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Abstract

Carefully orchestrated opening and closing of ion channels control the diffu-
sion of ions across cell membranes, generating the electrical signals required
for fast transmission of information throughout the nervous system. Inac-
tivation is a parsimonious means for channels to restrict ion conduction
without the need to remove the activating stimulus. Voltage-gated chan-
nel inactivation plays crucial physiological roles, such as controlling action
potential duration and firing frequency in neurons. The ball-and-chain
moniker applies to a type of inactivation proposed first for sodium chan-
nels and later shown to be a universal mechanism. Still, structural evidence
for this mechanism remained elusive until recently. We review the ball-
and-chain inactivation research starting from its introduction as a crucial
component of sodium conductance during electrical signaling in the classi-
cal Hodgkin andHuxley studies, through the discovery of its simple intuitive
mechanism in potassium channels during the molecular cloning era, to the
eventual elucidation of a potassium channel structure in a ball-and-chain
inactivated state.
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1. INACTIVATION IN THE EARLY DAYS OF ION CHANNEL RESEARCH

Ion channels that select for sodium and potassium ions, called Na+ and K+ channels, are crucial
for the electrical activity of the brain. Strict orchestration of channel activation as well as closure
is needed for the generation of an action potential (Figure 1). These channels are activated by
changes in membrane voltage, and the ensuing ion fluxes across the membrane through open
channels further modify the voltage across the membrane. Termination of ion flux can happen in
two ways: (a) regular channel closure due to removal of the stimulus and (b) inactivation, which
is a different type of channel closure that occurs while the stimuli are still present (53). In Na+

channels, inactivation is crucial for shaping the action potentials and setting the resting voltage
for the next round of firing (143), while in K+ channels, it regulates action potential duration
and firing frequency of nerve and muscle (40, 53). Inactivation can occur on various timescales
(milliseconds to seconds) and plays important roles in many ion channels, not only in the action
potential, but also in many other physiological processes.

Fast inactivation for voltage-gated Na+ (NaV) channels involved in the action potential of
squid giant axons was first proposed in the 1950s in the classic studies on squid giant axons
by Hodgkin & Huxley (55). In the study, Hodgkin & Huxley reported inactivation of the Na+

permeability in which the Na+ current increased upon depolarization of the voltage-clamped
fiber and then spontaneously decreased even though the membrane potential remained constant.
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Figure 1

Ion channel gating contributing to action potentials. (a) Interplays between NaV (green) and Kv (blue)
channels during action potentials. The inactivation of NaV is mediated by the highly conserved IFM motif
on the III–IV linker (blue bar). The inactivation of Kv happens via pore occlusion by the N-terminal ball
motif (orange sphere). The selectivity filters were omitted for simplicity. The IFM motif and the N termini are
cleavable by proteolytic agents (denoted as scissors), leading to the elimination of fast inactivation, as shown
in the early studies. (b) Different sources for N-terminal inactivation domains. The ball-and-chain
inactivation is mediated by an intrinsic inactivation domain (orange), or by an extrinsic inactivation domain
from a transmembrane auxiliary subunit (brown) or a cytoplasmic ancillary subunit (green). (c) C-type
inactivation. Various K+ channels can undergo C-type inactivation, which is mediated by conformational
changes at the selectivity filter (orange highlight). Abbreviations: IFM, isoleucine, phenylalanine, methionine;
Kv, voltage-gated K+; NaV, voltage-gated Na+.

They proposed that three charged particles, which they denoted “m,” were responsible for the
Na+ channel activation, and one more highly charged particle, denoted “h,” brought about the
channel inactivation (1, 6, 55). In 1973, Armstrong and colleagues (9, 13) showed that the fast
inactivation of Na+ channels could be irreversibly eliminated by perfusing proteolytic enzymes
in squid axons, suggesting a flexible inactivation domain, while the activation gates remained
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unaffected (Figure 1). The K+ conductance was also found early on to exhibit inactivation (9, 85),
and inactivation of both Na+ and K+ channels could be mimicked by a variety of pharmacological
agents, such as TEA derivatives, local anesthetics, pancuronium, and N-propylguanidinium,
as well as antibodies when applied intracellularly but not extracellularly, suggesting that the
inactivation gate was cytosolic (10, 13, 27, 73, 126, 142).

The Hodgkin & Huxley (55) study proposed that gating particles carrying charges through
the electric field generated by a transmembrane voltage are associated with both activation and
inactivation of the Na+ conductance, thus assigning voltage dependence to both processes (55).
Suchmovement of charged gating particles was predicted to generate current and was indeed later
measured as gating current. In 1977, Armstrong & Bezanilla (12) found that inactivation had little
intrinsic voltage dependence, as there was no charge movement directly associated with it; instead,
it garners its voltage dependence indirectly by simply being coupled to the voltage-dependent
activation. A similar trend was later documented for Na+ channels in other organisms (3, 87).

Due to the discoveries that inactivation can be removed by proteolytic agents, can be mimicked
by various pharmacological agents perfused internally, and is not voltage dependent, Armstrong
& Bezanilla (12) proposed a ball-and-chain model to explain fast inactivation. In this model, an
inactivation particle (ball) is tethered to a cytosolic, unstructured, protease-cleavable segment
of the ion channel (chain) (Figure 1). Channel inactivation occurs when the inactivation ball binds
to its receptor at the inner mouth of the channel and occludes the channel pore. The receptor for
the inactivation ball is thus only available once the channel is activated, illustrating the coupling
between activation and inactivation (1, 2, 6, 12, 69). It was not until 43 years later that structural
evidence for this intuitively described mechanism became available and the original name was
structurally validated (38, 149).

2. INACTIVATION IN THE MOLECULAR CLONING ERA

With the development of molecular cloning and the cloning of Na+ and K+ channels in the mid-
1980s, the inactivation mechanism had been thoroughly investigated, starting with voltage-gated
K+ (Kv) channels (14, 44, 50, 70, 99, 110, 121, 124, 130, 133). K+ channels exhibit fast inactivation
similar to that of Na+ channels, although this was not previously documented by the classic studies
ofHodgkin&Huxley (see 8–10, 30). Shaker was the first K+ channel to be cloned, from themuscle
of Drosophila melanogaster, a voltage-gated channel that mediates a transient A-type K+ current
caused by the rapid inactivation of the channel upon opening with depolarization (15, 92, 116,
120). Variants of Shaker K+ channels with differences in cytoplasmic domains due to alternative
splicing show different inactivation rates (4, 84, 121, 122, 145). Kv channels have been shown
to share the same architecture (see Figure 3 below), with six transmembrane-spanning helices,
of which the first four are proposed to constitute a voltage sensor domain and the last two the
pore domain, which contains a highly conserved signature sequence, part of the selectivity filter
defining the high selectivity of these channels for K+ (47, 48, 61).

2.1. Ball-and-Chain (N-Type) Inactivation

Similar to what had previously been observed for Na+ channels, inactivation of Shaker K+ chan-
nels could be eliminated when trypsin was applied intracellularly to Shaker channel–expressing
Xenopus laevis oocytes (56), confirming that the inactivation apparatus was located on the cytoso-
lic channel side (47, 48, 61). The inactivation process in Shaker was found to resemble currents
modified by open pore blockers such as quaternary ammonium agents (8, 35). These lines of evi-
dence further supported the existence of a ball-and-chain inactivation mechanism similar to that
proposed previously for Na+ channels.
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Sequence alignment showing N-terminal ball and chain domains from MthK (accession number CEP
36137), human KCMB2 (BK β2, accession number NP_001265840.1), human KCMB3a (BK β3a, accession
number NP_741979.1), human KCMB3c (BK β3c, accession number NP_741981.1),Drosophila Shaker B
(accession number CAA 29917), Aplysia Kv1 (accession number NP_001191634.1), human Kvβ1 (accession
number Q14722.1), rat Kvβ3 (accession number Q63494.1), human Kv1.4 (accession number NP_002224.1),
human Kv3.4 (accession number NP_001034663.1), Emiliania huxleyiNaVEh (accession number CAMPEP_
0187654740), Scyphosphaera apsteiniiNaVSa1 (accession number CAMPEP_0119314838), and Scyphosphaera
apsteiniiNaVSa2 (accession number CAMPEP_0119345692). Orange letters and blue letters represent
hydrophobic and positively charged residues in the ball motifs, respectively. Green letters represent residues
in the chain regions.

The ready availability of the Shaker K+ channel clone rapidly advanced the field. Genetic
manipulations of the N terminus of Shaker (approximately 83 residues) such as deletion of
the first approximately 20 residues eliminated fast inactivation (56). A synthetic peptide with a
sequence corresponding to the first 20 amino acids of Shaker when applied to the cytoplasmic side
of the channel restored inactivation of the noninactivating Shaker B (ShB) channel (ShB �6–46),
with kinetics similar to the inactivation of the full-length channel (146). Based on these obser-
vations, the inactivation domain (or inactivation gate) of Shaker was located at the N terminus
of the channel. The first 20 N-terminal residues were proposed to function as a ball that enters
the pore at the cytoplasmic face of the channel and occludes the ion passage.The remainder of the
N terminus presumably acted as the chain that tethered the ball (56) (Figure 2). The ball motif
could be further separated into a hydrophobic region at the N-terminal half followed by a
hydrophilic region. The general requirement for effective inactivation was for the majority of
residues at the N-terminal part of the ball to be hydrophobic, and most of the residues at the
C-terminal end to be positively charged (2, 4, 56, 84, 146) (Figure 2). Further studies on the
stoichiometry of inactivation revealed that only one N-terminal ball from a K+ channel tetramer
was required (76).

2.2. C-Type Inactivation

Since the inactivation domainwas originally found at theN terminus of the ShakerK+ channel, the
ball-and-chain mechanism also became referred to as N-type inactivation. The distinction arose
because a slower, residual inactivation was observed upon N-terminus deletion and was dubbed
C-type inactivation because it varied between the two C-terminal splice variants of Shaker (75).
C-type inactivation refers to an inactivation mechanism in which ion flow through channels is
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regulated by conformational changes of the selectivity filter (32, 77, 94, 115, 125, 138), which
locates near the extracellular side of the pore (Figure 1c). The precise nature of the conforma-
tional change of the selectivity filter associated with C-type inactivation is somewhat controversial,
but the consensus is that this change is modulated by filter ion occupancy and concentration of
permeant ions on the extracellular side (17, 21, 31–33, 69, 75, 77, 94, 115, 125, 138, 151).

Both N- and C-type inactivation mechanisms are important for shaping the action potential:
The ball-and-chain inactivation regulates the duration of the action potential by blocking K+ ef-
flux during repolarization, while C-type inactivation controls the number of conducting channels
and is a rate-limiting step for recovery (80). Ball-and-chain inactivation and C-type inactivation
can coexist and be either independent or allosterically coupled, depending on the channel (57,
102, 139). Coupling of the ball-and-chain and C-type mechanisms has been studied in Shaker
and mammalian Kv channels (16, 20). The binding of the N-terminal ball is shown to increase
the rate of C-type inactivation (16). It is hypothesized that the coupling occurs via at least two
mechanisms, the clearance of K+ from the selectivity filter after pore occlusion by the N-terminal
ball and large-scale changes in general protein conformation (16, 20). C-type inactivation is also
found in prokaryotic NaV channels (65, 103).

3. MOLECULAR DETERMINANTS FOR BALL-AND-CHAIN
INACTIVATION IN K+ CHANNELS

It was later discovered that ball-and-chain inactivation in K+ channels was not restricted to
N-terminal domains that are intrinsic to the channel. N-terminal domains of specific accessory
subunits that modulate K+ channels, such as β subunits of Kv channels (14, 50, 99, 133), as well
as large-conductance Ca2+-activated K+ channels (44, 70, 124, 130), can also play the role of
causing N-type inactivation (104, 129) using N-terminal ball peptides conserved in length and hy-
drophobicity character (Figures 1b and 2). Some of these subunits are discussed in the following
sections.

3.1. Properties of the Ball Motif

Synthetic peptides were among the early tools used for investigating the characteristics of the
ball domain required to elicit an effective inactivation. Murrell-Lagnado & Aldrich (84) demon-
strated that synthetic peptides resembling the N-terminal balls from different Shaker variants
were able to block noninactivating ShB (�6–46) with a rate similar to that occurring in the intact
Shaker channels, even though the peptides shared no strict sequence similarity. In addition, ball
peptides from one K+ channel can inactivate other K+ channels (39, 60, 66, 80, 84, 123). The orig-
inal ShB ball peptide also induced a ball-and-chain inactivation–like block in the prokaryotic K+

channel KcsA, which only undergoes C-type inactivation (80). These results suggested that ball-
and-chain inactivation had low specificity requirements, although a rather loose dual hydrophobic
and electrostatic ball characteristic appeared to be needed (Figure 2).

N-terminal ShB-like peptides containing only charged residues were not effective in inacti-
vating the channel (146). Mutation of a leucine (Leu7 in ShB) to glutamate significantly reduced
the binding affinity of the peptide to the channel (56, 146), while substituting Leu7 for other hy-
drophobic residues produced only small changes (84). Hydrophobicity of the first half of the ball
peptide was necessary for stabilizing the ball in its channel-bound, inactivated state; the remain-
ing hydrophilic region was involved in long-range electrostatic interactions, rather than specific
interactions between peptide and channel (84, 146). The overall charge of the hydrophilic re-
gion affected the inactivation on-rate, presumably by increasing the effective concentration of the
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peptide near the binding site (kon). While increasing the net positive charge accelerated inactiva-
tion, decreasing the net positive charge or reversing the net charge to negative decelerated the
inactivation (4). Thus, while the specificity for binding to the channel is low, ball peptides should
be hydrophobic for the N-terminal half and have a net positive charge for the second half for
effective inactivation to occur (Figure 2). Inactivation-inducing ball peptides of β subunits of Kv
(14, 50, 99, 133) and large-conductance Ca2+-activated K+ (BK) (44, 70, 124, 130) channels display
similar characteristics.

3.2. Properties of the Chain

The roles played by the chain region in inactivation kinetics are still inconclusive.Hoshi et al. (56)
tested a series of mutations in the chain region (residue 20–83) of the ShB channel. Shortening
the chain region by deletion tends to speed up the inactivation, and lengthening the chain region
by insertion tends to slow down the inactivation. However, not all deletion and insertion muta-
tions follow this trend. The chain regions of other Kv channels contain charged residues whose
substitution with Ala slow down inactivation, although to a lesser extent compared to similar sub-
stitutions in the hydrophobic region of the ball motif (101). These studies suggest that the chain
motif might be involved in shaping inactivation kinetics of Kv channels. However, studies are still
needed to decipher the exact roles of the chain region.

In contrast, a thorough study of inactivation produced by the β2 subunit of BK channels (137)
reached the conclusion that almost any amino acid sequence can serve as an adequate chain, as
long as it contains a minimum of 12 residues between the transmembrane part and a hydrophobic
residue triplet located at the very N terminus, which appears to be critical for inactivation.

3.3. Early Structures of the Ball Peptide

Early structural studies of the inactivation domain of K+ channels were conducted using high-
resolution nuclear magnetic resonance (NMR) spectroscopy on isolated unbound peptides.NMR
analysis of inactivation peptides with almost no homology in primary sequences (frommammalian
Kv3.4 and Kv1.4 channels) shows that these peptides are well-defined in aqueous solution but
have distinct structures (7). In contrast, inactivation peptides of other K+ channels appear to be
unstructured in solution. The first 22 amino acids of ShB (Sh-P22, also known as Shaker inactiva-
tion ball domain) do not have a compact structure in solution (109). The NMR analysis of the first
45 amino acids of the auxiliary β2 subunit (KCNMB2) of the BK channel containing both a ball
motif (residue 1–17) and a chain motif (residue 20–45) suggests that there is a flexible N terminus
anchored to a helical chain domain (19). Studies using synthetic peptide and mutagenesis have
suggested that ball peptides adopt some conformations that expose their hydrophobic residues
when bound to the pore (84).

4. BALL-AND-CHAIN INACTIVATION MODELS

4.1. Structure–Function Studies of Ball-and-Chain Inactivation in Kv Channels

A structure–function investigation of ball-and-chain inactivation provided by an ancillary β sub-
unit of a mammalian Kv channel (Kv1.4) led to a model where the ball domain of the inactivation
peptide binds deep into the pore (rather than just occluding the pore mouth) in a fully extended
conformation (150). The study included systematic mutagenesis of both the pore domain of the
Kv channel and the ball peptide of the β subunit, as well as a structural analysis of the KcsA chan-
nel bound with a blocker [TBSb, an analog of tetrabutyl ammonium (TBA), a known open pore
blocker of Kv channels (35, 150)] that mimicked the inactivation phenotype. The finding that
the same pore residues were able to functionally interact with the ball peptide and to structurally
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Side portals as a hypothetical entryway for the N-terminal ball motifs to channel pores. (a) Structure of rat Kv1.2-Kvβ2 complex (PDB
ID 2A79) with each subunit in different colors (b) Surface potential representation of the Kv1.2-Kvβ2 complex. (c) Zoomed-in view
of the side portal. Yellow and white ribbons represent the hydrophilic and hydrophobic regions of a putative ball, respectively, with the
chain shown as a string, reaching the pore via the side portals. (d) Structure of human BK channel bound with Ca2+ (PDB ID 6V38).
Each subunit is colored differently. (e) Surface potential representation of the BK channel (PDB ID 6V38). ( f ) Zoomed-in view of the
side portal. The ball and chain are shown in similar representation as in panel c. The positively charged residues in the C-terminal end of
the ball (dark yellow in panels c and f ) presumably electrostatically interact with the negatively charged residues in the lateral window of
the channel (red), leading the ball motif to the pore. Abbreviations: BK, large-conductance Ca2+-activated K+; PDB, Protein Data Bank.

interact with the blocker bound in the pore led to one of the most detailed prestructure models
of ball-and-chain inactivation in Kv channels.

At the same time, the hydrophilic region of the inactivation peptide was proposed to bind
outside the pore at the side portals, the aqueous protein surfaces above the cytoplasmic domains
of the channel (T1 domains) (45, 67, 112) (Figure 3). A crystallographic study of a Kv channel
(Kv1.2) in complex with a β subunit (β2) proposed that the same portals function as access routes
for β subunit ball entry into the pore (74). The N-terminal part of Kv1.2 forms the cytoplasmic
T1 domain, and the β2 subunit binds below the tetrameric assembly of the T1 domain. The side
portal between themembrane and the T1 domain connects directly to the open pore, and a surface
potential analysis showed a negatively charged ridge below the portal (Figure 3). Although the β2
subunit lacks the inactivating N terminus, its homology to the inactivating β1 subunit allows one
to deduce a probable path of entry into the pore for the ball via the side portals. The negatively
charged ridge would help attract the positively charged ball, and the resolved residues in the β2
N terminus have the length range of the chain.
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4.2. Structure–Function Studies of Ball-and-Chain Inactivation
in Large-Conductance Ca2+-Activated K+ Channels

Similar portals were proposed to be the access routes for the inactivation ball in BK channels,
where inactivation can occur only via coassembly with accessory subunits (43). BK channels have
a similar architecture to Kv channels in the membrane portion, with a K+-selective pore and
voltage sensor domains (Figure 3d). In addition, they also have a large cytosolic domain that
binds Ca2+, which contributes to pore opening (140). The β subunits of BK channels are different
than the soluble β subunits of Kv channels (Figure 1) in that they have two membrane-spanning
helices connected by a large extracellular loop, with their N and C termini in the cytoplasm (129).
Only the β2, β3a, and β3c inactivating subunits have, in addition, a section of extra residues at
the N terminus, similar to the inactivating sequences in the Kv channels and the β subunits of
Kv channels (Figure 2). The synthetic peptide of the β3a ball is sufficient to inactivate the BK
channels, and the binding of the peptide competes with the binding of the open pore blocker TBA,
indicating that the blocking sites for both the blocker and the inactivation ball are located in the
BK channel cavity (44).

A structure of the BK channel in complex with the β4 subunit reveals its mode of binding
within the complex (118). Although the β4 subunit does not have the inactivating N terminus,
its pose allows one to infer that a ball attached to an equivalent inactivating β subunit gets to its
binding site in the pore via the side portals. Similar to the side portal in Kv1.2, the portal of the
BK channel has a negative charged groove potentially attractive to the positive charged cluster of
the ball (Figure 3e–f ).

Nevertheless, despite numerous attempts, no structures of Kv or BK channels in a ball-and-
chain-like inactivated conformation have been captured to date.

4.3. First Structural View of Ball-and-Chain Inactivation in a K+ Channel

Almost 70 years after inactivation was proposed to quantitatively model the action potential (55),
the development of single-particle high-resolution cryo-electron microscopy (cryo-EM) tech-
nology allowed the successful capture of ball-and-chain inactivation in structures of an archaeal
Ca2+-activated K+ channel, MthK (38) (Figure 4), the first pictorial evidence of the mecha-
nism. MthK is from Methanobacterium thermoautotrophicum and is a member of the BK channel
family. MthK channels are K+ selective, are activated by cytosolic Ca2+, and contain RCK-like
Ca2+-sensing domains, similar to BK channels. Unlike BK channels, they only contain the two
transmembrane domains that define the conserved K+ pore and lack voltage-sensing domains
(63, 71, 95, 144). Since MthK has only the Ca2+-gating machinery and expresses well in Esche-
richia coli, it had been a heavily utilized and faithful model for Ca2+ gating in BK channels. Indeed,
to date, many structures of MthK channels in different conformations have been accurately as-
signed to functional states (36, 38, 63, 141) (Figure 4), while the correspondence between BK
channel structures and states is less well understood (117, 118).

MthK channels had been shown to undergo inactivation when assayed in spheroplasts and
liposomes, and truncation of the 17 N-terminal residues fully abolished inactivation (38, 68, 100).
In 2020,Fan and colleagues (38) determined the cryo-EM structures ofMthK in both the presence
and absence of Ca2+, which revealed not only the bundle-crossing gate of the channel in two
clearly distinct conformations (corresponding to open and closed channels, respectively) but also
the very N terminus of only one of the four subunits of the MthK tetramer, inserted into the open
channel pore (Figure 4). The inactivation ball motif of MthK consists of the first approximately
17 N-terminal amino acids that are entirely contained within and plug the pore, tethered to the
first helix (TM1) of the first transmembrane domain of the channel via a three-amino-acid-long
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Structures of MthK (a) in closed state (Ca2+ free; PDB ID 6U6D) and (b) in three different open-inactivated states (Ca2+ bound), with
highly tilted (PDB ID 6U68), moderately tilted (PDB ID 6U6E), and mildly tilted (PDB ID 6U6H) RCK domains. Each subunit is
colored differently. The ball-and-chain inactivating domain is colored gold. (c) Surface potential representation of the MthK
transmembrane region (created using PDB ID 6U68). The ball-and-chain inactivation motif is shown in gold. One subunit is omitted
for clarity. Abbreviation: PDB, Protein Data Bank.

chain (38, 68) (Figure 2). In the cryo-EM structure, the peptide containing the first 13 residues
forms a helical structure that inserts vertically along the central axis of the channel pore up to the
selectivity filter and occupies most of the space in the large pore cavity. The rest of the N-terminal
motif (residue 14–20) forms a loop connecting it with the TM1 helix (38) (Figure 4c).

The first 17 N-terminal residues form the inactivation ball, which shares the characteristics
of all other ball sequences; the first half is hydrophobic and forms the tip that burrows deep into
the pore, interacting with the hydrophobic channel cavity (Figure 2). The latter half, the base,
is heavily positively charged and engages in long-range electrostatic interactions with the intra-
cellular part of the channel pore mouth, which is overall negatively charged, to guide the ball
into the pore. Just like in Kv and BK channels (see above), mutation of the first few hydropho-
bic residues dramatically affects inactivation (68). The chain (three amino acids) is shorter than
the documented chains of other K+ channels (Figure 2), although this may be explained by the
shorter distance needed for the ball to travel to plug the pore, since MthK does not have voltage
sensor domains to stand between the N-terminal ball and the pore.

In addition, the position of the MthK Ca2+-gating ring in the open state is not fixed, as seen in
the crystal structure (63); instead, it tilts and rocks with respect to the transmembrane domains,
creating large spaces through which a ball domain can conceivably sneak into the pore (Figure 4).
The gating ring’s flexibility comes from it being suspended under the pore domain via four flexible
tethers, the C-linkers that connect each pore-forming helix to the RCK ring (Figure 4b). The
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C-linkers, presumably unfolded into disordered loops upon channel opening and thus no longer
visible in the structures, allow the gating ring to adopt different tilt angles with respect to the
transmembrane domain. The packing of full-length MthK into 3D crystals (63) likely prevented
the different conformations of the gating ring observed in the cryo-EM study and the develop-
ment of an open state conducive to entry of the ball domain into the pore, which may explain
why the ball-and-chain inactivated MthK was not observed in previous crystallography studies.

4.4 Alternative Binding Sites for the Ball Motif When Outside the Pore

The binding site of one ball peptide in the pore has been identified (for MthK channels); how-
ever, it is still not understood what the other three ball domains do. Are they still folded, or are
they disordered and floppy? Do they bind to any other domain of the channel, or do they bind
to the membrane? The ball domains are also not resolved in the Ca2+-free, closed MthK chan-
nel structure. An NMR study using an isolated Ca2+-binding domain of MthK (RCK domain)
and synthetic N-terminal peptides containing either the first 11 or the first 17 amino acids sug-
gested that there is a direct interaction between the RCK domain and the peptides (68). Shorter
peptides or long peptides containing a mutation that impairs inactivation abolished the interac-
tion, suggesting some specificity and the possibility for regulation of the inactivation process (68).
However, there is no high-resolution structural evidence for such potential interactions.

4.5. State Models for Ball-and-Chain Inactivation in K+ Channels

A few models describing the kinetics of the ball-and-chain inactivation have been proposed. The
single-stepmodel of ball-and-chain inactivation is based on the early studies in the Shaker channel
(35, 56, 84, 146) (Figure 5a). In this model, the affinity of the N-terminal inactivation gate to the
channel is largely dependent on the hydrophobicity of the ball motif and determines the fraction
of blocked current. The single-step model assumes that the binding and blocking happen simul-
taneously. The inactivation is intrinsically voltage independent (but access to the pore requires
voltage-dependent activation of the channel) (35).

The pre-inactivated (two-step) model has been proposed based on the investigations of Zhou
et al. (150); in this model, the inactivation peptide first interacts with residues near the pore
before entering and binding to the channel pore. The rate-limiting step in the model is binding
to the first, pre-inactivated state (150) (Figure 5b). The model assumes that binding to the
pre-inactivated state occurs outside of the membrane electric field, making the inactivation nearly
voltage independent. The two-step inactivation model was also proposed for ball-and-chain
inactivation in BK channels (72). Other models in which the inactivation ball binds to several
different sites on the channel before reaching the final site in the pore have also been proposed
(97, 101) (Figure 5c).

4.6. Lipid Regulation of Ball-and-Chain Inactivation

Given that ion channels are membrane proteins, the impacts of phospholipid membranes on
inactivation are particularly important. A few studies suggested a role of phosphatidylinositol
4,5-bisphosphate (PIP2) in regulating the ball-and-chain mechanism. PIP2 is a lipid component
of the inner leaflet of the membrane and plays an important role in signal transduction (88).
It was proposed that the negatively charged headgroup of PIP2 can immobilize the positively
charged residues of the N-terminal ball, given that intracellular application of PIP2 eliminates
ball-and-chain inactivation of some Kv channels (88). Lipid microdomains, compartments of the
membrane that are enriched with cholesterol and sphingolipids, are another possible regulator
(34).They were shown to impact colocalized ion channels by direct lipid binding or by influencing
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Figure 5

Models for ball-and-chain inactivation in K+ channels. (a) Single-step model representing the coupling of
channel opening and inactivation. The red arrows indicate the binding of the ball-and-chain motif to the
channel pore, which happens simultaneously with pore occlusion. (b) Pre-inactivated model based on the
study of Zhou et al. (150) with a chimeric Kv channel. The rate-limiting step (red arrows) is the formation of
the pre-inactivated state from interactions of the ball motif with regions near the pore prior to pore
occlusion. (c) Multistep model based on the study of Prince-Carter & Pfaffinger (101) using Aplysia Kv1.
The rate-limiting step (red arrows) is the transition between a state where the inactivation peptide is bound to
a region close to the pore (preblock 1) and a second state where the inactivation peptide is now bound at a
different location, still not blocking the pore, but in a position to do so (preblock 2). Note that both preblock
states are open and not blocked. Abbreviation: Kv, voltage-gated K+.

the physical properties of the bilayers, such as thickness. In animal cells, various K+ channels
that can undergo ball-and-chain inactivation, such as Kv and BK channels, are located at the
lipid microdomains (34). Activities of such channels can be modulated by cholesterol or bilayer
thickness. However, the impact of lipid microdomains on ball-and-chain inactivation properties
has yet to be elucidated.

5. COMPARISON TO THE INACTIVATION MECHANISM
IN Na+ CHANNELS

Even though NaV channels were the pillars of fast inactivation research (11–13, 55), their inacti-
vation mechanism is still controversial. Paradoxically, even if the term ball-and-chain inactivation
was originally coined to describe NaV channel inactivation, research on these channels almost
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Figure 6

Structures of NaV channels. (a) Human NaV1.4 channel (left) (PDB ID 6AGF) with VSD I–IV, pore region,
and IFM motif colored differently. (b) Surface potential representation of the channel and the IFM motif
(gold) is shown with one subunit omitted for clarity. (c) Emiliania huxleyiNaVEh channel (left) (PDB ID
7X5V) with each subunit colored differently. The ball-and-chain inactivation motif is colored gold.
(d) Surface potential representation of the channel (right) and the ball-and-chain motif (gold) with one
subunit removed for clarity. Abbreviations: IFM, isoleucine, phenylalanine, methionine; NaV, voltage-gated
Na+; PDB, Protein Data Bank; VSD, voltage-sensing domain.

discarded this mechanism until very recently because most NaV channels studied to date appear
to employ alternative ways to inactivate (42, 62, 65, 91, 93, 103, 113, 126, 127, 134).

In humans, nine types of NaV channels (NaV1.1–1.9) are present in nerve, muscle, heart,
and other tissues (23). Unlike K+ channels, eukaryotic NaV channels are organized as one single
polypeptide chain divided into four homologous repeats (I, II, III, IV). Each repeat, similar in ar-
chitecture to one K+ channel subunit, has six transmembrane helices, including a voltage-sensing
domain (first four helices) and a pore domain (last two helices) (22) (Figure 6).

Unlike K+ channels, the inactivationmotif of NaV channels is located in the cytoplasmic linker
connecting repeats III and IV,with a signature sequence comprising three highly conserved amino
acids, isoleucine, phenylalanine, methionine (IFM), at the beginning of the linker (113, 127, 134)
(Figure 6). Antibodies bound to the III–IV linker region alter the inactivation rate when applied
from the intracellular side (126), and deleting the linker eliminates inactivation (93). The IFM
motif is the most critical, with mutation of I or M slowing and mutation of F fully abolishing
inactivation of certain types of NaV channels (134). A modified ball-and-chain-like model called
the hinged lid was proposed, with the lid covering the intracellular mouth of the pore, rather than
inserting into it, and attached via two chains on both sides to repeats III and IV (42) (Figure 1).

Prokaryotic channels were less helpful as models for investigations of inactivation in Na+

channels, mainly because, much like K+ channels, the prokaryotic Na+ channels form tetramers
from four separate subunits and thus lack a linker connecting the individual subunits, where the
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inactivation motif in NaV channels is located. Their inactivation is slow and proposed to be of the
C type, occurring at the selectivity filter (65, 103).

Cryo-EM structures of eukaryotic NaV channels have led to a revision of the hinged lid model
(62, 90, 91, 111). The structures revealed that the IFM motif buries into a hydrophobic niche
formed by the pore-lining helices of repeats III and IV, keeping the lid away from the intracellular
mouth of the pore. It is still possible to envision a mechanism that would release the IFM motif
from the hydrophobic lock to free the lid to cover the intracellular pore mouth; however, an
alternative allosteric model for inactivation was proposed in which the IFM motif wedging in
between the two pore-lining helices from adjacent repeats would lead to gate closure (91). Further
details, structures, and mechanistic studies are needed to elucidate the mechanism.

Exciting new evidence from anNaV channel from coccolithophore Emiliania huxleyi (NaVEh),
a eukaryotic unicellular phytoplankton living in the ocean, resurrected the classic ball-and-chain
inactivation model that had already been shelved for Na+ channels (149). NaVEh is a single-
repeat channel similar to the prokaryotic NaV channels (a tetramer composed of four separate
subunits, rather than one long polypeptide with four homologous repeats) that does not have the
IFM motif. Instead, it has an N terminus with characteristics similar to the inactivation ball of
the ball-and-chain mechanism, i.e., a hydrophobic region at the N-terminal tip, and a positively
charged region at the base (149). Its cryo-EM structure shows an open activation gate with a he-
lical density inserted about two helical turns up the intracellular gate (149) (Figure 6c–d). The
helical density is proposed to inactivate the channel via the ball-and-chain mechanism, since the
N-terminus-deleted mutant lacks this density in its cryo-EM structure and loses fast inactivation,
and intracellular application of a synthetic N-terminal peptide can partly restore fast inactivation
(149). Ball-and-chain N termini are present in NaV channels of other coccolithophores, suggest-
ing that ball-and-chain inactivation is conserved in this taxon and might be essential for tolerating
high-Na+ environments (51, 52, 149).

6. PHYSIOLOGICAL ROLES FOR BALL-AND-CHAIN INACTIVATION
IN K+ CHANNELS

Ion channel inactivation is well-known for shaping the electrical activity of excitable cells; Na+

channel inactivation controls the duration of an action potential by shunting the Na+ influx and
allowing the cell membrane to repolarize, and K+ channel inactivation controls the duration and
frequency of action potentials and thus the firing rate (54). Below, we discuss a couple of other
ways in which ball-and-chain inactivation of K+ channels contributes to a physiological response.

6.1. Circadian Clock

The circadian pattern is evolutionarily conserved in human and other organisms, setting daily
rhythms in behaviors and physiology (89, 119). In mammals, neurons in the suprachiasmatic nu-
cleus (SCN) of the hypothalamus undergo synchronized daily oscillations to generate diurnal
patterns of rhythmic circuits of action potential firing (41, 132). Such circadian rhythms are regu-
lated by BK channels (29, 79, 82). BK-deficient mice still have circadian rhythms, but with smaller
day–night variation (29).

Two different BK currents have been described in the SCN, a day and a night current, with
different steady-state current magnitudes and inactivation phenotypes (79, 82, 98). The different
inactivation phenotypes of the BK currents are mediated by differential day–night expression of
the auxiliary β2 subunit, which works by a ball-and-chain mechanism (70, 81, 135). β2-knockout
neurons have significantly reduced rhythmicity in BK currents. Similarly, β2-knockout mice have
decreased circadian behavioral amplitudes (135).

104 Sukomon • Fan • Nimigean



6.2. Ball-and-Chain Inactivation in Sensory Neurons

The sensory system transmits information from peripheral receptors to the central nervous sys-
tem. Intrinsic and environmental cues, such as hearing, smell, taste, touch, pain, and temperature,
are relayed through excitability of sensory neurons (also known as afferent neurons) containing a
repertoire of Kv channels (18, 46, 86, 131). The neuronal Kv1.4 channel plays a role in controlling
action potential latency and firing frequency (18, 128) and is involved in pain (24, 25, 64, 114, 148).
It activates at low voltage and exhibits fast inactivation via the classic ball-and-chain mechanism
using an intrinsic N terminus (136). The ball-and-chain inactivation of Kv1.4 can be accelerated
upon binding β2, an ancillary subunit with a highly conserved aldo-keto reductase moiety (49,
59, 78, 96, 133). In the presence of β2 substrate and an NADPH cofactor, the Kv1.4-β2 complex
slows its inactivation, suggesting the possibility of coupling between intracellular redox states and
the excitability of the neuron (49, 133). In addition, Kv1.4 inactivation can be regulated by factors
such as Ca2+-dependent phosphorylation cascade (107), intracellular hemin (for the Kv1.4-Kvβ
complex) (28), and oxidation of the channel (108).

Kv3.4 is a neuronal channel abundant in dorsal root ganglion nociceptors (26, 83) that is es-
sential for axon growth and is also involved in the pain pathway (26, 37, 58, 106, 148). Kv3.4 is
activated by high voltage and is fast inactivated through the classic ball-and-chain mechanism by
an endogenous N terminus, which contains several protein kinase C (PKC) phosphorylation sites.
Phosphorylation of Kv3.4 dramatically slows down inactivation, presumably by altering the struc-
ture of the N terminus (5, 105). The phosphatase calcineurin (CaN) seems to play an opposite role
to PKC, as inhibition of CaN also decelerates inactivation and slows down repolarization of the
action potential (147). In addition, oxidation of the N terminus has also been found to modulate
Kv3.4 inactivation (108).

7. CONCLUDING REMARKS

In this review, we summarize the discovery of ball-and-chain inactivation and discuss the cur-
rent understanding of the mechanism. Ball-and-chain inactivation is common in Kv channels and
Ca2+-gated K+ channels but is limited to unicellular phytoplanktonic NaV channels. The ball-
and-chain mechanism shares the conserved feature among channels that fast inactivation involves
open pore occlusion by N-terminal inactivation gates. In eukaryotes, ball-and-chain inactivation
can be mediated by intermolecular N-terminal balls and modulated by various physiological fac-
tors, such as cellular redox states. This highlights the complexity of ball-and-chain inactivation
and that regulation of the process is crucial for normal functioning of the cells.

Since the discovery of ball-and-chain inactivation in 1977, only two structures have captured
this inactivation, both of which are cryo-EM structures of post-inactivation (open-inactivated)
states from two ion channels: MthK andNaVEh. In Kv and BK channels, side windows, which are
conserved between the cytosolic T1 domain and the transmembrane domain, have been proposed
to be gateways that attract theN-terminal balls due to electrostatic interactions and believed to in-
volve a formation of the pre-inactivation state of the ball-and-chain mechanism.However, there is
still no structural verification for the pre-inactivation state, perhaps due to the unstructured nature
of the N-terminal balls prior to binding to the channel pore. More structural information, there-
fore, will enhance our understanding of the ball-and-chain mechanism and enable drug discovery
based on the process.
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