients with a psychiatric indication that was
attributed to overdosage and drug—drug interactions with anti-
psychotic agents.® The adventures of lamotrigine demonstrate
the need for cryo-EM studies that will hopefully identify the
unique features of ASM binding pockets within the brain Na,
channels.

Excitation Selectivity

Selective blockade of Na, 1.6 channels (encoded by SCN8A) in
excitatory neurons was suggested to result in a better efficacy
and fewer central nervous system (and cardiac) side effects.
Moreover, Na, 1.6 inhibition may restore the impaired excita-
tory:inhibitory balance in Dravet syndrome associated with
loss-of-function mutations in Na,l.1 channels.’ Indeed, a
selective Na,1.6 channel inhibitor, NBI-921352 (XEN901;
Figure 1), is being evaluated as an adjunctive therapy in
patients with SCN8A developmental and epileptic encephalo-
pathy syndrome (NCT04873869, NCT05226780) and in adults
with focal-onset seizures (NCT05493293). The molecular
weight of this compound is considerably larger than those of
currently used ASMs, potentially affecting its ability to cross
the blood-brain barrier at epileptic foci in humans.'® High-
resolution identification of the binding pocket of selective
sodium Na, 1.6 inhibitors could lead to the development of
second-generation, smaller molecular-weight blockers.

Is Tighter Always Better?

Several sodium channel-blocking ASMs (phenytoin,
carbamazepine, oxcarbazepine, eslicarbazepine, cenobamate)
induce hepatic metabolic enzymes to various extent. Others,
such as cannabidiol, inhibit them.'" Beyond drug—drug inter-
actions, specifically long-term enzyme induction can lead to
imbalances in endogenous substrates such as vitamin D, sex
hormones and cholesterol, with increased risk of vascular and
other morbidities." Interestingly, studies with isoform-selective
Na, 1.7 inhibitors suggested a link between increased mem-
brane partitioning and xenobiotic detoxification mechanisms.
These include both direct enzyme inhibition and binding to
nuclear receptors that mediate enzyme induction.'? The rela-
tionships between membrane solubility and enzyme induction
are in line with the higher magnitude of induction by carbama-
zepine than those of the less lipophilic oxcarbazepine and esli-
carbazepine, as indicated by carbamazepine’s higher LogD
(2.7 vs 1.7 of oxcarbazepine and eslicarbazepine).'® Cannabi-
diol, the most lipophilic ASM that can binds the channels from
within the membrane® might as well be at a good position to
inhibit microsomal, membrane-bound cytochrome P450
enzymes. Obtaining more detailed information on binding sites
within nuclear receptors and drug-metabolizing enzymes might
lead to the discovery of newer sodium channel blockers that,
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similar to lacosamide, would be involved in fewer drug—drug
interactions.

In conclusion, sodium channel blockers are apparently here
to stay. Fine-tuning of their binding sites within the channels
can set the ground for rational design of safer, more selective
ASMs, and perhaps even minimize their potential to interact
with other drugs.

Sara Eyal, PhD
Institute for Drug Research, School of Pharmacy,
Faculty of Medicine, The Hebrew University of Jerusalem

ORCID iD

Sara Eyal (2 https://orcid.org/0000-0003-1275-6094

Declaration of Conflicting Interests
The author(s) declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of this

article: The author has served as a consultant for Biopass and
TrueMed, Israel.

References

1. Brodie MJ. Sodium channel blockers in the treatment of epilepsy.
CNS Drugs. 2017;31(7):527-534.

2. Johannessen Landmark C, Eyal S, Burns ML, Franco V, Johan-
nessen SI. Pharmacological aspects of antiseizure medications:
from basic mechanisms to clinical considerations of drug interac-
tions and use of therapeutic drug monitoring. Epileptic Disord.
2023;25(4):454-471.

3. Brodie MJ, Richens A, Yuen AW. Double-blind comparison of
lamotrigine and carbamazepine in newly diagnosed epilepsy. UK

10.

11.

12.

Lamotrigine/Carbamazepine monotherapy trial group. Lancet.
1995;345(8948):476-479.

. Wu Q, Huang J, Fan X, et al. Structural mapping of Na,1.7

antagonists. Nat Commun. 2023;14(1):3224.

. Catterall WA. Sodium channels, inherited epilepsy, and antiepi-

leptic drugs. Annu Rev Pharmacol Toxicol. 2014;54:317-338.

. Huang J, Fan X, Jin X, et al. Cannabidiol inhibits Na, channels

through two distinct binding sites. Nat Commun. 2023;14(1):
3613.

. Huang J, Fan X, Jin X, Teng L, Yan N. Dual-pocket inhibition of

Na, channels by the antiepileptic drug lamotrigine. Proc Nat!
Acad Sci USA. 2023;120(41): €2309773120. doi:10.1073/pnas.
2309773120

. Aboukaoud M, Wilf-Yarkoni A, Maor E. Investigation of cardiac

arrhythmia events in patients treated with lamotrigine: FDA
adverse event reporing system analysis. Epilepsia. 2023;64(9):
2322-2329.

. Biehl A, Taube M, Kotloski RJ, Kopacek K, Jones J, Gidal BE.

Lamotrigine use and potential for adverse cardiac effects: a retro-
spective evaluation in a veteran population. Epilepsy Behav.
2023;149:109496.

Hamed R, Eyal AD, Berman E, Eyal S. In silico screening
for clinical efficacy of antiseizure medications: not all cen-
tral nervous system drugs are alike. Epilepsia. 2023;64(2):
311-319.

Cohen H, Mahajna G, Ben-Shushan T, Matok I, Eyal S. The
extent of CYP3A induction by antiseizure medications: a sys-
tematic review and network meta-analysis. Epilepsia. 2023.
Payandeh J, Volgraf M. Ligand binding at the protein—lipid
interface: strategic considerations for drug design. Nat Rev Drug
Discov. 2021;20(9):710-722.


https://orcid.org/0000-0003-1275-6094
https://orcid.org/0000-0003-1275-6094
https://orcid.org/0000-0003-1275-6094
https://orcid.org/0000-0003-1275-6094
https://orcid.org/0000-0003-1275-6094

	Tuning Sodium Channel Blockers to the Near-Atomic Level
	Commentary
	Brain Selectivity
	Excitation Selectivity
	Is Tighter Always Better?

	ORCID iD
	Declaration of Conflicting Interests
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


