
Article https://doi.org/10.1038/s41467-025-65587-1

Molecular basis of sodium channel
inactivation

Yichen Liu 1, Jason D. Galpin 2, Christopher A. Ahern2 &
Francisco Bezanilla 1,3

Voltage-gated sodium channels initiate action potentials and control electrical
signaling throughout the animal kingdom. Fast inactivation is an essential
auto-inhibitory mechanism and requisite component of sodium channel
physiology. Recent structural and electrophysiological results are inconsistent
with the canonical ball and chain model of fast inactivation thus necessitating
an updated theoretical framework. Here, we use encoded fluorescence spec-
troscopy andhigh-resolution electrophysiology to capture key steps in the fast
inactivation mechanism, from voltage-sensor activation to pore occlusion, an
ultra-fast process which occurs in less than 2 milliseconds. Upon depolariza-
tion, activation of the domain IV voltage sensor initiates cytoplasmic DIII_DIV
linker movement and quickly repositions the IFM motif into a hydrophobic
pocket adjacent to the pore. This triggers a structural rearrangement of the
pocket. The phenylalanine of the IFMmotif contacts the pore-forming helices
via a hydrophobic interaction with S6 of DIV and an aromatic/hydrophobic
interaction with S6 of DIII. These two interactions occur only after both S6
segments rotate, thus exposing the hydrophobic gate into the pore producing
the fast inactivation. Based on the current results, we propose an alternative
lock and key model to explain the molecular mechanism of fast inactivation.

The action potential is the elementary unit of bio-excitability. At the
molecular level, voltage-gated sodium (Nav) channels are responsible for
the rapid upstroke of the action potential. These channels are gated to
an open, sodium-conducting conformation by positive changes in
transmembrane potential1–3. During the rising phase of the action
potential, Nav channels operate in a classical positive-feedback manner:
opened bymembrane depolarization, theNav channels allow furtherNa+

entry with consequent membrane depolarization, thus resulting in a
cascading, all-or-nothing action potential. In this positive feedback loop,
fast inactivation is an essential built-in auto-inhibitory mechanism to
terminate the cascade and serves as a molecular kill switch. Milliseconds
after the channels are open during activation, fast inactivation drives the
channels into the nonconductive, fast inactivated state, facilitating the
repolarization by voltage-gated potassium channels. Acquired or inher-
ited abnormalities in fast inactivation can result in severe pathological
states4. Additionally, due to the prevalence anddiversity ofNav channels,

these pathological states can manifest in numerous tissue types with a
wide range of symptoms5–9. Hence, amolecular understanding of the fast
inactivation mechanism is of fundamental importance.

Originally proposed almost 50 years ago, the ball and chainmodel
predicted that an intracellular located inactivation particle would bind
to the open channel at the pore and physically block the ionic
conduction10. Later, the identification of the amino acid triad, Iso-
leucine-Phenylalanine-Methionine (the IFM motif) in the cytoplasmic
domain III and domain IV (DIII_DIV) linker as the inactivation particle
materialized the abstract concept and provided a molecular frame-
work for fast inactivation11. Numerous studies have since provided
strong evidence for this model, and consequently, the ball and chain
model has been largely accepted as the textbook explanation for fast
inactivation in Nav channels12–16.

However, upon the advent of the cryogenic electron microscopy-
mediated resolution revolution in structural biology, discrepancies
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emerged between the oldmodels and newexperimental results17. As of
today, essentially all of the available eukaryoticNav channel structures,
likely in the inactivated state due to the lack of external electric field,
consistently demonstrate that the IFM motif, the inactivation particle,
does not block the permeation pathway as expected18–21. Instead, the
motif docks in an adjacent hydrophobic pocket between the pore and
S4-S5 linkers from DIII and DIV, a stark contradiction to the canonical
pore-blocking ball and chainmodel. Our recent work began to address
this inconsistency and identified the inactivation gate, a pore-lining
double-layered hydrophobic ring at the intracellularmouth of the pore
that blocks Na+ ion permeation in the inactivated state, instead of the
IFM motif22. However, this is only the final step, and the series of
movements involved in linking voltage sensor movement to ultimate
channel inactivation remains to be elucidated. The inactivating particle
(IFM motif) is necessary for inactivation, but the mechanistic linkage
between voltage-sensor activation, the docked IFM motif, and the
newly described gate remains poorly resolved. Thus, the lack of
molecular description and theoretical framework of the fast inactiva-
tion process once again represents a major conceptual gap in Nav
channel biophysics and physiology.

Here in this work, we present the sequential conformational chan-
ges during the fast inactivation process inmammalianNav channels. The
dynamic nature of the molecular rearrangements between the IFM
binding and the gate closing requires techniques that can detect these
changes while observing the actual function of the channel. To this end,
we utilize site-directed fluorescence in voltage-clamped conditions.
With our improved incorporation protocol and optical recording setup,
we introduce an environmentally sensitive fluorescent unnatural amino
acid, ANAP, into various regions of the Nav channel and monitor the
local molecular motions during fast inactivation by rapid fluorescence
measurements. ANAP fluorescence recordings reported two types of
movements at the IFM location during fast inactivation. A fast move-
ment, triggered by the activation of voltage sensing domain (VSD) in
domain IV (DIV), reflects themovement of the DIII_DIV linker region and
positions the IFM motif into the appropriate location, conceptually like
putting a key into a keyhole, that was exposed by themovement of VSD
in DIV. Coupled by hydrogen bonds between DIII_DIV linker and DIV
S4_S5 linker, this fast component follows faithfully the movements of
DIV VSD, via simultaneously measured gating currents, and proceeds
prior to the closure of the fast inactivation gate. The other slower con-
formational change at the IFM motif triggers the fast inactivation. The
aromatic side chain of the phenylalanine residue in the IFMmotif forms
interactionswith two residues inDIII S6 andDIV S6, throughT-shapedπ-
π and hydrophobic interactions. In tandem, these interactions propa-
gate the conformational change from the linker to the pore and lead to
the closure of the double-layered fast inactivation gate, similar to the
movement of the bolt of the lock. Contrary to our expectations, mod-
ification to the interaction between the IFM motif and the hydrophobic
pocket does not impede the binding of themotif itself, rather, it appears
to influence the effectiveness of the IFM motif at triggering fast inacti-
vation, like creating mismatches between the key and the lock. With
these current observations, we propose a lock and key model to
describe the sequential conformational changes during fast inactivation
in mammalian sodium channels.

Results
IFM motif undergoes two distinct movements during fast
inactivation
The IFM motif is evolutionarily conserved in Nav channels across the
animal kingdom (Fig. 1A and Supplementary Fig. 7). Its importance for
fast inactivation has been demonstrated repeatedly in the
literature14,23. However, recent structural results have cast uncertainty
as to the functional role IFM motif plays in the mechanism of fast
inactivation. To describe the conformational changes at the IFM
position and to understand its role in fast inactivation, we replaced the

phenylalanine in the IFM motif with a fluorescent, environmentally
sensitive unnatural amino acid, ANAP (F1304ANAP, numbering based
on rat Nav 1.4, all experiments were performed on rNav1.4)24,25. ANAP
(3-(6-acetylnaphthalen-2-ylamino)−2-aminopropanoic acid) has a
comparable size as tryptophan which allows minimum disturbance
upon incorporation (Fig. 1B).More importantly, the emission spectrum
of ANAP is modulated by the hydrophobicity of its immediate envir-
onment, making ANAP an ideal reporter of molecular movement25

(Fig. 1B). Robust currents were seen from F1304ANAP, and no dis-
cernable current was seen in cells where no ANAP was supplied, thus
demonstrating high fidelity of encoding (Fig. 1C). F1304ANAP channels
showed slowed fast inactivation kineticswith slightly increased steady-
state current (Supplementary Table 2), similar to previously reported
tryptophan replacement14, and had minimal impact on activation
(Fig. 1D–F and Supplementary Table 1). Utilizing site-directed fluori-
metry with cut-open voltage clamp technique (VCF), ionic current and
fluorescence signal were resolved simultaneously26,27. Fluorescence
signals increased upon depolarization, indicating an increase in the
environmental hydrophobicity seen by the side chain of ANAP
(Fig. 1G). This is consistent with the notion that during fast inactivation
the IFM motif transitions from a hydrophilic to more hydrophobic
environment. The overlap of the steady-state fluorescence (FV) curve
and fast inactivation, tracked via 1-(h-infinity) curve (Fig. 1H), indicates
that the movement of the IFM motif directly reports the fast inacti-
vation state of the Nav channels. Additionally, the off-fluorescence
signal closely tracks the recovery from inactivation (Supplementary
Fig. 1). Interestingly, the fluorescence signals that originate from
F1304ANAP channels exhibit two kinetic components, suggesting two
distinct conformational changes in the vicinity of the IFM motif
occurred during fast inactivation (Fig. 1G, inset). Comparison between
the fast inactivation kinetics and the fluorescence signal kinetics
revealed that the fast time constant of fluorescence signal was sig-
nificantly faster than the fast inactivation kinetics. The slow compo-
nent, on the other hand, closely followed the development of fast
inactivation (Fig. 1I).

Fast Movement at IFMMotif Reflects DIII_DIV Linker Movement
Following DIV VSD Activation
To further investigate the nature of conformational dynamics at the
IFMmotif during fast inactivation, wemonitored themovement of the
IFM-bearing DIII_DIV linker by incorporating ANAP at L1319 position
(L1319ANAP, Fig. 2A). ANAP incorporation at position 1319 was well
tolerated (Supplementary Fig. 2 andTables 1 and2) andopposed to the
F1304 position, L1319ANAP channels showed amarked decrease in the
fluorescence intensity upon depolarization, suggesting a transition
to amore hydrophilic environment (Fig. 2B). This is consistentwith the
existing structural results since L1319 is depicted as being completely
exposed in aqueous environment in the fast inactivated structure
(Fig. 2A).More interestingly, there is only one kinetic component in the
fluorescence signal at L1319 position. This component showed similar
time constants as the fast movement seen in F1304ANAP (Fig. 2C, D).
Like the fast fluorescence signal in F1304ANAP channels, the fluores-
cence signal recorded in L1319ANAP is faster than the development of
fast inactivation itself (Fig. 2E). To better understand the origin of this
signal, we simultaneously recorded fluorescent signals and gating
currents in L1319ANAP channels (Fig. 2F). Upon depolarization, gating
charges in voltage sensors rapidly traverse the electric field, creating a
fast, transient current, the gating current28,29. Given that gating cur-
rents track the movement of VSDs, this can be correlated to the
observed fluorescence signals that originate from movements at the
cytoplasmic III-IV linker. Gating current recordings from L1319ANAP
channels revealed that the voltage-dependent gating charge move-
ment, shown by theQV curve, overlaps closely with the steady-state FV
curve (Fig. 2G). Despite the relative distancebetween the VSD and III-IV
linker, the movement seen at L1319 linker region is more closely
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related to the voltage sensor movements than to fast inactivation.
More specifically, the DIV VSD movement appears to directly trigger
the DIII_DIV linker movement. When we compared the kinetics of the
gating current and thefluorescence recordings,wediscovered that the

fluorescence signal at position 1319 explicitly followed the slow com-
ponent of the gating current (Fig. 2H). Due to the asymmetry in Nav
channels, voltage sensors from different domains translocate their
charges at different rates30,31. Particularly, the activation of the DIV VSD
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Fig. 1 | Incorporation of ANAP and IFM Movement during fast inactivation.
A Side view of a Nav channel structure (PDB: 7XVF). IFM motif (in pink) resides in
DIII_DIV linker (yellow) and docks into a pocket away from the pore.B Size of ANAP is
comparable to tryptophan. With the filter set used in the study (details in Methods),
the fluorescence is brighter in hydrophobic environment. C Example ionic current
traces of wild type (WT), F1304ANAP, and F1304UAG when no ANAP was supplied.
Incorporation of ANAP into IFM motif slowed fast inactivation kinetics. Inset shows
the voltage protocol with 5mV voltage steps. D GV curve of WT and F1304ANAP. No
significant difference was observed. N=4 for WT, N= 5 for F1304ANAP. E h-infinity
curve for WT and F1304ANAP, with the latter showing a right-shifted Vhalf
(ΔVhalf = ~8.5mV). Inset shows the voltage protocol with 10mV voltage steps and a 5 s
cycle period. N=4 for WT, N= 5 for F1304ANAP. F Recovery from fast inactivation at
−90mV, measured by comparing the peak current during control and test pulse.

F1304ANAP recovered faster thanWT, suggesting a less stable inactivated state.N=4
for WT, N= 5 for F1304ANAP. Inset shows the voltage protocol. G Example family of
traces of simultaneously recorded ionic current and fluorescence signal from
F1304ANAP. An increase of fluorescence intensity indicates a transition from a rela-
tive hydrophilic environment to a more hydrophobic one. Two kinetic components
can be distinguished at IFM motif. Left inset shows the voltage protocol with 10mV
voltage steps. Right inset shows the fluorescence signal at 60mV fitted with only one
fast component.H Comparison of steady state fluorescence (FV) curve and h-infinity
curve. H-infinity curve is shown as 1-(h-infinity) curve, which closely tracks with the FV
curve. N= 5. I Comparison of fluorescence signal and fast inactivation kinetics. The
fast fluorescence signal is faster than the fast inactivation. The slow compo-
nent follows more closely the fast inactivation kinetics. N=5 for fluorescence signal,
N=4 for ionic current. Data is shown as Mean±SEM.
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is significantly slower than the other VSDs, giving rise to the slow
component of the gating current in Nav channels30,32. The shared
kinetics between fluorescence signal at position 1319 and the DIV VSD
movement strongly suggest the activation of voltage sensor in DIV
initiates the DIII_DIV linker movement during fast inactivation.

Backbonehydrogenbonding couples theDIII_DIV linker andDIV
VSD movement
Since the DIII_DIV linker movement closely correlates with the activa-
tion of DIV VSD, there must exist interactions that couple these two
structural components. A close structural analysis of this region

revealed the existence of two hydrogen bonds between the DIII_DIV
linker and the DIV S4_S5 linker (Fig. 3A). Specifically, residue N1477 at
the elbow region of the DIV S4_S5 linker forms a hydrogen bond
directlywith the F1304 in the bound IFMmotif and reciprocally, Q1309
at the DIII_DIV linker forms the other hydrogen bond with P1473 in DIV
(Fig. 3A). Interestingly, both hydrogen bonds are formed between the
nitrogen in the primary amide in the side chain and the carbonyl
oxygen in the backbone. Removal of the primary amide in the side
chain in both positions result in impaired fast inactivation (Fig. 3B). In
the case of Q1309L and N1477D, the channels exhibit an IQM type
phenotype with most of the fast inactivation absent11,31 (Fig. 3C, D and
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F, Supplementary Fig. 4 and Supplementary Table 2) without drastic
change in GV curves (Fig. 3C and Supplementary Table 1). The muta-
tion N1477D essentially exchanges this primary amide with a car-
boxylic group. At physiological pH used in our study, this groupwould
be >99% deprotonated to the COO- carboxylate. Thus, there is no
hydrogen atom in theN1477D sidechain to act as a hydrogen donor. As
a result, N1477D sodium channels showed very little fast inactivation.
We do however acknowledge that the N1477D substitution does not
serve as a perfect mimic of a deprotonated asparagine sidechain as it
also introduces the COO- in place of the amide group. An analysis of
the recovery from fast inactivation for Q1309A channels further
demonstrates that the identified hydrogen bond is essential for the
stabilization of the fast inactivated state (Fig. 3E). In the absence of this
interaction, the channels recover from fast inactivation exceedingly
fast. Evidently, these hydrogen bonds are important for fast inactiva-
tion and likely serve as the functional bridges between theDIVVSD and
the intracellular linker. To further demonstrate this, we disrupted one
of the hydrogen bonds and investigated its impact on DIII_DIV linker
movement. In L1319ANAP_Q1309A, fast inactivation becomes slower
and incomplete (Fig. 3F). The fluorescence signal became much
smaller (Fig. 3F) and, more importantly, progressed slower and
recovered faster compared to L1319ANAP (Fig. 3F, G), demonstrating
the identified interactions are indeed involved in coupling between the
voltage sensor in DIV (via the DIV S4-S5 linker) and DIII_DIV linker.

IFMmotif relays its conformational changes to thepore through
hydrophobic and T-shaped π-π interactions
With the molecular underpinning of the fast component elucidated,
we set out to investigate the slower conformational change at the IFM
motif that triggers fast inactivation. Our previous work demonstrated
the specialized role of the pore-lining hydrophobic residues in DIII and
DIV S6 in fast inactivation22 (Fig. 4A). Therefore, residues inDIII andDIV
S6 that could form potential interactions with the IFM motif might be
involved in the coupling between the IFM motif and the fasti inacti-
vation. We performed mutagenesis screenings on the DIII and DIV
residues adjacent to the IFM. The screening revealed two residues that
were particularly important for fast inactivation.

In DIII S6, when F1291 is mutated to either smaller or bigger
residues, significant amount of fast inactivation was removed (Fig. 4B,
C, H and Supplementary Table 2), suggesting that the precise size of
the side chain is important for this interaction. Additionally, structural
analysis based on the published structure33 also pointed out the pos-
sibility of a T-shaped π-π interaction between the phenylalanine in the
IFM motif and F1291 (Fig. 4A). To precisely target this potential aro-
matic interaction, we utilized another unnatural amino acid,
4-fluorophenylalanine (ParaF-Phe). Substitution of the hydrogen at the
para position on the aromatic ring targets the positive charge on the
edge of the aromatic ring and would be predicted to weaken a
T-shaped π-π interaction with a minimal impact on the volume of side
chain34. In support of this notion, substitution of only one atom in
F1304 via encoding of ParaF-Phe led to not only slowed, but also
incomplete fast inactivation and faster recovery from inactivation
(Supplementary Fig. 3 and Supplementary Table 2), suggesting a
functional role for this π-π interaction between F1304 and F1291
(Fig. 4D, H).

Mutagenesis inDIV S6 revealed that changing I1589 led to a similar
phenotype observed in DIII S6 mutations. I1589A severely impeded
fast inactivation and showed large non-inactivating steady-state cur-
rent (Fig. 4E, H and Supplementary Table 2). As the inactivation gate is
madeof largehydrophobic residues in S6ofbothdomain III and IV, the
combination of F1291A in S6-DIII and I1589A in S6-DIV should eliminate
fast inactivation. Indeed, combining both mutations in a single con-
struct, F1291A_I1589A, produced channels where fast inactivation was
completely removed. No significant reduction in current amplitude
was seen after 30ms of depolarization (Fig. 4F).

Our mutagenesis experiments on F1291 and I1589 confirmed
their importance for fast inactivation. However, these results did
not directly demonstrate those are residues coupled the IFM
motif to the fast inactivation gate at the pore. To provide direct
evidence, we investigated the movement of the IFM motif in the
absence of the identified interactions. We recorded the ionic
current and fluorescence signal in F1304ANAP_F1291W (Fig. 4I, J).
Fast inactivation was largely removed in F1304ANAP_F1291W, but
still, clear fluorescence signals were resolved from the IFM posi-
tion. Evidently, disrupting the interaction between F1291 and
F1304 did not abolish the binding of the IFM motif. The kinetics
of the fluorescence signals were significantly faster than the
residual fast inactivation. These observations are consistent with
our previous results, suggesting that the fast component of the
IFM movement was triggered by the DIV VSD and coupled by the
hydrogen bonds, instead of interactions in the hydrophobic
pocket. More importantly, now with disrupted interaction with
F1291, the IFM motif movement showed only one fast fluores-
cence component, and the second slow movement seen before in
F1304ANAP alone was largely absent (Fig. 4J), providing direct
evidence that the identified residues are responsible for coupling
the IFM motif and the pore.

Fast inactivation process requires sequential conformational
changes
Finally, we monitored the movement of the pore during fast inactiva-
tion by encoding ANAP at Q1293, a position at the bottom of the pore-
lining DIII S6 segment (Fig. 5A). Incorporation of ANAP at Q1293 led to
minimal alteration in fast inactivation (Fig. 5B, D) and activation
(Fig. 5C). The fluorescence signal from Q1293ANAP mirrored the
development of fast inactivation, suggesting the movement seen at
this part of the S6 helix reflects mostly conformational changes asso-
ciated with fast inactivation instead of activation (Fig. 5E). Interest-
ingly, there was a ~ 1ms delay to the onset of the fast-inactivation-
associated fluorescence signal, which was not observed in other ANAP
mutants. This delay is similar to the previous observation in pronase
treated giant squid axon35 (Fig. 5B inset). The observed delay also
resembles the classical Cole-Moore shift36 and indicates that additional
conformational changes are requiredbefore channel can enter into the
fast inactivated state. It is likely that the two movements seen at the
IFM position happen in a sequential manner in that the DIII_DIV linker
needs to move to position the IFM at the right location before the
second, slower conformation change can happen and triggers the fast
inactivation. Supporting this notion, in the case of L1319ANAP_F1291A
(Fig. 5F), the fluorescence signal was unaltered by abolishing the sec-
ond, slower interaction (Fig. 5G), suggesting the DIII_DIV linker
movement happened upstream of the second interaction, and the fast
inactivation process is best described as sequential conformational
changes.

Discussion
The IFMmotif couples the DIV_VSD to the fast inactivation gate
The interconnectivity between VSD function and fast inactivation
has long been established. From the pronase perfused giant squid
axon35 to charge neutralization experiments32 on DIV VSD, it is clear
that VSD activation is required for fast inactivation. Further, fast
inactivation can also influence VSD function, as has been shown in
studies on charge immobilization10,37. Our results indicate that the IFM
motif couples the voltage-driven movement of the DIV VSD to the
inner mouth of the pore. By incorporating ANAP directly into the
IFM motif, we find that the resulting fluorescence signal reveals
two sequential movements at IFM motif during fast inactivation.
For the study of sodium channel inactivation, ANAP enables the
tracking of ultra-fast conformational changes on the sub- millisecond
time scale, limited by the speed of the voltage clamp. These data show
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that the fast component of the fluorescence originates from the
DIII_DIV linker that is tightly coupled to DIV VSD activation and the
slower movement that closely aligns with the closure of the fast
inactivation gate in the pore. Evidently, the movement of the IFM

motif transduces the activation of the DIV VSD directly to closure of
the inner entrance to the pore. These twomovements also explain the
domain specific charge immobilization during fast inactivation shown
previously in MTS modification experiments10,38. It is likely that the
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movement of the DIII_DIV linker triggers the immobilization of DIV
VSD by binding of the IFM with the DIV S4-S5 linker, while the closure
of the fast inactivation gate immobilizes DIII VSD. We also note that
while VCF combined with ANAP serves as a powerful technique for
assessing otherwise electrically silent protein conformational dynam-
ics, we need to point out some potential caveats. The size of ANAP,

though similar, is somewhat larger than tryptophan (Fig. 1B) and
incorporation of ANAP could impact channel gating, similar to any
other site-directed mutation (Supplementary Tables 1 and 2). In our
experiments, we have focused on sites of ANAP incorporation where
encoding has a relativelyminor impact on fast inactivation, such as the
F1304ANAP.
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Functional identification and validation of the binding site for
IFM motif
In this work, we further elucidated a network of hydrogen bonds
that forms the structural connection between DIV VSD and
cytoplasmic DIII_DIV linker. One intriguing observation is that in
both hydrogen bonds, it is the carbonyl groups in the peptide
backbone that serve as the H-bond acceptors. In particular, N1477
at DIV S4_S5 linker forms a direct interaction with the backbone

carbonyl group of the phenylalanine in IFM motif. One natural
conclusion from this observation would be that the exact identity
of the residue at the second position of IFM motif shouldn’t
influence the formation of the hydrogen bonds and subsequently
shouldn’t impede the binding of IFM motif. The binding of IFM
motif has been traditionally associated with interactions between
the side chain of the phenylalanine residue and its surrounding
hydrophobic pocket. However, our results argue that the driving
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force of the IFM motif binding comes mostly from the hydrogen
bond formation with the peptide backbones. In other words, the
binding site of the IFM motif is formed not by the hydrophobic
pocket but rather Q1309 in DIII_DIV linker and N1477 in DIV S4_S5
linker. It has been observed in molecular dynamic simulations
before that mutation N1662D, a disease causing mutant in
hNav1.2 (equivalent as N1477 in rNav1.4), led to a significantly
decreased dwell time of IFM within the hydrophobic pocket39, a
finding consistent with our electrophysiological results. Remov-
ing one of the hydrogen bonds in Q1309A led to an destabilized
fast inactivated state as manifest in an increased recovery from
inactivation. Further, the fluorescence data, which arguably track
motions in this area, also support this conclusion. Disruption of
the hydrophobic pocket at F1291, while resulting in significant
removal of fast inactivation (F1291W), didn’t impede the binding
of IFM motif in F1304ANAP_F1291W (Fig. 4J). On the other hand, a
mild mutation Q1309A clearly led to impaired coupling between
DIV VSD and DIII_DIV linker as was seen in L1319ANAP_Q1309A.
Finally, charge immobilization experiments with IQM channels
also demonstrated that despite almost complete removal of fast
inactivation from ionic current, ~30% (in contrast to 60% in WT)
of total gating charge still became immobilized after 24ms of
depolarization (Supplementary Fig. 4). Clearly, even in IQM
channels with diminished fast inactivation, some vestigial con-
formational features along the fast inactivation pathway are in
place. In the scenario, the DIII_DIV linker might still bind to the
identified residues, leading to some degree of charge immobili-
zation, and likely only in the DIV VSD13,38, but as no further
movement triggers the closure of the fast inactivation gate, the
immobilization of DIII does not occur. Taken together, the pre-
sent data strongly favors N1477 and P1473 in DIV S4_S5 linker as
the binding sites for IFM motif, instead of a hydrophobic pocket.

Molecular mechanism of fast inactivation
The current and available data are therefore consistent with a
lock and key model for fast inactivation in voltage-gated sodium
channels. Figure 6 is a schematic representation of the sequence
of events that lead to fast inactivation. Upon depolarization, the
sensors of domain I, II and III activate and the channel opens
(Fig. 6A, E, I). The domain IV sensor next activates30,32 and in
doing so exposes the binding site for IFM motif at P1470 and
N1477 in DIV S4_S5 linker, similar to a keyhole becoming available
(Fig. 6 B, F, J). The IFM-containing DIII_DIV linker, likely mobile in
aqueous solution, binds to DIV S4_S5 linker via the H-bonds
(Fig. 6 C, G) and positions IFM motif, the key, into the hydro-
phobic pocket, the keyhole (Fig. 6K). The binding of IFM motif
allows the interactions between F1291 and I1589 via additional
hydrophobic and aromatic forces, leading to a second con-
formational change at the hydrophobic pocket. In F1291Q chan-
nels, despite some steady state current, the majority of fast
inactivation persists, dissimilar to F1304Q (IQM) phenotype
(Supplementary Fig. 5). This asymmetric effect suggests that
another conformational change must occur to support the
interactions between F1291 and I1589. One possibility is that DIII
S6 and DIV S6 helices undergo a rotational movement to position
F291 and I1589 into the hydrophobic pocket interacting with the
IFM motif and thus locking the two S6 helices in position. At the
same time, rotations of the large hydrophobic amino acids
forming the inactivation gate into the conduction pathway,
interrupts the flow of Na+ ions, thus producing fast inactivation22

(Fig. 6D, H, L). Modifications to either IFM motif or the hydro-
phobic pocket would lead to incompatibility between the key and
the lock, leading to impaired inactivation.

In reverse, the recovery from inactivation requires disengagement
of the IFM motif. Results of F1304ANAP demonstrate that the recovery

from inactivation and off-fluorescence signal share similar time course,
supporting this idea (Supplementary Fig. 1). The two major conforma-
tional changes that occurred during fast inactivation are responsible for
immobilization of DIV VSD andDIII VSD respectively as suggested by the
IQM gating current result13,37 (Supplementary Fig. 4). Under hyperpo-
larized voltages, a transient unbinding of the IFMmotif would allow the
deactivation of voltage sensors in DIII and DIV that are previously
immobilized. This inward movement of the sensors subsequently abol-
ish the binding site for IFMmotif, similar to covering the keyhole on the
lock, and allows the channels to recover from the fast inactivated state.

It’sworthnoting that in this scheme,wedidn’t assign specific roles
to the C terminus domain (CTD) of the channel. It has been shown that
CTD has profound impact on the fast inactivation, especially among
different isoform of the Nav channels40,41. In a chimeric channel
structure, theCTDwas shown tobe involved in two important switches
that control fast inactivation42. However, in most available mammalian
Nav structures, the CTD remains poorly resolved, a feature which has
impeded our understanding on the role CTD plays. Clearly additional
work is necessary to elucidate the exact function of CTD.

Alternative fast inactivated state in NaV channels
Here, we addressed the molecular pathway from open channels to the
fast inactivated state. It is important to point out that closed Nav
channels can also inactivate, bypassing the open state altogether, and
this is essential for physiological processes10,43,44. Reversal of inactiva-
tion by movement through closed states prevents Na+ conduction
upon hyperpolarization anddetermines the absolute refractory period
infiring neurons. Structural work suggests a similar pore conformation
in the closed inactivated state and open inactivated state19,33. Fluor-
escent measurements on individual sensor movements have demon-
strated that DIV VSD can activate at more hyperpolarized voltages
compared to the other VSDs30. Then, as the movement of DIV VSD
alone seems to be enough to trigger inactivation, while opening
requires all the other VSDs to be activated, it is possible that fast
inactivation may occur regardless of an open or a closed pore. When
wemonitored the poremovement atQ1293 position, two components
of fluorescence signals were observed upon hyperpolarization
(Fig. 5B). It is possible these two components capture the transitions
fromopen inactivated state to closed inactivated state and fromclosed
inactivated state to closed state, respectively. However, further
investigations are required to elucidate the exact structural rearran-
gement at the pore during these transitions. But most likely, the
observed sequential conformational changes also occur during closed
state inactivation.

Evolutionary and isoform conservation of the identified fast
inactivation apparatus
We compared Nav channels from Bilateria, Cnidaria, and Choa-
noflagellata (Supplementary Fig. 7) and intriguingly found the
herein identified residues are highly conserved, some even more
conserved than the IFM motif itself. F1291, N1477 and Q1309 are
conserved across all sequences compared, even in the ancestral
form of Nav channel in Monosiga brevicollis45. In the case of
purple sea urchin, Strongylocentrotus purpuratus, an isoleucine
replaces the phenylalanine in the IFM motif but nevertheless, all
three residues remain conserved at the equivalent positions.
I1589, on the other hand, is less conserved. In the ancestral Nav
channel, a valine is found at 1589 equivalent position, and valine
is the only alternative amino acid found at this position across
different phyla. The high conservation of the herein identified fast
inactivation components strongly supports the idea that the
molecular mechanism described here in mammalian Nav1.4
channel is conserved across the animal kingdom and appears at
the same time as the evolutionary invention of the Nav channel in
Choanoflagellata.
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Methods
Site-directed mutagenesis and cRNA in vitro synthesis
rNav1.4 in pBSTA vector, flanked by Xenopus laevis β-globin sequences,
was used in this study for all the physiological experiments22. Point
mutations were generated using QuikChangeTM mutagenesis method
(Agilent). The PCR products were first digested by DpnI and were
used to transform the XL10-gold ultra-competent cells (Agilent).

After ampicillin resistance screening, plasmids were purified from the
colonies using standard miniprep protocols (Macherey-Nagel). Purified
plasmids were sent to Plasmidsaurus for whole plasmid sequencing
to confirm the introduction of the mutations. Verified plasmids
were first linearized and later in vitro transcribed to cRNA
with mMESSAGE mMACHINE™ T7 Transcription Kit (Thermo Fisher
Scientific).
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Xenopus laevis oocyte preparation and channel expression
Ovaries of Xenopus laevis were purchased from XENOPUS1 (Dexter,
Michigan). The follicular membrane was removed using collagenase
type II (Worthington Biochemical Corporation) at 2mg/mL with
bovine serum albumin at 1mg/mL (BSA). After defolliculation, stage
V–VI oocytes were then selected and microinjected with 50-100ng
cRNA. Injected oocytes were incubated at 18 °C for 1–5 days in SOS
solution (inmM: 100NaCl, 5 KCl, 2 CaCl2, 0.1 EDTA, and 10HEPES atpH
7.4) supplementedwith 50 µg/mL gentamicin. Unless otherwise stated,
all chemicals were purchased from Sigma-Aldrich.

Cut-open voltage clamp on Xenopus laevis oocytes
Macroscopic ionic and gating current were recorded using the cut-
open voltage clamp technique46. Micropipettes filled with 3M CsCl,
with resistance between 0.6 and 1.2 MΩ were used to measure the
internal voltage of the oocytes.Current datawerefirstfiltered online at
20 kHz with a low-pass 4 pole Bessel filter and sampled by a 16-bit A/D
(USB-1604; Measurement Computing, Norton, MA) converter at
1MHz. A feedbackback Peltier device was used to control the tem-
perature at 13 ± 1 °C for all experiments. For ionic current experi-
ments, unless otherwise stated, were conducted in external solution
consisted of in mM: 28 Na methylsulfonate (MES), 92 N-methyl-D-
glucamine (NMG) MES, 2 Ca MES, 10 HEPES, 0.1 EDTA, pH= 7.4 and
internal solution consisted of in mM: 12 Na MES, 108 NMG MES, 10
HEPES, 2 EGTA, pH = 7.4. The capacitive transient was manually com-
pensated with a dedicated circuit and further removed by an online P/
−4 protocol with a holding voltage of either −80 or −90mV10. For
gating current experiments, all experiments were conducted in
external solutions consisted of in mM: 120 NMG MES, 2 Ca MES, 10
HEPES, 0.1 EDTA, 750nM TTX pH= 7.4 and in internal solution con-
sisted of inmM: 120NMGMES, 10HEPES, 2 EGTA, pH= 7.4. In this case,
an online P/4 at 40mV was used to subtract the capacitive transients.
Voltage clamp speed measured by capacitive transient current gave a
time constant around 70 µs.

Unnatural amino acid incorporation
Two methods were used to incorporate unnatural amino acids
into Nav channels. For ANAP, two separate cytoplasm injections
were performed. The first oocyte injection introduced four dif-
ferent components: folded synthetic tRNA as RNA at 2 ng/
nL (Integrated DNA Technologies, Iowa City, IA), ANAP synthetase
cRNA at 0.3 ng/nL, mutated Xenopus laevis release factor 1 (E55D)
cRNA at 0.3 ng/nL, and the unnatural amino acid ANAP itself in
methyl ester form (Cayman Chemical) at 2 mM. 24 hours after the
first injection, Nav1.4 channel cRNA bearing the amber stop
codon mutation at the desired location was injected at 1 ng/nL. 24
to 72 h after the second injection, the oocytes were used in vol-
tage clamp fluorimetry experiments.

The encoding of 4-fluoro-L-phenylalanine was appended to syn-
thetic pyl tRNA as previously reported47,48. Briefly, the cyanomethyl ester
of N-Boc-4-fluoro-L-Phe was reacted with the dinucleotide pdCpA in
dimethylformamide, purified on HPLC, and deprotected with tri-
fluoroacetic acid. A 3mM stock solution on the amino acid-dinucleotide
chimera in dimethylsulfoxide was prepared and added to T4 RNA ligase
and pyl tRNA lacking the terminal CA nucleotides to assemble the full-

length tRNA with 4-fluoro-L-Phe attached. Pellets (1 nmol) were stored
dry at −78 °C until needed. Lyophilized conjugated tRNA was resus-
pended in 3mM sodium acetate at pH 5.5 to an approximate con-
centration of 2.5 µg/µL. Conjugated tRNA and cRNA of the mutated
channel were introduced simultaneously into the oocytes, and after 24
to 48h of expression, oocytes were used in voltage-clamp experiments.

Voltage clamp fluorimetry experiments
An avalanche photodiode or a photomultiplier was used to record the
fluorescence signal. A 365 nM LED (Thor Lab) was used as the excita-
tion light source. An AT440DC dichroic mirror purchased from
Chromas (Chroma Technology Corp., Bellows Falls, VT, USA) was used
to split the beam, and a 470/35 bandpass optical filter was used as the
emission filter. No excitation filter was used. In the case of the pho-
tomultiplier (H10304-20-NN, Hamamatsu, Japan), the output signal
was first processed by a home-built I to V converter, filtered by a low-
pass 8 pole Bessel filter at 10 kHz, and sampled by the AD converter
every 1 µs. Photobleaching was later subtracted with a Matlab routine
and then digitally filtered at 5 kHz or 1 kHz.

Data analysis
Data recorded in the work is analyzed by GraphPad 10 (Prism), Excel
(Microsoft), Matlab R2023a (Mathworks), ChimeraX 1.8 (UCSF),
Snapgene (V7.0), and in-house software (Analysis 2.0 and
GPatchM64_v1.1).

In all experiments, N represents the number of different Xenopus
oocytes tested. An N = 5, for instance, represents that 5 different
oocytes were measured experimentally and their results analyzed.

i) GV curves calculation: Ionic conductance was calculated by
dividing the peak ionic current by the driving force determined
experimentally. After normalization, GV curves were fitted with a two-
state model described below,

GðV Þ
Gmax

=
1

1 + e�zFðV�Vhalf Þ=RT ð1Þ

where R is the ideal gas constant, T is the absolute temperature in
Kelvin, z is the apparent charge, F is the Faraday constant.

ii) FV curve calculation: Steady state fluorescence signal was
normalized to maximum fluorescence and then described with the
model below,

FðV Þ
Fmax

=
1

1 + e�zFðV�Vhalf Þ=RT ð2Þ

where R, T, F and z are as previously defined
iii) Steady state fast inactivation curve (h-infinity curve) was cal-

culated by plotting normalized peakNa+ current during test pulse after
50ms conditioning pulse voltage and fitted using a two-state model,

FInact Vð Þ= 1� 1� Base

1 + e�zFðV�Vhalf Þ=RT
ð3Þ

where Base is the steady state current, and R, T, F and z are as pre-
viously defined.

Fig. 6 | Conformational changes and the lock and key model for fast inactiva-
tion. Left column is a schematic diagram of the sequence of events. The Middle
column shows details of the residues involved. The Right column shows the lock
and key analogy. Upon depolarization, VSD from DI to DIII activates and subse-
quently opens the channel. Given thatDIV VSD resides in the resting state (A and E),
the hydrogen bond mediated binding pocket for IFM motif is shielded (the lock is
covered, I).Maintaining the depolarization, it leads to the activationDIV VSDwhich
reorganizes the DIV S4_S5 linker and displays P1470 and N1477 towards the intra-
cellular aqueous environment (B and F). This process is similar to opening a guard

on the lock and exposing the keyhole (J). Now theDIII_DIV linker, possiblymobile in
the aqueous environment, binds to the DIV S4_S5 linker positioning the IFMmotif,
the key, into the hydrophobic pocket (C andG), into the keyhole (K). Thebindingof
IFMmotif allows the interactions of F1291 and I1589 with the phenylalanine in IFM
motif, creating a rotation of the pore-forming S6 helices in DIII and DIV (D and H),
like turning the key in the keyhole (L). This helical rotation in turn locates the
hydrophobic gate (yellow residues in D and H and blocking gate in L) in the per-
meation pathway, blocking the Na+ permeation as a result.
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iv) The time constant of fast inactivation, gating charge move-
ment or fluorescence kinetics was calculated by fitting the signals with
either one or two exponential decays using the general equation
below,

I tð Þ or F tð Þ=A1e
�t=τ1 +A2e

�t=τ2 +Base ð4Þ

where A1, τ1, A2, and τ2 represent amplitudes and time constants of the
first and second components, respectively. Base represents the steady
state current or fluorescence.When one exponential was used, onlyA1,
and τ1 were fitted to the data.

v) Recovery from fast inactivation was calculated by dividing the
peak current in the control pulses by the peak current during test
pulses. The data was then described by either one or two component
association model,

FRec tð Þ= 1� A1e
� t

τ1 +A2e
� t

τ2

� �
ð5Þ

where A1, τ1, A2, and τ2 represent amplitudes and time constants of the
first and second components, respectively. When one exponential was
used, only A1, and τ1 were fitted to the data.

vi) Statistics: All the data shown in the figures were plotted as
Mean± SEM. The N value represents the number of individual cells
tested. Comparison of kinetics from different mutants was done by the
Welch’s t-test, which assumes a Gaussian distribution of the two com-
pared samples but doesn’t assume the variance in two populations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Protein structures used in the study were published under the access
code 7XVF All data used to generate themain and Supplementary Figs.
are submitted as separate Source Data file. The detailed fitting para-
meters and the goodness of fitting are also provided in the Source
data. The raw current/fluorescence data and resources presented in
the paper will be made available upon request. Source data are pro-
vided with this paper.
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