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Voltage-gated sodium (Nav) channels enable the rapid influx of sodium ions that are essential to generating the rising phase of
the action potential. As originally described by Hodgkin and Huxley, once the Nav channel is activated, it switches to an
inactivated state within milliseconds, a process they called inactivation. Internal perfusion of the giant axon of the squid with
proteolytic enzymes eliminated inactivation, implying that the inactivation gate is an internal protein structure of the Nav
channel. This result, together with the charge immobilization of the gating currents, led to the ball and chain model of
inactivation. Deletion of the linker between domains Ill and IV of the four homologous domains of the Nav channel was found
to remove fast inactivation. These observations evolved the ball and chain model to the hinged-lid model of fast inactivation,
which dominated the field for nearly 30 years. Surprisingly, the structures of the Nav channel, determined by cryo-EM, showed
that the IFM was not at the site predicted by the hinged-lid model. Upending the Na channel field, biophysical and
mutagenesis studies revealed that the binding of the IFM motif allosterically closes an inactivation gate at the internal
entrance of the Nav conduction system. In this Review, we compile the historical and structural evolution of the fast
inactivation process, from the first functional descriptions to current models based on structural data.

Introduction

The initiation and conduction of action potentials in excitable
tissues such as neurons, axons, heart, and skeletal muscles rely
on voltage-gated sodium (Nav) channels. Nav channels are a
family of specialized membrane proteins expressed ubiquitously
in excitable tissues and play fundamental roles in our physiol-
ogy. Functionally, Nav channels open (activate) in response to
depolarization of the membrane potential from its negative
resting potential. Opening of the Nav channels allows inward
Na* ion flux, which further depolarizes the membrane and ac-
tivates additional Nav channels, generating the fast upstroke of
the action potential. Thus, the Nav channels operate via positive
feedback, and, as with all positive feedback systems, an inhibi-
tory mechanism is necessary to recover the original state, here,
the membrane potential. At the cellular level, this is normally
achieved by a delayed turn-on of a voltage-gated potassium (Kv)
current or by the passive membrane leakage. But if the Nav
channels were still open, the outward K* current may not be
large enough to be net outward, and a plateau potential would
develop. Therefore, at the molecular level, another mechanism

exists. A few milliseconds after activation, Nav channels rapidly
enter a nonconductive state: the fast-inactivated state. Fast in-
activation is the autoinhibitory switch that attenuates Na*
conductance, allowing the membrane potential to reset after a
brief transient depolarization: the action potential. Therefore,
fast inactivation plays essential roles in our physiology, and,
unsurprisingly, abnormalities in fast inactivation have been
associated with a wide range of diseases manifesting in diverse
tissues.

In this Review, we will discuss the molecular mechanism of
fast inactivation in Nav channels. Given how the view of Nav
channel fast inactivation mechanisms have evolved, it would be
of interest to the reader to take a historical approach, from the
“h” term in the Hodgkin and Huxley model (Hodgkin and
Huxley, 1952c; Hodgkin and Huxley, 1952d) to the “ball and
chain” model (Bezanilla and Armstrong, 1977) and later the
modified “hinged-lid” model (West et al., 1992). We will discuss
the results of key early experiments that led to these conceptual
advancements through 2018, at which point it was widely
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believed that the mechanism of fast inactivation was largely a
solved problem. However, with the development of cryo-EM, the
first protein structure of a mammalian Nav was solved, unex-
pectedly revealing that the inactivating particle was not where it
was predicted to be in the inactivated Nav channel by the ex-
isting model (Pan et al., 2018). We will address the apparent
discrepancy between the available structural data and the ca-
nonical model and discuss recent attempts to reconcile the
functional and structural results. During the process, we will
revisit early studies, comparing and reinterpreting their results
in light of subsequent structural data. Finally, we will propose a
new theoretical framework to describe the inactivation process
and discuss the open questions regarding fast inactivation
within the latest model.

From the h term to the ball and chain model
The first description of fast inactivation: The “h term”

Fast inactivation was first described by Hodgkin and Huxley in
their seminal 1952 series of papers (Hodgkin et al., 1952; Hodgkin
and Huxley, 1952a; Hodgkin and Huxley, 1952b; Hodgkin and
Huxley, 1952c; Hodgkin and Huxley, 1952d). Depolarization of
the membrane potential activates sodium conductance, albeit
with a short delay, which was explained by assuming the exis-
tence of three (m) independent activating particles; hence, ac-
tivation was described using an m? term representing the
probability of being open, which depends on voltage and time
(Hodgkin and Huxley, 1952d). Membrane depolarization also
attenuates the sodium permeability soon after activation in a
voltage-dependent manner, an “inactivation” process (Hodgkin
and Huxley 1952c). This process decays exponentially in time,
seemingly concurrently with the activation (the m? term) pro-
cess upon depolarization. Hodgkin and Huxley (1952d) intro-
duced an h term (the probability of not being inactivated) to
obtain a complete description of the sodium conductance (gy,) as
a function of voltage and time.

INa = mshﬁ
where gy, is the maximum gyg.

Discussing the possible mechanism of this fast inactivation
process, Hodgkin and Huxley (1952d) proposed: “inactivation
might be due to the movement of a negatively charged particle
which blocks the flow of sodium ions when it reaches the inside
of the membrane.” This ingenious remark predicted the exis-
tence of an “inactivation particle,” a concept that is still widely
used today and paved the way for the classical ball and chain
model for fast inactivation.

Evidence of protein origin of inactivation

Following Rojas and Luxoro’s early attempts, who showed that
axon excitability was destroyed when the axon was injected with
a protease (Rojas and Luxoro, 1963), Armstrong et al. (1973)
discovered that pronase, a non-specific protease, could remove
fast inactivation of the sodium conductance when perfused in-
ternally in the giant squid axon (Fig. 1 A). Interestingly, the re-
moval of fast inactivation did not impede the voltage-dependent
activation of sodium conductance. It seemed that activation and
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fast inactivation relied on two separate gating mechanisms and
that a proteinaceous, intracellular component was responsible
for fast inactivation.

A comparison of the WT, fast-inactivating Na* current and
pronase-treated non-inactivating Na* current revealed that,
instead of occurring concurrently with activation as predicted
by the HH model, fast inactivation had a delayed onset (On)
(Armstrong and Bezanilla, 1977). It appeared that for fast inac-
tivation to proceed, some degree of activation was required
(Bezanilla and Armstrong, 1977), which contrasts with the m*h
formulation that posits that h changes independently of m and,
as it is a two-state process, starts decaying concurrently with
membrane depolarization.

Voltage dependence of inactivation

Both activation and inactivation are voltage dependent, meaning
that the Nav channel should exhibit gating currents, due to the
transient movement of the voltage sensors, for both processes.
Gating currents were predicted by Hodgkin and Huxley when
referring to the origin of the voltage dependence: “the changes in
ionic permeability depend on the movement of some component
of the membrane which behaves as though it had a large charge
or dipole moment” (Hodgkin and Huxley, 1952d). It was found
that the kinetics of the onset of (On) gating currents exhibit two
kinetics components: a fast component related to the channel
activation and a slow component that is slower than activation
but faster than inactivation (Armstrong and Bezanilla, 1977).
Although no gating-current component showed fast inactivation
kinetics, the movement of the voltage sensors, as detected by
gating-current measurements, was hindered by fast inactiva-
tion. This effect was observed when recording the gating current
at the offset (Off) of a depolarizing voltage pulse of different
durations, which ended with repolarization of the membrane to
-140 mV.

As fast inactivation progressed, the gating current at the Off
of the pulse showed a slow component (see Fig. 1 B). The area
under the slow component (the charge) increased, while the area
under the fast component decreased as the pulse was prolonged,;
the time course of these changes followed the time course of
the inactivation of the ionic current (Armstrong and Bezanilla,
1977). The kinetics of the slow component of the Off-gating
current exhibited the voltage dependence and time course of
the recovery of inactivation of the ionic current. As Hodgkin and
Huxley (1952c) showed, the recovery from inactivation becomes
slower at less hyperpolarized potentials, so that when the mem-
brane depolarization was returned to a voltage, like -70 mV (in-
stead of -140 mV), the slow component of the gating charge was so
slow that it became undetectable, showing a decrease in the total
charge at the Off as inactivation is settled.

Of course, the Off charge must be equal to the On charge, so
the fact that it is measured to be smaller just indicates that it was
not detected at that voltage; only when the Off-gating current
was faster, at -140 mV or at warmer temperature, could all the
charge be detected. This apparent decrease in charge is the or-
igin of the term “charge immobilization”. Around 60% of the
total gating charge became immobilized as fast inactivation
progressed and would only return to the resting state upon
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Figure 1. Origins of the Ball and Chain model of fast inactivation. (A) Sodium current of squid giant axon before (black) and after pronase treatment (red)
for a depolarization to 0 mV from a holding potential of -70 mV. The initial outward current is a gating current observed because the external solution contained
1/5 sodium (modified from Stimers et al., 1985). (B) Gating current for a depolarization to 0 mV from -140 mV, showing the off current for different pulse
durations as indicated, returning to -140 mV (modified from Armstrong and Bezanilla, 1977). (C and D) Model of activation and inactivation that introduced the

ball and chain model (modified from Armstrong and Bezanilla, 1977).

recovery from fast inactivation. To explain their observations,
Armstrong and Bezanilla (1977) envisioned a charged inactiva-
tion particle, a “ball,” tethered by a flexible linker, a “chain,”
close to the permeating pathway in the intracellular side of the
membrane (Fig. 1, C and D). Upon membrane depolarization,
there is a fast and slow movement among the voltage sensors.
The fast component is permissive for channel opening, and the
slow component is required for the inactivation particle to bind
to the mouth of the channel (the second slower component of the
gating current) (Fig. 1 C), thus blocking the pore (inactivation)
and immobilizing the voltage sensor.

To recover from inactivation, some activation charge must
move back to allow the ball to unbind, thus unblocking the
channel after the activation gate has closed, explaining why,
upon repolarization, there is no ionic current (Armstrong and
Croop, 1982). In this context, pronase would simply clip off the
ball, removing inactivation. As such, the canonical ball and
chain model for fast inactivation was formulated. In this
model, since the actual closure of the inactivation gate is the
ball blocking the pore, it is not expected to be very voltage
dependent. This prediction is in agreement with the single
channel recordings on neuroblastoma cells by Aldrich et al.
(1983) and the kinetic modeling of the sodium channel re-
sulting from the fit of data from single channels, macroscopic
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ionic, and gating currents of the squid giant axon (Vandenberg
and Bezanilla, 1991).

Cloning of the first Nav channel and
identification of the inactivation particle
While it is now common knowledge that specialized ion chan-
nels in the cell membrane regulate the passage of ions across the
membrane, in Hodgkin and Huxley’s time, the idea of a pore-
forming channel was not considered. However, in their last
paper, Hodgkin and Huxley (1952d) did predict the existence of
discrete channels when they discussed the movement of charges
and dipoles of the voltage sensor that were too small for them to
detect: “if such components exist” (charge or dipole moment) “it
is necessary to suppose that their density is relatively low and
that a number of sodium ions cross the membrane at a single
active patch.”

Even though the K* flux ratio experiments gave the first hint
that the ionic conductance of the giant squid axon came from
pores or channels on the membrane (Hodgkin and Keynes, 1955),
the existence of ion channels as specialized membrane proteins
was only demonstrated years later through biochemical and
electrophysiological investigations (Hille, 1970; Hille, 1971; Hille,
1973; Armstrong et al., 1973; Neher and Sakmann, 1976). Taking
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Figure2. Voltage sensor dynamics and the hinged-lid model of fast inactivation. (A) Secondary structure of Nav1.4 showing the four domains and the six
transmembrane segments of each domain. The stars indicate the positions of the fluorophores used to follow the conformational changes of the VSDs.
(B) Fluorescence signals of domains I-1V as indicated for a pulse to -10 mV. Notice how slow DIV is compared with the other domains. (C) Comparison of the
fluorescence signal of DIV with the sodium current in reverse gradient for a depolarization to -10 mV, showing that the sodium current precedes the movement

of VSD of DIV. (C and D modified from Chanda and Bezanilla, 2002).

advantage of the electrocytes that express a high density of Nav
channels from the electric eel and the high affinity of the Na*
channel for TTX, Agnew and colleagues were able to extract and
purify a 230-kDa protein (Agnew et al., 1978), illustrating the
protein nature of the Na* channel. This protein was later found
to conduct Na* in liposomes and, subsequently, demonstrated
to induce Na* channel currents in liposomes and bilayers
(Rosenberg et al., 1984; Correa et al., 1990).

One of the final confirmations of the channel theory was
provided by Numa’s group in the 1980s when they cloned the
Nav channel from the electric eel (Noda et al., 1984). Subsequently,
other Na* channels were cloned, and the sodium conductance was
recreated by expressing the protein in a heterologous system
(Noda et al., 1984; Noda et al., 1986). From that time, our under-
standing of ion channels has entered the molecular era.

At the molecular level, Nav channels, at least in eukaryotes,
have a pseudo-tetrameric arrangement. The channels comprise
four domains (DI-DIV), each with six transmembrane segments
(S1-S6), connected by flexible linkers. The transmembrane
segments S1-S4 form the voltage-sensing domain (VSD) with
positively charged amino acids in S4 serving as gating charges.
The permeation pathway is formed by the pore domain, which
consists of segments S5 and S6, with loops between S5 and S6
constituting an asymmetric selectivity filter (SF) (Fig. 2 A).

With the molecular structure of the Nav channel elucidated,
the search for the fast inactivation particle began. The first hint
of the molecular identity of the inactivation particle came in the
late 1980s. The Catterall group demonstrated that antibodies
directed against the intracellular linker between the DIII and
DIV domains blocked Nav channel inactivation in rat muscle
cells, indicating a direct involvement of this region in the process
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(Vassilev et al., 1988). In a complementary approach, Stithmer
etal. (1989) split the DNA of the Nav channel into two fragments
at the DIII-DIV linker by restriction enzyme digestion. The split
channel constructs, when co-expressed, allowed for a persistent
Na* current with slowed inactivation. Clearly, the inactivation
particle must exist in the DIII-DIV linker. West et al. (1992)
conducted a series of mutagenesis experiments on the hydro-
phobic residues in the linker. They discovered an amino acid
trio, isoleucine, phenylalanine, and methionine, which came to
be known as “the IFM motif” and which was necessary for fast
inactivation (Fig. 2 A). Replacing the IFM motif with triple glu-
tamine, the QQQ mutant, led to non-inactivating channels.
Furthermore, fast inactivation could be restored by perfusing a
short, minimal pentapeptide “KIFMK,” which mimics the IFM
motif, into the QQQ mutant. This result seemed to prove the
motif’s ability to block the pore directly, though closer exami-
nation of this result later in the review will reveal some caveats.
Collectively, this series of observations led to the revised hinged-
lid model. In this view, the fast inactivation particle was iden-
tified to be no longer the charged particle originally envisioned
but a hydrophobic “lid” that “hinged” between DIII and DIV.
Similarly, when the channel opens, the lid would close, blocking
the permeation pathway and leading to fast inactivation.

Specialized role of DIV VSD in fast inactivation
Across the animal kingdom, ion channel toxins are used as
predatory as well as defense mechanisms, and researchers re-
alized very early on that these toxins could serve as natural
molecular probes for ion channel studies (Stevens et al., 2011). o
scorpion toxins and sea anemone toxin II were shown to modify
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fast inactivation in Nav channels directly. (Rogers et al., 1996;
Ulbricht, 2005; Stevens et al., 2011). When applied externally,
these toxins can significantly slow down the Nav channel inac-
tivation kinetics. Interestingly, in addition to ionic currents,
these toxins can also modify gating currents: toxin binding de-
creases total gating charges and largely eliminates the slow
component of the gating current (Hanck and Sheets, 2006;
Campos et al., 2008). The dual effects of the toxins were better
understood in the late 1990s, when the Catterall group identified
their binding site. Now categorized as site 3 toxins, both a
scorpion toxins and ATX-II have a conserved binding site in the
external S3-S4 loop of DIV VSD, and the toxins appear to slow/
stop DIV VSD activation (Rogers et al., 1996). Thus, it seems that
DIV VSD plays a specialized role in fast inactivation, and perhaps
for fast inactivation to occur, DIV VSD must be in the active state,
which could also explain the delayed On of fast inactivation.

At the same time, the first direct measurements of VSD
movements in Nav channels were made possible by the newly
developed site-directed voltage-clamp fluorimetry technique
(Mannuzzu et al., 1996; Cha and Bezanilla, 1997; Cha and Bezanilla,
1998). By conjugating quenchable fluorophores to sites available
from the extracellular solution of different voltage sensors, local
sensor movements were detected as changes in the fluorescence
readouts. Then, by controlling the site of conjugation, VSD
movements of each domain of Nav channels could be studied
individually. First, Cha et al. (1999) observed that DIII VSD and
DIV VSD were both immobilized during fast inactivation,
whereas DI and DII VSDs moved unimpededly. Second, Chanda
and Bezanilla (2002) measured the movement of each S4 seg-
ment concomitantly with gating currents or ionic currents
during activation and inactivation. The movements of DIV VSD
were distinct, activating significantly more slowly than the other
VSDs (Fig. 2 B), thereby manifesting as the slow component in
the gating current. Moreover, the kinetics of DIV VSD move-
ments were even slower than the activation of ionic current
(Fig. 2 C) and instead closely but not exactly followed the de-
velopment of fast inactivation. Third, charge-neutralization
experiments immobilized DIV VSD in a likely active state and
demonstrated that DIV VSD activation was both sufficient and
necessary for the development of fast inactivation (Capes et al.,
2013). As such, it became widely accepted that DIV VSD had a
specialized role, and its activation was required for fast inacti-
vation to occur.

The resolution revolution and the first
mammalian Nav channel structure

Before discussing the protein structural results, it is worth
summarizing the classical model for fast inactivation up until
that point. The canonical model predicted that upon depolari-
zation, DIV VSD activation, which occurred more slowly than
the On of the ionic current, facilitated the progression of fast
inactivation, likely by exposing a binding pocket for the IFM
motif at the intracellular end of the permeation pathway. Once
exposed, the IFM motif would then wedge inside the pore and
block the Na* conductance. Meanwhile, binding of the IFM motif
would immobilize the VSDs in DIII and DIV, possibly through
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hydrophobic interactions, and their mobility would be restored
only after the inactivation particle was unbound, leading to re-
covery of fast inactivation.

In 2017, Yan'’s group solved the first vertebrate Nav channel
structure from the electric eel. Subsequently, in 2018, the first
mammalian Nav channel structure was finally solved in a pu-
tative fast-inactivated state utilizing the improved single-
particle cryo-EM technique (Yan et al., 2017; Pan et al., 2018).
Surprisingly, these structures revealed that the IFM motif (LFM
motif in the electric eel case), rather than directly occluding the
pore as previously proposed, was inserted into a hydrophobic
pocket located away from the pore. This result directly chal-
lenged the classical notion that the motif functions as the inac-
tivation gate (Fig. 3 A). Since then, numerous structural studies
of various isoforms of Nav channels have confirmed the original
observation that the IFM motif does not block the pore in the
fast-inactivated state (Pan et al., 2018; Jiang et al., 2020; Jiang
et al., 2021; Zhang et al., 2022). While the IFM motif is unques-
tionably necessary for fast inactivation, the protein segment
does not occlude the pore itself. Instead, it must trigger some
changes at the pore that renders the channel nonconductive.
Clearly, the classical model could no longer explain the new
experimental results, and a new theoretical framework was
required.

Identification of an S6-located fast
inactivation gate
The most obvious discrepancy between the structural results
and the canonical model is the identity of the fast inactivation
gate. While the canonical model predicts that the IFM motif di-
rectly blocks the pore, structural data argue otherwise (Fig. 3 A).
To address this discrepancy, the Bezanilla group reanalyzed the
available structural data and identified a two-layered hydro-
phobic barrier that formed the narrowest part of the pore in the
inactivated state (Liu et al., 2023). This two-layered hydrophobic
barrier comprises eight hydrophobic residues in total, two from
each domain. Moreover, within the S6 of each domain, the two
residues were one o helical turn away from each other. In DIII
and DIV, those residues were bulky and hydrophobic, leucine or
isoleucine. Reducing the size by single alanine replacement of
the large hydrophobic residues yielded little change to fast in-
activation. However, when both residues in the same domain
were mutated to alanine, either in domain III (DIITAA mutant) or
in domain IV (DIVAA mutant), significant steady-state current
was observed (Fig. 3 C), indicating that the channels’ ability to
enter a nonconducting inactivated state was diminished, or,
conversely, that the inactivated state had become conducting.
While numerous mutants with incomplete fast inactivation
exist in the literature, DIITAA and DIVAA behaved very differ-
ently from those mutants. Typically, incomplete fast inactiva-
tion is caused by a reduced free-energy difference between the
open- and fast-inactivated states, allowing a subpopulation of
channels to remain in (or repeatedly reenter) open state during
depolarization. This is not the case for DIIIAA or DIVAA mutants.
The steady-state current observed in the mutants was con-
ducted not through the open state but rather through an
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Figure 3. Structural identification of the hydrophobic gate underlying fast inactivation. (A) View of the position of the hydrophobic gate residues in the
pore of the sodium channel (in dark blue) and the location of the IFM motif (in red). Numbering is based on rNav1.4. (B) Pore radius along the length of the pore,
indicating the narrowing where the two layers of hydrophobic residues reside. Residue numbers are named from rNav1.4 (modified from Liu et al., 2023).
(C) Effects on ionic currents of mutations of the gate residues on ionic traces. For simplicity, only domain lil is shown. lonic currents families are shown for WT,
the two DIl single alanine mutations (1284A and 1288A), and the double alanine mutation, named DIIIAA. Only when both residues were mutated simultaneously
was a steady-state current observed through the leaky inactivated state, as indicated by the cartoons next to the current traces (modified from Liu et al., 2023).
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alternative conductive state. Several lines of evidence supported
this notion. If all channels are equally affected by a particular
mutation, as is the case here, incomplete inactivation is expected
to slow down the kinetics of the residual inactivation. In contrast,
in DIIIAA, the residual fast inactivation kinetics remained similar
to the WT channels. Additionally, the deactivation kinetics
changed as a function of depolarization time and followed the
same kinetics as the apparent fast inactivation development. More
surprisingly, the relative in selectivity between Na* and K* also
changed concurrently with the development of fast inactivation.

All these results are consistent with the view that in DIITAA
and DIVAA, as fast inactivation proceeds, the channels transi-
tion from the open state to a different conductive state with
slower deactivation kinetics and decreased selectivity for Na*
ions: a leaky inactivated state due to the reduced size (alanine) of
the hydrophobic barrier (leucine and isoleucine). In addition,
while both DITTAA and DIVAA showed incomplete inactivation of
ionic current, gating-charge immobilization analysis painted a
different picture. Despite the significant steady-state current in
both DIIIAA and DIVAA, gating charge immobilization pro-
gressed at the same rate and to the same degree as in WT, with
~60% of immobilized total gating charge, meaning that the
channels entered the fast-inactivated state but remained con-
ductive. Based on these observations, Liu et al. (2023) proposed
that the identified large hydrophobic amino acid residues in DIII
and DIV S6 work together as the fast inactivation gate. Reducing
the volume of these residues, while not hindering entry into the
fast-inactivated state, leaves the final fast-inactivated state still
conductive and creates a “leaky” inactivated state.

In retrospect, the results from DIITAA and DIVAA should not
come as a surprise. Numerous studies have previously demon-
strated the importance of the S6 region for fast inactivation.
Batrachotoxin, a site-2 toxin from the poison dart frog, binds to
the intracellular ends of the S6 helices and can remove fast in-
activation entirely (Correa et al., 1991; Tonggu et al., 2024). In
addition, mutagenesis experiments have pointed out the im-
portance of this region. The Catterall group conducted a thor-
ough alanine-scanning survey of the S6 helices from all four
domains (Yarov-Yarovoy et al., 2002) and revealed the contri-
bution of S6 residues to the fast inactivation process. Likewise,
Wang group identified a combination of DI S6 mutations that
could remove most of the fast inactivation (Wang et al., 2003).
However, these physiological results were interpreted within
the framework of the canonical ball and chain or hinged-lid
models. The identified residues were hypothesized to be part
of the binding site for the IFM motif rather than the gate itself.
Considering that the double-layered hydrophobic residues work
together, meaning that both residues in each S6 must be modi-
fied to manifest a change in fast inactivation, it would be difficult
for those previous single mutant studies to uncover the nature of
the inactivation gate.

The IFM motif as a coupler between DIV VSD
and inactivation gate

In the canonical model, the IFM motif is predicted to be a direct
pore blocker, and the inactivation KFIMK peptide experiments
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appeared to have provided evidence supporting this notion
(Eaholtz et al., 1994). However, it is worth pointing out that
the inactivation peptide behaved more like an open-channel
blocker, as was demonstrated later by Tang, Kallen, and Horn
in 1996 (Tang et al., 1996), resembling the N-type inactivation
observed in Kv channels (Hoshi et al., 1990). The peptide-
inhibited channels showed increased tail currents upon repo-
larization, which is never the case in WT channels (Armstrong
and Croop, 1982; Kuo and Bean, 1994; Aman and Raman, 2024),
and slowed deactivation kinetics, a phenomenon best described
by a “foot in the door” mechanism in which the inhibitor inserts
into the open channel and channel closure is only possible upon
disinhibition (Armstrong, 1971). With this mechanism, however,
it is difficult to explain the closed-state inactivation observed on
Nav channels (Armstrong, 2006). Additionally, studies have
shown that the Nav inactivation peptide blocks the chimeric
potassium channel (Patton et al., 1993) and restores fast inacti-
vation in fast inactivation-deficient mutants where the native
IFM motif remains intact (Wang and Wang, 2005). In the pres-
ence of the structural evidence and DIIIAA/DIVAA results, the
inactivation peptide should probably be more accurately re-
interpreted as a less selective open channel blocker that func-
tions in a different way from the IFM motif.

Even though the IFM motif does not serve as the pore-blocking
inactivation gate, studies have repeatedly demonstrated the im-
portance of the IFM motif in fast inactivation. Now, with the
identification of an S6-located inactivation gate, what is the role of
the IFM motif? Recent site-directed voltage-clamp fluorimetry
experiments using the unnatural amino acid ANAP provided in-
sights into this question (Liu et al., 2025). ANAP is a fluorescent
unnatural amino acid (Chatterjee et al., 2013) that is structurally
similar to PRODAN (Weber and Farris, 1979) and only slightly
larger than tryptophan. Its fluorescence depends on the hydro-
phobicity of its local environment, making it a good reporter for
conformational changes. By incorporating ANAP into key regions
of the Nav channels and monitoring changes in the fluorescence
signal, it is possible to record conformational changes during fast
inactivation while simultaneously measuring function, either
with ionic or gating currents. Three regions were monitored: the
IFM motif, the DIII-DIV linker, where the IFM is located, and the
intracellular end of DIII Sé.

At the DIII-DIV linker, a single, fast movement was observed
upon depolarization. The kinetics of this movement were faster
than the development of fast inactivation (Fig. 4, A and B) but
followed the kinetics of the slow component of the gating cur-
rent, manifested by the movement of the VSD (S4) of domain IV
(Fig.4 A). However, movement at the IFM motif during inacti-
vation was quite different. Substituting the IFM motif with
I_ANAP_M revealed a composite fluorescence signal: a fast com-
ponent that was faster than the inactivation of the ionic current
but was like the linker movement and a slow component that
followed the development of inactivation (Fig. 4 C). Finally, near
the most intracellular part of the S6 of DIII, a slow fluorescence
signal was detected, following the closure of the inactivation gate
with a delayed On, like what was observed in the pronase ex-
periments (Fig.4 D). Based on these observations, the fast inac-
tivation process can be described schematically, as shown in
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Figure 4. The IFM motif links DIV VSD activation to inactivation gate. (A) Upon depolarization, DIV VSD (not shown for simplicity) activates and due to its
slow kinetics, manifests as the slow component in the gating current. (B) Activation of DIV VSD triggers the DIII-DIV linker (in yellow) movement that attaches
via hydrogen bonds, creating a fast decrease in ANAP fluorescence signal (L1319ANAP), suggesting a transition to more hydrophilic environment. This
movement is faster than fast inactivation and follows the time course of the DIV VSD movement. (C) Movement of the linker is concomitant with the fast
movement of the IFM motif (in red, FI304ANAP) that produces the fast component of the increase in fluorescence (more hydrophobic) of the F1304ANAP
signal. Subsequently, a second, slower increase of F1304ANAP fluorescence occurs that has the same time constant as the fast inactivation. The increase in the
fluorescence signal is also consistent with the notion of IFM motif binding to a hydrophobic pocket. (D) DIl S6 closure (in green, Q1293ANAP) tracks the fast

inactivation state and occurs with a delayed On, similar to what was observed in the pronase-treated giant squid axon (modified from Liu et al., 2025).

Fig. 4. The activation of the DIV (the slow component of the
gating current) triggers the movement of the DIII-DIV linker, in
which the IFM motif resides. The movement of the linker posi-
tions the IFM motif close to the S6 helices in DIII and DIV, and
the IFM motif subsequently triggers a second conformational
change at the pore that closes the inactivation gate. In this view,
the IFM motif serves as a transducer that couples the activation
of DIV VSD to the closure of the inactivation gate located in the
S6 transmembrane domains III and IV.

A new fast inactivation model: The lock and
key model

Given the close relationships among DIV VSD, the DIII-DIV
linker, the IFM motif, and the inactivation gate, interactions
must exist to couple these structural components during the fast
inactivation process (Fig. 5 A). Based on structural results, two
pairs of hydrogen bonds were identified between DIV S4-S5
linker and DIII-DIV linker, one with the phenylalanine in the
IFM motif and the other with a downstream glutamine in the linker.
Interestingly, in both cases, the carbonyl groups in the protein
backbone serve as the hydrogen receivers. Disruptions to these
hydrogen bonds lead to impaired fast inactivation (Fig. 5 B) and
slowed DIII-DIV linker movement as measured by ANAP fluores-
cence. It should be pointed out here that these observations support
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the idea that these hydrogen bonds constitute the driving force for
the binding of the IFM motif, and these interactions fix the position
of the S4-S5 linker of DIV, thus explaining the immobilization of the
charge contributed by the S4 segment of DIV. The backbone nature
of the hydrogen bonds also explains why the IQM mutant, a side
chain mutation that removes most of the inactivation, still shows
half of the charge immobilization, as the VSD of domain IV is still
expected to be immobilized.

Mutagenesis experiments in the hydrophobic pocket sur-
rounding the IFM motif identified two key residues for the
coupling between the IFM motif and the inactivation gate at the
pore. A phenylalanine in DIII S6 and an isoleucine in DIV S6
seem (Fig. 5 C) to be responsible for the coupling between the
IFM motif and the inactivation gate. Single alanine replacements
of either of the two key hydrophobic residues removed most of
the fast inactivation, and a double alanine replacement removed
the fast inactivation completely (Fig. 5 C). Abolishing these in-
teractions removed the second, slower movement of the IFM
motif during fast inactivation while maintaining the fast move-
ment, as was shown by the ANAP experiment. This result confirms
that the identified residues were involved only in transducing the
IFM motif's movement to the pore, without impeding the binding
of the IFM motif itself. The interactions seemed to depend on both
hydrophobic and aromatic interactions. The IFM motif appeared to
form a T-shaped pi-pi interaction with the phenylalanine in DIII
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Two hydrogen bonds are identified: N1477 (DIV S4-S5 linker, in orange) with F1304 (IFM motif, in rose), P1473 (DIV S4-S5 linker) with Q1309 (DIII-DIV linker).
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mutated, the inactivation is completely removed. Modified from Liu et al. (2025).
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Figure 6. States and events that lead to inactivation: the lock and key
model. (A) This sequence starts after the VSDs of the first three domains
have moved and the channel has opened, as indicated by the early part of the
inward Na current (the lock is blocked). Then the VSD of DIV moves, leading
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S6, as the destabilization of this aromatic interaction by fluorinated
phenylalanine replacement, which eliminates the T-shaped aro-
matic interaction, led to incomplete inactivation.

Based on these observations, a lock and key model was pro-
posed. In this view, the fast inactivation apparatus functions as a
guarded lock, and the IFM motif serves as the key (Fig. 6 A).
Upon depolarization, activation of DIV VSD exposes the binding
site for the IFM motif at the DIV S4-S5 linker region, the keyhole
(Fig. 6 B). The hydrogen bonds then drive the binding of the IFM
motif via backbone interactions, positioning it in a hydrophobic
pocket near the S6 helices of DIII and DIV (Fig. 6 C). This is
analogous to putting a key inside the keyhole. Once in position,
the phenylalanine in the IFM motif likely triggers a rotation of
both S6 helices that is stabilized by the two key residues in S6s of
DIII and DIV with the IFM, while the rotation moves the hy-
drophobic inactivation gate into the pore, closing the sodium
permeation, like turning the key and locking the lock (Fig. 6 D).
The closure of the gate is not expected to be very voltage de-
pendent as the residues are uncharged and moving in a region
with a low electric field. In terms of gating charges, the charge
immobilization occurs in two separate steps as well. While DIV
VSD immobilization is initiated by the initial IFM motif binding,
as explained above, DIII VSD immobilization is triggered by the
closure of the inactivation gate, which locks S6 of DIII, which is
attached via the S3-S4 linker to S4 of DIII.

Future direction of fast inactivation studies in
Nav channels

While the new lock and key model reconciles the structural and
functional results, many unknowns remain regarding fast in-
activation in Nav channels. We would like to briefly discuss
some of these open questions with the hope of encouraging
further research into the matter.

Connection between the activation gate and the

inactivation gate

The bundle crossing region of the intracellular ends of the Sé6
helices has long been hypothesized to be the activation gate of
Nav channels. However, at least in the DIII and DIV cases, the
residues seem to be more involved in fast inactivation instead of
activation. Structurally, assigning the fast inactivation to the S6
region casts doubt on the location of the activation gate in the

to the slow component of the gating current. (B) The site in the $3-S4 linker
of DIV is exposed, enabling the binding of the IFM motif. (The lock is exposed).
The movement of IFM follows that of S4 of DIV, and it is shown as the fast
ANAP signal recorded when ANAP replaces the F of the IFM. (C) IFM is bound
via two pairs of H-bonds, producing the immobilization of the charge of do-
main IV. (Key is in the lock). With the IFM in position, a rotation of S6 seg-
ments of DIl and DIV stabilizes both S6 segments with the phenylalanine in
DIl and the isoleucine in domain IV (in orange) by contacting the IFM. If ANAP
replaces the F of IFM, this movement generates the slow component of the
fluorescence signal. (D) The rotation has positioned in the pore all four hy-
drophobic residues (yellow circles) that form the inactivation gate, thus block-
ing conduction, shown as the inactivation of the sodium current. At the same
time, the contact of the phenylalanine of S6 of DIl with the IFM immobilizes
the VSD of DIII. (The lock has rotated and locked).
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channel. Furthermore, in addition to the open-inactivated state,
the closed-inactivated state, which plays several key roles in
excitability, also exists (Armstrong, 2006). Intriguingly, struc-
tural results seem to suggest that the pores are similar in the
closed- and open-inactivated state. Then the transition from the
closed to the closed-inactivated state must involve some form of
“gate switching” from the activation gate to the inactivation gate.
It is not entirely clear how this process occurs and what type of
structural rearrangements are involved. However, a possible
explanation is based on the fact that, as the movement of VSD in
DIV initiates inactivation, it is statistically likely that occasion-
ally the VSD of DIV, although slower, may move before all the
other three VSD’s have moved in the active position so that, in
that case, inactivation will occur before activation.

Resting conformation of the IFM motif and the role of the

C terminus

Thus far, almost all structures have been captured in some type
of inactivated state. It is unclear what conformation the DIII-DIV
linker would adopt in the non-inactivated state. While some
argue that the DIII-DIV linker is freely floating in the non-
inactivated state, others say that the linker is interacting and
is “held” by the C terminus of the channel. Biochemical studies
demonstrated that the linker could interact with the C terminus,
and C terminus swapping experiments among different isoforms
of Nav channels have shown the importance of C termini for
fast inactivation (Mantegazza et al., 2001; Chagot et al., 2009;
Clairfeuille et al., 2019; Sizova et al., 2020). Clearly, the C ter-
minus is involved in the fast inactivation process and most likely
interacts with the non-bound DIII-DIV linker (Goodchild and
Ahern, 2024). However, it is difficult due to the lack of a
closed-state structure of the Nav channel to determine the exact
role of the C terminus and the conformation of the unbound DIII-
DIV linker. Additionally, the C terminus likely functions as a
hotspot for interactions with other protein regulators (Goldfarb
2011).

Allosteric coupling between fast inactivation and the SF

One unexplained result from DIITAA and DIVAA is the change in
ion selectivity in the leaky inactivated state. It is not clear why
the channels become less selective in that state. One possibility
is that, as fast inactivation occurs, likely involving rotational
movements at S6 in DIII and DIV, the SF is also influenced by
conformational changes at the inactivation gate and undergoes
rearrangements. In other words, there may be an allosteric cou-
pling between the SF and the fast inactivation gate. Some older
TTX/STX studies that demonstrated a use-dependent effect of the
toxin at low concentrations support this notion (Salgado et al.,
1986; Huang et al., 2012). However, without further experiments,
itis difficult to state definitively whether such a connection exists
or whether the observed change in selectivity is specific to the
mutants.

Interactions between fast and slow inactivation

In addition to the fast inactivation process discussed here, Nav
channels undergo a slower, perhaps more complex slow inacti-
vation process. While it is broadly accepted that, as in their K*
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channel counterparts, slow inactivation in Nav channels in-
volves structural rearrangements near the SF region (Yang et al.,
1997; Vilin and Ruben, 2001; Silva, 2014; Tan et al., 2022), the
exact mechanism remains elusive. However, numerous studies
have shown that the fast inactivation process competes with the
slow inactivation process. Fast-inactivation-deficient mutants
always seem to be able to enter the slow inactivated state faster
and more completely (Featherstone et al., 1996). The interaction
between fast and slow inactivation is largely unknown, and
further exploration is necessary. It is possible that the potential
allosteric coupling between fast inactivation and the SF acts as
the bridge between these two processes.

Final remarks

Ever since the first description of voltage-dependent sodium
current by Hodgkin and Huxley utilizing the voltage-clamp
technique, fast inactivation has been a focus of Nav channel
studies. Our understanding of fast inactivation mechanisms
evolved with the development of new techniques. Gating current
measurements with improved electronic equipment enabled the
conceptualization of the ball and chain model, and later ad-
vancements in cloning and molecular biology prompted the
identification of the IFM motif. Biochemical purification of pure
toxins revealed key insights into the importance of DIV VSD in
fast inactivation, insights subsequently confirmed by voltage-
clamp fluorimetry. And all interpretations of the fast inactiva-
tion mechanism were revolutionized by high-resolution protein
structures obtained through improved cryo-EM. Then, an im-
proved incorporation method for fluorescent unnatural amino
acids and enhanced fluorescence measurements once again
united the structural data and the functional results, offering a
general model for the fast inactivation mechanism. Given the
importance of the Nav channel in human physiology and phar-
macology, we expect our understanding of fast inactivation to
deepen further with ongoing research. With future break-
throughs in measurement techniques, it will be possible to de-
scribe the process in full molecular detail.
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