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ABSTRACT
The ankyrin proteins (Ankyrin-R, Ankyrin-B, and Ankyrin-G) are a family of scaffolding, or mem
brane adaptor proteins necessary for the regulation and targeting of several types of ion channels 
and membrane transporters throughout the body. These include voltage-gated sodium, potas
sium, and calcium channels in the nervous system, heart, lungs, and muscle. At these sites, 
ankyrins recruit ion channels, and other membrane proteins, to specific subcellular domains, 
which are then stabilized through ankyrin’s interaction with the submembranous spectrin-based 
cytoskeleton. Several recent studies have expanded our understanding of both ankyrin expression 
and their ion channel binding partners. This review provides an updated overview of ankyrin 
proteins and their known channel and transporter interactions. We further discuss several poten
tial avenues of future research that would expand our understanding of these important organi
zational proteins.
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Introduction

Ankyrins are membrane-associated scaffolding 
proteins widely expressed in various tissues and 
cell types throughout the body including neurons, 
glial cells, erythrocytes, cardiomyocytes, skeletal 
muscle cells, and epithelial cells [1,2]. The ankyrin 
family consists of ANK1 (Ank1, Ankyrin-R, 
AnkR), ANK2 (Ank2, Ankyrin-B, AnkB), and 
ANK3 (Ank3, Ankyrin-G, AnkG). Ankyrins con
nect the submembranous spectrin-based cytoske
leton to the cytoplasmic domain of diverse 
transmembrane proteins including ion channels, 
transporters, and cell adhesion molecules. 
Ankyrins are also critical for membrane organiza
tion as they facilitate the recruitment, stabilization, 
and maintenance of ion channels, transporters, 
signaling proteins and other membrane proteins 
to precise subcellular domains. The importance of 
ankyrins is highlighted by the fact that disruptions 
to ANK1-3 cause or are strongly associated with 
several diseases and disorders, including hereditary 
spherocytosis, cardiac arrhythmia, Alzheimer’s 
disease, schizophrenia, autism spectrum disorders, 
and bipolar disorder [3–7]. A common pathome
chanism in these diseases and disorders is that the 
mutations in ankyrins result in subsequent 

disruption(s) or mislocalization(s) of ion channels 
and membrane transporters and/or eliminate the 
ability of these membrane proteins to be tethered 
to the spectrin cytoskeleton [8–11]. In this review, 
we provide an overview of the molecular function 
and importance of ankyrins and key ion channel 
and transporter interactions.

Ankyrins are comprised of three main domains, 
a membrane-binding domain containing 24 ANK 
repeats, further subdivided into four domains of 6 
ANK repeats, D1-D4, which allows them to bind 
to a wide variety of membrane proteins, a beta- 
spectrin binding domain that stabilizes ankyrin 
complexes with the cytoskeleton, and finally 
a C-terminal regulatory domain [1,3]. This unique 
structure allows ankyrins to function as important 
scaffolds by gathering and holding channels and 
transporters in the right locations and at the right 
density, thus allowing cells to perform their speci
fic functions.

Ion channels are large membrane proteins 
found in the lipid bilayer of cells where they func
tion to facilitate the passive movement of ions 
down electrochemical gradients in response to 
diverse stimuli like changes in voltage, tempera
ture, stretch, ligands, or pH [12–14]. They regulate 
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fundamental homeostatic cellular processes, such 
as mediating a cell’s interactions with its environ
ment or regulating a cell’s electrical properties 
[13,15,16]. Ion channels can be found in both 
excitable cells like cardiomyocytes and neurons, 
and in non-excitable cells like epithelial cells. The 
selective presence of ion channel types within 
a cell, or within a domain of a cell, enables the 
cells to perform their unique functions, i.e. muscle 
contraction in cardiomyocytes, or action potential 
generation and propagation in neurons. Moreover, 
different combinations of ion channels can be 
found in different cell types; and highly specialized 
cells, like polarized neurons, even contain different 
combinations and concentrations of channels in 
several distinct membrane micro-domains 
[3,17,18].

There are many kinds of ion channels, differen
tiated by their mechanisms of gating or modulation. 
These include but are not limited to voltage-gated, 
ligand-gated, and mechano-sensitive ion channels. 
A single cell can express several different types of 
channels, creating vast functional diversity and allow
ing finely tuned responses to various stimuli. For 
instance, voltage-gated ion channels respond to per
turbations in the membrane potential of a cell and are 
highly selective for specific ions, including cation 
channels like voltage-gated sodium (Nav) channels, 
voltage-gated potassium (Kv) channels, voltage-gated 
calcium (Cav) channels, or anion channels like vol
tage-gated chloride channels [13]. Ankyrins are 
known to have important interactions with these vol
tage-gated channels [1,8,9,19–25].

Ligand-gated ion channels, also known as iono
tropic receptors, use chemical signals to initiate 
the flux of ions and are generally less selective 
for specific ions compared to voltage-gated ion 
channels. AnkG has been proposed to cluster and 
stabilize α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid (AMPA) receptors, a type of 
ligand-gated ion channel [26,27]. Additionally, 
AnkG has been suggested to interact with and 
localize cyclic nucleotide-gated (CNG) channels, 
a nonselective cation signal-gated channel in rod 
photoreceptors. These channels initiate electrical 
signals in response to light-induced changes in 
cGMP concentrations [28]. Mechano-sensitive 
ion channels respond to changes in mechanical 
forces by detecting and transducing external 

mechanical forces into electrical or chemical sig
nals. However, as of yet, no mechano-sensitive ion 
channel interaction has been reported [29]. 
Intriguingly though, the potassium leak channels 
TREK-1 and TRAAK, responsible for the move
ment of potassium ions out of the cell to set the 
resting membrane potential in mammalian neu
rons, are located at nodes of Ranvier where they 
may interact with ankyrins [30,31].

In addition to ion channels, ankyrins also inter
act with several membrane transporter proteins, or 
carrier proteins, that are involved in the move
ment of ions or other molecules (i.e. bicarbonate 
(HCO−), ammonia (NH3), etc.) across biological 
membranes [32–41]. Transporter proteins can 
facilitate the diffusion, or passive movement, of 
these ions or molecules down a concentration gra
dient, or they can use active transport to move 
molecules across membranes against concentra
tion gradients. However, transporter proteins 
require energy to transport molecules if they’re 
moving molecules against a concentration gradi
ent. Transport proteins can be uniporters that 
carry one type of molecule against 
a concentration gradient, symporters that co- 
transport two molecules unidirectionally, or anti
porters that transport two molecules in different 
directions. In this review, we provide an overview 
of the molecular function and importance of 
ankyrins and key ion channel and transporter 
interactions (these interactions are detailed in 
Table 1).

Ankyrins and channels in the nervous system

Ankyrins are critical for ion channel localization 
and maintenance in the nervous system, and neu
ronal function. Ion channels allow neurons to 
rapidly depolarize and repolarize, thus allowing 
the fast and efficient transmission of neural sig
nals. Important for this is the specific expression 
and localization of ankyrins in neurons as they 
give rise to specific profiles of ion channel expres
sion throughout the complex neuronal morphol
ogy. This in turn permits these different neuronal 
regions to have separate functions. For instance, 
the somatodendritic domain of neurons, expres
sing AnkB and AnkR, has post-synaptic machin
ery, such as neurotransmitter receptors and Kv 
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channels, which receive inputs from other cells 
and modulate excitability. While the axon initial 
segment, the site of action potential initiation, has 
high densities of Nav and Kv channels clustered by 
AnkG to facilitate action potential initiation.

Neurons: Somatodendritic Domain

All three ankyrins have been proposed to function 
in the somatodendritic domain of neurons 
(Figure 1a, 1). The 190 kDa isoform of AnkG has 
been reported to function as a perisynaptic scaf
fold in excitatory dendritic spines where it clusters, 
stabilizes, and maintains AMPA receptors, includ
ing GluA1, though the exact mechanism of bind
ing is poorly understood [27,42]. AMPA receptors, 
a type of ligand-gated ion channel, are cation 
permeable ionotropic glutamate receptors that 
allow the influx of calcium and sodium ions and 
the efflux of potassium ions to modulate neuronal 
excitability [43].

More recently, AnkR was shown to be an 
important ion channel scaffold, critical for proper 
membrane clustering of Kv3.1b and Kv3.3 in neu
rons [10,11]. Kv3 channels have fast kinetics and 
are involved in the rapid repolarization of certain 
fast-spiking neurons [44]. Notably, Kv3.1 chan
nels are highly expressed in the perisomatic 
domain of inhibitory parvalbumin-positive neu
rons, and Kv3.3 channels are highly expressed in 

the soma and dendrites of cerebellar Purkinje 
neurons [10,11]. These studies revealed that 
AnkR links Kv3.1b and Kv3.3 channels to β1 
spectrin in forebrain parvalbumin-positive inhibi
tory neurons in regions like cortex and hippocam
pus, and links Kv3.3 to β3 spectrin in cerebellar 
Purkinje neurons. Moreover, loss of AnkR results 
in a dramatic reduction of these channels in the 
neuronal membrane causing alterations in the 
intrinsic excitability of these cells [10,11]. 
Additionally, these studies reported a novel, 
nearly identical 6-amino acid motif necessary for 
AnkR binding, in Kv3.1 (EDCPHI) and Kv3.3 
(EDCPAI) potassium channels, not found in the 
other Kv3 channel subtypes Kv3.2 and Kv3.4 
[10,11,44].

AnkB is widely expressed throughout neurons, 
including in the somatodendritic domain and in 
axons of unmyelinated neurons. It is also highly 
enriched at the paranodal junctions of myelinating 
Schwann cells in the peripheral nervous system. At 
the somatodendritic domain, AnkB has been pro
posed to regulate synaptic function by interacting 
with synaptic molecules including ion channels 
[45,46]. It has been reported that AnkB is asso
ciated with and responsible for the proper target
ing of Cav2.1 and Cav2.2 channels, P/Q-type and 
N-type calcium channels, respectively. These chan
nels are found in neurons and located in several 
brain regions including the cortex, cerebellum, and 

Table 1. Summary of the ankyrin protein’s known channel and transporter interactions.
Nervous system Ankyrin Transporter/Channel interaction(s) Reference(s)

Inhibitory Neurons: Somatodendritic Domain AnkR Kv3.1b, Kv3.3 [10,11]
Neurons: Neuromuscular Junction AnkR Nav1.4 [9,95]
Neurons: Nodes of Ranvier (Secondary 

Composition)
AnkR Nav, Kv3.1b, Kv3.3 [8,10,61]

Neurons: Somatodendritic Domain AnkB Cav2.1, Cav2.2 [45]
Neurons: Neuromuscular Junction AnkB Nav1.4 [9,95]
Eye: Retina AnkB Na+/K+-ATPase†, NCX1† [40]
Neurons: Axon Initial Segment AnkG Nav (Nav1.1, Nav1.2, Nav1.6), KCNQ2/3 [8,19–21,49,96]
Neurons: Nodes of Ranvier (Primary Composition) AnkG Nav (Nav1.2, Nav1.6; also, Nav1.1, Nav1.8, Nav1.9), 

KCNQ2/3
[8,17,19,21,51,58,59,97]

Neurons: Somatodendritic Domain AnkG AMPAR [27]
Neurons: Neuromuscular Junction AnkG Nav1.4, KCNQ2 [9,95]
Eye: Retina AnkG CNG I31 [28]
Brain: Retina, etc. Ank90 AE3† [34,35]
PERIPHERY
Blood: Erythrocyte AnkR Band3 (AE1), Rh, RhAG [68,69,71,98–100]
Heart: Cardiomyocytes AnkB IP3R, Cav1.3, Kir6.2†,NCX, Na+/K+-ATPase, SERCA2, RyR† [32,33,41,88,90,92,101– 

103]
Lymphocytes AnkB IP3R, RyR† [37,89]
Heart: Cardiomyocytes AnkG Nav1.5, Kir6.1, Kir6.2 [41,91,104]
Kidney, Lung: Epithelial Cells AnkG Na+/K+-ATPase, ENaC, RhBG†, kAE1† [36,39,79,82,83,100,105]

†Indicates that the interaction mechanism is not fully understood. For example, the interaction could be indirect, direct interaction has not been 
explicitly shown, the binding domain is unknown, or there is uncertainty about the ankyrin involved. 
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spinal cord [45]. Calcium is important for many 
neuronal cellular processes including synaptic 
transmission and regulation of synaptic function; 
these voltage-dependent calcium channels at the 

presynaptic terminals of neurons allow the flow of 
calcium ions to control neurotransmitter and/or 
hormone release [45]. AnkB’s interaction with 
Cav2.1 and Cav2.2 has been mapped to their 

Figure 1. Schematic diagram of ankyrin’s channel and transporter interactions in the nervous system [106]. These include (a) in 
neurons (1) AnkR, AnkB, and AnkG in the somatodendritic domain, (2) AnkG at the AIS, and (3) AnkG and AnkR at the nodes of 
Ranvier; (b) AnkR, AnkB, and AnkG at the NMJ; and (c) AnkB and AnkG in rods photoreceptors.
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DII/DIII cytoplasmic loop [45]. Moreover, a single 
conserved tyrosine residue in this ankyrin-binding 
motif has been shown to regulate their interaction: 
Y797 in Cav2.1 and Y788 in Cav2.2 [45].

Neurons: Axon Initial Segment and Nodes of 
Ranvier

The axon initial segment (AIS) is a vital functional 
site in neurons. Anatomically, the AIS is fre
quently located in the proximal axon at the axon 
hillock and is 20–60 µm in length [47]. The AIS 
has several important functions including initia
tion of action potentials, modulation of neuronal 
excitability, and maintenance of neuronal polarity 
via acting as a boundary between the somatoden
dritic domain and the axon [47]. Nodes of Ranvier 
are specialized membrane domains found along 
myelinated axons throughout the nervous system. 
Nodes occur as small gaps in the myelin sheath 
and are responsible for saltatory conduction which 
allows for fast and efficient action potential pro
pagation [17]. Ankyrins directly interact with Nav 
channels at the AIS and nodes of Ranvier, these 
regions have densely clustered Nav channels per
mitting Na+ ion flux, lowering the threshold mem
brane potential, thus resulting in the initiation and 
propagation of action potentials down the axon 
[48]. Ankyrins are critical organizers in these 
regions and are required for Nav clustering at the 
AIS and nodes of Ranvier [49,50]. In this section, 
we provide a brief overview of ankyrins and their 
channel interactions at the AIS and nodes of 
Ranvier.

Not surprisingly, AIS and nodes of Ranvier have 
similar membrane compositions since they per
form similar functions: initiate and propagate 
action potentials (Figure 1a 2, 3) due to the high 
densities of Nav and Kv channels [17]. Multiple 
Nav and Kv channel subtypes can be found at 
nodes of Ranvier and the AIS, these include 
Nav1.1, Nav1.2, Nav1.6, KCNQ2, and KCNQ3, 
with some nodes also expressing Kv3.1, and 
Kv3.3 [10,17,51–54]. However, in adults the 
major Nav channel subtype is Nav1.6 and the 
major Kv channel subtypes are KCNQ2 (Kv7.2) 
and KCNQ3 (Kv7.3) [17,53,54]. All vertebrate Nav 
channels, including Nav1.6, have a highly con
served 22-amino acid Na+ channel binding motif 

located near the midpoint of the cytoplasmic loop 
connecting domains II and III of the Nav α- 
subunit [17,55,56]. Interaction of Nav channels 
with AnkG via this motif is necessary and suffi
cient for targeting these channels to the AIS and 
nodes of Ranvier [57]. Kv channels also are impor
tant at the AIS and nodes of Ranvier as they 
modulate action potentials. The M-type Kv7 chan
nels Kv7.2, and Kv7.3 (KCNQ2 and KCNQ3) 
function to stabilize the membrane potential and 
prevent repetitive excitability. They are clustered 
in the distal AIS and at nodes of Ranvier by inter
action with AnkG [20,58]. The KCNQ2/3 channels 
occur at these locations as either homomeric or 
heteromeric complexes that are recruited and sta
bilized through their interaction with AnkG [20]. 
Remarkably, KCNQ2/3 channels and AnkG 
directly interact through a similar binding motif 
and phosphorylation mechanism as Nav channels; 
the motif is located in the C3 domain and consists 
of a 9-amino acid segment that is nearly identical 
to the Nav channel binding motif [20,59].

Phylogenetic analysis has shown the AnkG 
binding motif in Nav, KCNQ2 and KCNQ3 chan
nels emerged by convergent evolution after the 
division of invertebrate and vertebrate lineages 
with vertebrate orthologs including bony fish, 
birds, and mammals having this AnkG motif, but 
worms, insects, or other invertebrates do not [20]. 
Remarkably, Nav channels and KCNQs have no 
common genetic ancestor, implying the ankyrin 
motif in these channels evolved independently 
from functional need [20]. Consequently, Nav 
and KCNQ channels must compete for AnkG 
binding with the outcome of this directly influen
cing the excitable properties of the AIS and nodes. 
Post-translational modification of this motif has 
been shown to impact this, such that phosphoryla
tion of serine residues in the Nav channel ankyrin 
binding motif increases the affinity of Nav chan
nels for ankyrins by three orders of magnitude, 
with less efficient AIS targeting of Nav channels 
seen in phosphorylation incompetent mutant ani
mals [57,60]. Similarly, phosphorylation of 
KCNQ2/3 by CK2 enhances the binding of their 
C-terminal anchor domains to AnkG; however, 
even unphosphorylated Nav channels bind AnkG 
more strongly than phosphorylated KNCQ2/3 
channels [59]. Future studies will be required to 
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further define exactly how the density of Nav and 
Kv channels is regulated. This is important since 
the excitability of neurons is defined by the density 
and distributions of the ion channels in their 
membranes.

AnkG was once thought to be essential for the 
formation and maintenance of nodes of Ranvier, 
however, conditional knockout models where 
AnkG was specifically removed from nodes have 
now revealed that AnkG is not essential for Nav 
channel clustering. Instead, there is a secondary, 
redundant mechanism to preserve channel cluster
ing and function [8]. This hierarchy of ankyrin- 
spectrin interactions, where AnkR and β1 spectrin 
act as a secondary mechanism to cluster nodal 
proteins if AnkG or β4 spectrin are lost, preserves 
the function of these critical neuronal sites [8]. At 
nodes, it was shown that this secondary ankyrin- 
spectrin complex can bind to the cell adhesion 
molecule Neurofascin-186, cluster Nav channels, 
and maintain normal nodal function throughout 
life [8]. Surprisingly however, and despite their 
similar functions, AnkR is not able to compensate 
for a loss of AnkG at the AIS, because it lacks the 
giant exon required for AIS localization [49,50].

Interestingly, AnkR cannot bind to nodal 
KCNQ2/3 channels, but no functional difference 
was seen in mice lacking AnkG at nodes [8]. More 
recently it was discovered that this may be due to 
AnkR’s interaction with Kv3-type channels, 
Kv3.1b, and Kv3.3, which were shown to be 
recruited to nodes by AnkR and replace KCNQ2/ 
3 channels when AnkG is lost [10]. Previously, 
Kv3 channel expression was reported at select 
nodes of Ranvier in the spinal cord, and it was 
proposed that this occurs through an interaction 
of Kv3.1 with AnkG [61]. However, the recent 
results showing direct and strong interaction 
between AnkR, Kv3.1, and Kv3.3 suggests that 
AnkR is likely the ankyrin responsible for the 
select nodal localization [10]. This is intriguing 
since AnkR has also been reported to be present 
at some nodes [8]. Conversely, it has been 
reported that AnkG governs the axon-dendrite 
targeting of Kv3.1 in vitro through the interaction 
of Kv3.1´s N-terminal T1 domain and 
a C-terminal axonal targeting motif in AnkG 
[62]. Thus, in the future, it will be interesting to 
further elucidate the interplay of ankyrins and Kv 

channels at nodes, as well as determine if Kv3 
channels form homomeric and/or heteromeric 
complexes like KCNQ2/3.

Though AnkG is a critical scaffold for several 
ion channels and other molecules necessary for the 
function of the AIS, it is not the only mechanism 
as other channels found at the AIS have other 
clustering mechanisms. Notably, there are several 
ankyrin-independent mechanisms responsible for 
the clustering of channels and receptors at sites of 
inhibitory synapses along the AIS, including the 
postsynaptic density-93 (PSD-93) protein, 
a domain-containing membrane-associated guany
late kinase (MAGUK), which clusters Kv1 chan
nels (Kv1.1, Kv1.2, Kv1.4, and Kv2) and Gephyrin 
which is involved in the clustering of γ- 
aminobutyric acid type A receptors (GABAARs) 
[63–65]. Additional details on the molecular com
position of the AIS and nodes of Ranvier can be 
found in Leterrier (2018) [18] and Rasband and 
Peles (2021) [17].

Neuromuscular Junction
The neuromuscular junction (NMJ) is a highly 
specialized synapse and site of neurotransmission 
that occurs between the nerve terminals of motor 
neurons and muscle fibers; synaptic transmission 
from the motor neuron to the muscle results in 
muscle contraction. This junction contains three 
main types of channels, (1) Cav channels at the 
presynaptic terminal of the motor neuron, (2) 
acetylcholine receptors (AChRs), a type of ligand- 
gated cation channel clustered at the crests of the 
synaptic folds, and (3) Nav channels clustered in 
the troughs of the synaptic folds (Figure 1b).

While the mechanisms responsible for the clus
tering and function of AChR at the NMJ have 
been well characterized (see Li et al., 2018 for 
a comprehensive review) [66], the mechanisms 
regulating Nav channel clustering and the func
tional significance of its localization at the NMJ 
were only recently reported. Surprisingly, all three 
ankyrins are found at the NMJ, and all three are 
capable of clustering muscle-specific Nav1.4 chan
nels [9,66]. Loss of any single ankyrin does not 
impair Nav channel clustering. Similarly, loss of 
two ankyrins results in only a partial loss of Nav 
channels, and loss of any single or pair of ankyrins 
does not result in any motor or synaptic deficits 
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[9]. However, when all three ankyrins are removed 
by genetic deletion, there is a total loss of NMJ 
Nav channel clustering and impaired ability to 
resist synaptic fatigue [9]. Together, this reveals 
the functional importance of Nav channels at the 
NMJ and highlights another example of the 
remarkable biological redundancies of ankyrins.

Interestingly, this was not the case for KCNQ2 
channels. These Kv channels are clustered at 
a subset of NMJs. Like at the node of Ranvier, 
loss of AnkG alone is sufficient to block KCNQ2 
localization while loss of AnkB and/or AnkR has 
no effect [9]. One intriguing possibility in the 
latter situation is that other Kv channels may be 
recruited to the NMJ when AnkG is absent, similar 
to what occurs at nodes of Ranvier. Future experi
ments will need to explore this possibility to deter
mine if other types of Kv channels present at the 
NMJ, if a switch in Kv channel type (e.g. from 
KCNQ2 to Kv3 channels) occurs when AnkG is 
lost, and to determine the functional importance 
of Kv channels at the NMJ.

In addition to being expressed in the troughs of 
the synaptic folds of the NMJ, ankyrins have also 
been reported in skeletal muscle fibers, though 
little is known about their function in these fibers. 
Specifically, AnkG and AnkR were reported in the 
Z-lines between adjacent sarcomeres [24]. A 100 
kDa isoform of AnkG was described as having 
a reticular cytoplasmic distribution and colocalized 
at sarcoplasmic reticular structures with the Ca2+- 
ATPase transporter, SERCA1, while AnkR was 
reported to have a punctate sarcolemma localiza
tion [24], indicating that ankyrins may also be 
involved in organizing the membrane of myofi
bers, but little else is known making this another 
potentially interesting avenue for further research. 
Nevertheless, these interactions outside of the 
NMJ may not be critical since, as described 
above, mice lacking all three ankyrins only show 
neuromuscular synapse fatigue and no degenera
tion [9].

Retina: Rod Photoreceptors
In the retina, AnkB and AnkG are expressed in 
rod photoreceptors, one of the two types of photo
receptors used to convert photons from visual 
stimuli to chemical and electrical signals necessary 
for neural processing. Rods, in comparison to 

cones, are more sensitive to light and are concen
trated in the outer edges of the retina. Together, 
these characteristics allow rods to be the primary 
photoreceptor in low light and peripheral vision. 
Rods are highly polarized cells with three main 
compartments: a synaptic terminal, an inner seg
ment, and an outer segment; each of these com
partments has a specialized membrane 
organization of ion channels and transporters, 
including Cav channels, cyclic nucleotide-gated 
(CNG) channels, Na+/K+-ATPase, and Na+/ Ca2+ 

exchanger (NCX1) [28,40,67].
The transduction of visual stimuli in rods is 

based on their inhibition, or hyperpolarization, as 
the resting state in these cells is depolarized and 
allows spontaneous neurotransmitter release [67]. 
Rods maintain this resting state by the influx of 
cations via cyclic nucleotide-gated (CNG) chan
nels in the outer segments, the inner segment 
partially balances this with the Na+/K+-ATPase, 
a transporter that effluxes Na+and influxes K+. 
The inner segment also contains the NCX1, 
which influxes Na+and effluxes Ca2+ ions. The 
overall depolarization of the rod caused by Na+ 

influx from the CNG channel and NCX1 results in 
activation of Cav channels at the cell body and 
synaptic terminal. This influx of Ca2+ stimulates 
the tonic release of neurotransmitters (e.g. gluta
mate). Upon light activation of the rod, CNG 
channels are inactivated, NCX1 continues to 
export Ca2+, the cell becomes hyperpolarized, and 
Cav channels close preventing the release of inhi
bitory glutamate [40,67].

The different distributions of ankyrin proteins, 
with AnkB localized to rod inner segments and 
AnkG localized to rod outer segments, is an 
important molecular mechanism driving the orga
nization of the transporters and channels in rods 
[28,40] (Figure 1c). AnkG’s interaction with the 
β1-subunit in the C-terminal domain of CNG is 
required for CNG to be localization to rod outer 
segments [28]. Meanwhile, AnkB is required to 
restrict the localization of NCX1 and Na+/K+- 
ATPase, with the loss of AnkB resulting in 
a significant reduction of these transporters in 
rod inner segments [40]. Cones, photoreceptors 
that respond well in bright light and are respon
sible for color vision, have a similar transduction 
mechanism utilizing CNG channels, Na+/K+- 
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ATPases, and Na+/ Ca2+ exchangers; thus, it will 
be important to determine if ankyrins are impor
tant scaffolds in these cells as well.

Furthermore, an ankyrin protein fragment 
ANK90 has been shown to interact with the Cl− 

/HCO3
− anion exchanger AE3. ANK90 is 

expressed in the brain including in neurons and 
Müller glia in the retina, and the heart [34,35]. 
While it remains to be fully elucidated which 
ankyrin is responsible, AnkR interacts with AE1 
in erythrocytes and would be an interesting candi
date to explore further.

Ankyrins and channels in the periphery

Erythrocytes

AnkR (also known as erythrocyte ankyrin) was 
discovered due to its critical role in red blood 
cells where it maintains the cell’s structural integ
rity through its link between β1 spectrin and the 
cytoplasmic domain of Band 3, also known as 
AE1, and the Rh complex [68,69]. The membrane 
of erythrocytes is organized into a polygonal net
work formed by α1/β1 spectrin tetramers linked to 
actin filaments [70]. This cytoskeletal structure is 
coupled to the membrane by β1 spectrin interact
ing with AnkR, which is then bound to the mem
brane by interaction with Band 3 and Rh proteins 
[69–72] (Figure 2a).

The flexibility and structure provided to the 
membrane by the cytoskeleton provide the support 
necessary for erythrocytes to survive the mechan
ical stresses of circulation [70]. Moreover, these 
interactions between AnkR, membrane transpor
ters, and the cytoskeleton are critical for erythro
cyte health. In fact, hereditary spherocytosis (HS), 
a severe form of hemolytic anemia, results from 
defects in the erythrocyte proteins AnkR, β1 spec
trin, α1 spectrin, Band 3, and protein 4.2, with 
dominant and recessive mutations in AnkR 
accounting for the majority of cases [73].

Band 3 is an anion exchange protein that med
iates the active exchange of Cl−/HCO3

− in erythro
cytes [74]. Several critical regions have been 
identified for the interaction of AnkR and Band 3, 
these include the third (D3) and fourth (D4) repeat 
domain of AnkR, and residues 63–73 on Loop 1 and 
175–185 on Loop 2 of Band 3 [75,76]. Whereas 

the second repeat domain (D2) of AnkR has been 
found to directly interact with the C-terminal, cyto
plasmic, domain of the Rh and RhAG protein com
plex [69]. The Rh proteins are transporter proteins 
in erythrocyte membranes that mediate ammonium 
transport [69]. Interestingly, there is also evidence 
supporting the Rh complex may function as a gas 
channel, facilitating the movement of CH3/NH2 
/NH3 and CO2/O2 [69,77].

Epithelial Cells

Epithelial cells are dynamic barriers that separate 
physiological compartments and are found in sev
eral organs, including the kidneys and lungs. They 
are armed with a wide variety of membrane 
pumps, transporters, and ion channels, which 
allow fluid balance, filtration, absorption, and traf
ficking of metabolites and electrolytes critical for 
proper function. Using TEM it was determined 
that AnkG is closely associated with both the api
cal and basolateral membranes of the kidney, how
ever, its precise localization in the lungs remains to 
be determined [78]. However, it is known that 
AnkG is a critical scaffold for several types of 
transporters in epithelial cells. For example and 
like AnkR in erythrocytes, AnkG has been linked 
to the ammonium transporter Rh proteins, in par
ticular, RhBG in lung and kidney epithelial cells 
[79]. Furthermore, the kidney anion exchange pro
tein 1 (kAE1), similar to Band 3/AE1 in erythro
cytes, is part of the epithelial Rh molecular 
complex [36]. Inhibition of AnkG slows down 
membrane targeting and decreases the stability of 
RhBG [79]. Moreover, studies have shown that the 
transport activity of both kAE1 and RhBG in kid
ney epithelial cells depends on association with 
AnkG, for Cl−/CHO3

− and NH3, respectively 
[36,79,80]. Interestingly, phosphorylation of the 
C-terminal tail of RhBG at Tyrosine 429, adjacent 
to the AnkG interaction domain (419FDL421), reg
ulates NH3 transport activity, such that depho
sphorylation allows RhBG to be anchored to the 
membrane via AnkG and activation of channel 
function [79]. A similar mechanism has been pro
posed for kAE1, though direct interaction of AnkG 
with kAE1 has yet to be shown [79]. However, 
kAE1 does bind the renal epithelial cell transporter 
Na+/K+-ATPase, another known AnkG binding 
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partner [81,82]. Na+/K+-ATPase has been reported 
to bind to two independent domains on AnkG 
(190 kDa), one of which is located in the distal 
12 ANK repeats, and the other in the spectrin 
binding domain [82].

Finally, AnkG also regulates the membrane 
insertion and activity of epithelial sodium chan
nels (ENaC) in the kidney and lungs that trans
port Na+ in response to hormonal cues to 
maintain blood pressure homeostasis [39,83]. 
The interaction of AnkG with ENaC and 
RhBG depends on phosphorylation, similar to 
AnkG and Nav and KCNQ channels in the 
nervous system [79,84]. Remarkably, AnkG is 
also required for the development and assembly 
of lateral membrane domains in epithelial cells, 
as depletion of 190 kDa AnkG in human bron
chial epithelial cells results in significant loss of 
lateral membrane biogenesis [85]. Thus, in 
epithelial cells, AnkG functions as a critical 
scaffold for transporters and channels which 
allow the flux of Cl−, CHO3

−, NH3, K+, and 
Na+, and as an important protein for the 

formation of epithelial cell lateral membranes 
(Figure 2b).

Cardiomyocytes

Proper rhythmic contraction of the heart 
requires finely-tuned control of ion fluxes and 
calcium homeostasis. Ankyrins are important 
for the correct localization of calcium transpor
ters, such that AnkB and AnkG organize dis
tinct molecular complexes in cardiomyocytes 
(Figure 2c). AnkB binds to and localizes Na+/ 
K+-ATPase, NCX1, a Na+/ Ca2+ exchanger, and 
Cav1.3 channels at the cardiomyocyte mem
brane [32,33,86]. AnkB is also known to inter
act with inositol triphosphate receptors (IP3Rs) 
[38], is reported to bind to SERCA2 [87], a Ca2 

+-ATPase transporter, and is thought to indir
ectly help regulate ryanodine receptors (RyRs), 
three important Ca2+ transporters found in the 
sarcoplasmic reticular membrane of cardiomyo
cytes [88]. Interestingly, AnkB has also been 
reported to directly bind IP3R and indirectly 

Figure 2. Schematic diagram of ankyrin’s channel and transporter interactions in the periphery [106]. These include, (a) AnkR in 
erythrocytes, (b) AnkG in epithelial cells, and (c) AnkB and AnkG in cardiomyocytes.
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bind RyR in the sarcoplasmic reticulum of lym
phocytes [37,89,90].

On the other hand, AnkG has been shown to 
interact with the inwardly-rectifying potassium 
channels Kir6.1 and Kir6.2 and Nav1.5 in car
diomyocytes [3,41,91]. Kir channels are 
a subtype of Kv channels but are unique in 
that they associate with sulphonylurea receptors 
(Surs) to form ATP-sensitive K+ channels 
which allow a large influx with minimal efflux 
of K+ [41,92]. While AnkB has been shown to 
have the ability to interact with the Kir6.2, 
a type of inwardly-rectifying potassium chan
nel, in vitro, it is debated if this interaction 
occurs in cardiomyocytes as more recent data 
using super-resolution microscopy has shown 
they are not co-localized [41]. Nav1.5 channels 
are the principle Nav channels in the heart and 
directly interact with AnkG [25,93]. 
Furthermore, DNA sequencing of patients with 
Brugada Syndrome, a type of arrhythmia caused 
by mutations in SCN5A (which encodes 
Nav1.5), found that substitution of a highly 
conserved glutamic acid with lysine (E1053K) 
in the ankyrin binding motif in the DII-III loop 
of Nav1.5 channels causes loss of AnkG binding 
and the subsequent failure of localization of 
Nav1.5 channels to the membrane of cardio
myocytes [25,93]. Since AnkG is a critical scaf
fold for the targeting and organization of Nav 
channels in plasma membranes of cardiomyo
cytes, it will be interesting to determine if other 
ankyrins can compensate for disruptions to 
AnkG as has been shown in the nervous system 
with AnkR at nodes of Ranvier and AnkR and 
AnkB at the NMJ [8,9].

Conclusions

Our understanding of the molecular mechanisms 
for how ankyrins regulate and interact with ion 
channels, receptors, and transporters has expanded 
greatly in recent years. For example, just in the 
previous two years, it was discovered that AnkR 
cannot compensate for the loss of AnkG at the AIS 
to cluster Nav channels, even though it does so at 
nodes of Ranvier, because it lacks the giant exon 
needed for axonal targeting [94]. We now know 

that at nodes of Ranvier, AnkR recruits Kv3.1b 
and Kv3.3 to replace KCNQ2/3 channels when 
AnkG is lost and the specific motif in Kv3.1b 
that interacts with AnkR has been identifed [10]. 
Furthermore, Nav channels were found to prevent 
synaptic fatigue at the NMJ and were found to be 
clustered by all three ankyrins [9]. However, 
KCNQ2 channels, also found at the NMJ, require 
AnkG to be localized [9]. Lastly, it was recently 
discovered that AnkR is critical for proper cluster
ing of Kv3.1b and Kv3.3 in the perisomatic mem
brane in a subset of forebrain interneurons, and 
loss of AnkR impairs the intrinsic excitability of 
these neurons [10,11]. This review highlights these 
new findings and illustrates examples where 
ankyrins play essential roles in the clustering, loca
lization, and function of ion channels and trans
porters. Importantly, although some ankyrin 
binding motifs are highly conserved (e.g. the 
ankyrin-binding motif in Na+ channels) the stu
dies described here illustrate the diversity of motifs 
and interactions that can occur between ion chan
nels, receptors, and ankyrins. Thus, a general prin
ciple highlighted in this review is that ankyrins 
serve a common purpose in diverse cellular con
texts to cluster and maintain different ion chan
nels, transporters, and receptors in subcellular 
domains. Future studies will be needed to further 
define the structural bases of these interactions, 
how they may be modulated by post-translational 
modifications or signaling pathways, and how the 
expression levels of ankyrins and the ion channels 
they bind are coordinately regulated. We predict 
that future research focused on ion channels, 
transporters, and their regulation and localization 
by ankyrins will yield important insights into the 
mechanisms regulating cellular excitability in both 
health and disease.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

Supported by NIH grant NS122073, the Dr. Miriam and 
Sheldon G. Adelson Medical Research Foundation.

CHANNELS 225



ORCID

Matthew N. Rasband http://orcid.org/0000-0001-8184- 
2477

References

[1] Bennett V, Lorenzo DN. An adaptable spectrin/ankyr
in-based mechanism for long-range organization of 
plasma membranes in vertebrate tissues. Curr Top 
Membr. 2016;77:143–184.

[2] Chang K-J, Zollinger DR, Susuki K, et al. Glial ankyr
ins facilitate paranodal axoglial junction assembly. Nat 
Neurosci. 2014;17(12):1673–1681.

[3] Bennett V, Healy J. Organizing the fluid membrane 
bilayer: diseases linked to spectrin and ankyrin. Trends 
Mol Med. 2008;14(1):28–36.

[4] Stevens SR, Rasband MN. Ankyrins and neurological 
disease. Curr Opin Neurobiol. 2021;69:51–57.

[5] Chagula DB, Rechciński T, Rudnicka K, et al. 
Ankyrins in human health and disease - an update of 
recent experimental findings. Arch Med Sci. 2020;16 
(4):715–726.

[6] Smith S, Curran J, Hund TJ, et al. Defects in cytoske
letal signaling pathways, arrhythmia, and sudden car
diac death. Front Physiol. 2012;3:122.

[7] Lux SE, Tse WT, Menninger JC, et al. Hereditary 
spherocytosis associated with deletion of human ery
throcyte ankyrin gene on chromosome 8. Nature. 
1990;345(6277):736–739.

[8] Ho TS-Y, Zollinger DR, Chang KJ, et al. A hierarchy 
of ankyrin-spectrin complexes clusters sodium chan
nels at nodes of Ranvier. Nat Neurosci. 2014;17 
(12):1664–1672.

[9] Zhang C, Joshi A, Liu Y, et al. Ankyrin-dependent Na 
+ channel clustering prevents neuromuscular synapse 
fatigue. Curr Biol. 2021;31(17):3810–3819.e4.

[10] Stevens SR, Longley CM, Ogawa Y, et al. Ankyrin-R 
regulates fast-spiking interneuron excitability through 
perineuronal nets and Kv3.1b K channels. eLife. 
2021;10. doi:10.7554/eLife.66491

[11] Stevens SR, van der Heijden ME, Ogawa Y, et al. 
Ankyrin-R links Kv3.3 to the spectrin cytoskeleton 
and is required for purkinje neuron survival. 
J Neurosci. 2022;42(1):2–15.

[12] Becchetti A, Munaron L, Arcangeli A. The role of ion 
channels and transporters in cell proliferation and cancer. 
Front Physiol. 2013;4. DOI:10.3389/fphys.2013.00312

[13] Rasband. Ion channels and excitable cells. Nat Educ. 
2010;3:41.

[14] Hille B. Ionic channels of excitable membranes. 
Sunderland, Massachusetts, USA: Sinauer; 2001.

[15] Lai HC, Jan LY. The distribution and targeting of 
neuronal voltage-gated ion channels. Nat Rev 
Neurosci. 2006;7(7):548–562.

[16] Subramanyam P, Colecraft HM. Ion channel engineer
ing: perspectives and strategies. J Mol Biol. 2015;427 
(1):190–204.

[17] Rasband MN, Peles E. Mechanisms of node of Ranvier 
assembly. Nat Rev Neurosci. 2021;22(1):7–20.

[18] Leterrier C. The axon initial segment: an updated 
viewpoint. J Neurosci. 2018;38(9):2135–2145.

[19] Jenkins PM, Kim N, Jones SL, et al. Giant ankyrin-G: 
a critical innovation in vertebrate evolution of fast and 
integrated neuronal signaling. Proc Natl Acad Sci 
U S A. 2015;112(4):957–964.

[20] Pan Z, Kao T, Horvath Z, et al. A common 
Ankyrin-G-based mechanism retains KCNQ and Na 
V channels at electrically active domains of the axon. 
J Neurosci. 2006;26(10):2599–2613.

[21] Davis JQ, Lambert S, Bennett V. Molecular composi
tion of the node of Ranvier: identification of 
ankyrin-binding cell adhesion molecules neurofascin 
(mucin+/third FNIII domain-) and NrCAM at nodal 
axon segments. J Cell Biol. 1996;135(5):1355–1367.

[22] Ayalon G, Hostettler JD, Hoffman J, et al. Ankyrin-B 
interactions with spectrin and dynactin-4 are required 
for dystrophin-based protection of skeletal muscle 
from exercise injury. J Biol Chem. 2011;286 
(9):7370–7378.

[23] Ayalon G, Davis JQ, Scotland PB, et al. An 
ankyrin-based mechanism for functional organization 
of dystrophin and dystroglycan. Cell. 2008;135 
(7):1189–1200.

[24] Kordeli E, Ludosky MA, Deprette C, et al. AnkyrinG is 
associated with the postsynaptic membrane and the 
sarcoplasmic reticulum in the skeletal muscle fiber. 
J Cell Sci. 1998;111(Pt 15):2197–2207.

[25] Mohler PJ, Bennett V. Ankyrin-based cardiac arrhyth
mias: a new class of channelopathies due to loss of cellular 
targeting. Curr Opin Cardiol. 2005;20(3):189–193.

[26] Prieto ML, Wollmuth LP. Gating modes in AMPA 
receptors. J Neurosci. 2010;30(12):4449–4459.

[27] Smith KR, Kopeikina K, Fawcett-Patel J, et al. 
Psychiatric risk factor ANK3/ 
ankyrin-G nanodomains regulate the structure and 
function of glutamatergic synapses. Neuron. 2014;84 
(2):399–415.

[28] Kizhatil K, Baker SA, Arshavsky VY, et al. Ankyrin-G 
promotes cyclic nucleotide-gated channel transport to 
rod photoreceptor sensory cilia. Science. 2009;323 
(5921):1614–1617.

[29] Gaudet R. A primer on ankyrin repeat function in 
TRP channels and beyond. Mol Biosyst. 2008;4 
(5):372–379.

[30] Kanda H, Ling J, Tonomura S, et al. TREK-1 and 
TRAAK are principal K+ channels at the nodes of 
Ranvier for rapid action potential conduction on 
mammalian myelinated afferent nerves. Neuron. 
2019;104(5):960–971.e7.

[31] Brohawn SG, Wang W, Handler A, et al. The mechan
osensitive ion channel TRAAK is localized to the 

226 S. R. STEVENS AND M. N. RASBAND

https://doi.org/10.7554/eLife.66491
https://doi.org/10.3389/fphys.2013.00312


mammalian node of Ranvier. Elife. 2019;8. 
doi:10.7554/eLife.50403

[32] Skogestad J, Aronsen JM, Tovsrud N, et al. Coupling 
of the Na+/K+-ATPase to Ankyrin B controls Na 
+/Ca2+ exchanger activity in cardiomyocytes. 
Cardiovasc Res. 2020;116(1):78–90.

[33] Camors E, Mohler PJ, Bers DM, et al. Ankyrin-B 
reduction enhances Ca spark-mediated SR Ca release 
promoting cardiac myocyte arrhythmic activity. J Mol 
Cell Cardiol. 2012;52(6):1240–1248.

[34] Kobayashi S, Morgans CW, Casey JR, et al. AE3 
anion exchanger isoforms in the vertebrate retina: 
developmental regulation and differential expression 
in neurons and glia. J Neurosci. 1994;14 
(10):6266–6279.

[35] Morgans CW, Kopito RR. Association of the brain 
anion exchanger, AE3, with the repeat domain of 
ankyrin. J Cell Sci. 1993;105(Pt 4):1137–1142.

[36] Genetet S, Ripoche P, Le Van Kim C, et al. Evidence of 
a structural and functional ammonium transporter 
RhBG·anion exchanger 1·ankyrin-G complex in kid
ney epithelial cells. J Biol Chem. 2015;290 
(11):6925–6936.

[37] Bourguignon LY, Chu A, Jin H, et al. Ryanodine 
receptor-ankyrin interaction regulates internal Ca2+ 
release in mouse T-lymphoma cells. J Biol Chem. 
1995;270(30):17917–17922.

[38] Mohler PJ, Davis JQ, Davis LH, et al. Inositol 1,4,5-tri
sphosphate receptor localization and stability in neo
natal cardiomyocytes requires interaction with 
Ankyrin-B*. J Biol Chem. 2004;279(13):12980–12987.

[39] Klemens CA, Edinger RS, Kightlinger L, et al. Ankyrin 
G expression regulates apical delivery of the Epithelial 
Sodium Channel (ENaC). J Biol Chem. 2017;292 
(1):375–385.

[40] Kizhatil K, Sandhu NK, Peachey NS, et al. Ankyrin-B 
is required for coordinated expression of 
beta-2-spectrin, the Na/K-ATPase and the Na/Ca 
exchanger in the inner segment of rod 
photoreceptors. Exp Eye Res. 2009;88(1):57–64.

[41] Yang H-Q, Pérez-Hernández M, Sanchez-Alonso J, 
et al. Ankyrin-G mediates targeting of both Na+ and 
KATP channels to the rat cardiac intercalated disc. 
Elife. 2020;9. doi:10.7554/eLife.52373

[42] Smith KR, Penzes P. Ankyrins: roles in synaptic biol
ogy and pathology. Mol Cell Neurosci. 
2018;91:131–139.

[43] Chater TE, Goda Y. The role of AMPA receptors in 
postsynaptic mechanisms of synaptic plasticity. Front 
Cell Neurosci. 2014;8:401.

[44] Joho RH, Hurlock EC. The role of Kv3-type potassium 
channels in cerebellar physiology and behavior. 
Cerebellum. 2009;8(3):323–333.

[45] Kline CF, Scott J, Curran J, et al. Ankyrin-B regulates 
Cav2.1 and Cav2.2 channel expression and targeting. 
J Biol Chem. 2014;289(8):5285–5295.

[46] Yang R, Walder-Christensen KK, Kim N, et al. ANK2 
autism mutation targeting giant ankyrin-B promotes 
axon branching and ectopic connectivity. Proc Natl 
Acad Sci U S A. 2019;116(30):15262–15271.

[47] Huang CY-M, Rasband MN. Axon initial segments: 
structure, function, and disease. Ann N Y Acad Sci. 
2018;1420(1):46–61.

[48] Kole MHP, Ilschner SU, Kampa BM, et al. Action 
potential generation requires a high sodium channel 
density in the axon initial segment. Nat Neurosci. 
2008;11(2):178–186.

[49] Jenkins SM, Bennett V. Ankyrin-G coordinates assem
bly of the spectrin-based membrane skeleton, 
voltage-gated sodium channels, and L1 CAMs at 
Purkinje neuron initial segments. J Cell Biol. 
2001;155(5):739–746.

[50] Zhou D, Lambert S, Malen PL, et al. AnkyrinG is 
required for clustering of voltage-gated Na channels 
at axon initial segments and for normal action poten
tial firing. J Cell Biol. 1998;143(5):1295–1304.

[51] Poliak S, Peles E. The local differentiation of myeli
nated axons at nodes of Ranvier. Nat Rev Neurosci. 
2003;4(12):968–980.

[52] Rios JC, Rubin M, Martin MS, et al. Paranodal inter
actions regulate expression of sodium channel sub
types and provide a diffusion barrier for the node of 
Ranvier. J Neurosci. 2003;23(18):7001–7011.

[53] Duflocq A, Le Bras B, Bullier E, et al. Nav1.1 is pre
dominantly expressed in nodes of Ranvier and axon 
initial segments. Mol Cell Neurosci. 2008;39 
(2):180–192.

[54] Boiko T, Van Wart A, Caldwell JH, et al. Functional 
specialization of the axon initial segment by 
isoform-specific sodium channel targeting. 
J Neurosci. 2003;23(6):2306–2313.

[55] Garrido JJ, Giraud P, Carlier E, et al. A targeting 
motif involved in sodium channel clustering at the 
axonal initial segment. Science. 2003;300(5628): 
2091–2094.

[56] Lemaillet G, Walker B, Lambert S. Identification of 
a conserved ankyrin-binding motif in the family of 
sodium channel alpha subunits. J Biol Chem. 
2003;278(30):27333–27339.

[57] Gasser A, Ho TS-Y, Cheng X, et al. An 
ankyrinG-binding motif is necessary and sufficient 
for targeting Nav1.6 sodium channels to axon initial 
segments and nodes of Ranvier. J Neurosci. 2012;32 
(21):7232–7243.

[58] Battefeld A, Tran BT, Gavrilis J, et al. Heteromeric 
Kv7.2/7.3 channels differentially regulate action poten
tial initiation and conduction in neocortical myeli
nated axons. J Neurosci. 2014;34(10):3719–3732.

[59] Xu M, Cooper EC. An ankyrin-G N-terminal gate 
and protein kinase CK2 dually regulate binding of 
voltage-gated sodium and KCNQ2/3 potassium 
channels. J Biol Chem. 2015;290(27):16619–16632.

CHANNELS 227

https://doi.org/10.7554/eLife.50403
https://doi.org/10.7554/eLife.52373


[60] Bréchet A, Fache MP, Brachet A, et al. Protein kinase 
CK2 contributes to the organization of sodium chan
nels in axonal membranes by regulating their interac
tions with ankyrin G. J Cell Biol. 2008;183 
(6):1101–1114.

[61] Devaux J, Alcaraz G, Grinspan J, et al. Kv3.1b is 
a novel component of CNS nodes. J Neurosci. 
2003;23(11):4509–4518.

[62] Xu M, Cao R, Xiao R, et al. The axon-dendrite target
ing of Kv3 (Shaw) channels is determined by 
a targeting motif that associates with the T1 domain 
and ankyrin G. J Neurosci. 2007;27(51):14158–14170.

[63] Ogawa Y, Horresh I, Trimmer JS, et al. Postsynaptic 
density-93 clusters Kv1 channels at axon initial seg
ments independently of Caspr2. J Neurosci. 2008;28 
(22):5731–5739.

[64] Saha R, Knapp S, Chakraborty D, et al. GABAergic 
synapses at the axon initial segment of basolateral 
amygdala projection neurons modulate fear 
extinction. Neuropsychopharmacology. 2017;42 
(2):473–484.

[65] Christie SB, De Blas AL. GABAergic and glutamatergic 
axons innervate the axon initial segment and organize 
GABA(A) receptor clusters of cultured hippocampal 
pyramidal cells. J Comp Neurol. 2003;456(4):361–374.

[66] Li L, Xiong W-C, Mei L. Neuromuscular junction 
formation, aging, and disorders. Annu Rev Physiol. 
2018;80(1):159–188.

[67] Burns ME, Arshavsky VY. Beyond counting photons: 
trials and trends in vertebrate visual transduction. 
Neuron. 2005;48(3):387–401.

[68] Bennett V, Stenbuck PJ. Identification and partial pur
ification of ankyrin, the high affinity membrane 
attachment site for human erythrocyte spectrin. 
J Biol Chem. 1979;254(7):2533–2541.

[69] Nicolas V, Le Van Kim C, Gane P, et al. Rh-RhAG 
/ankyrin-R, a new interaction site between the mem
brane bilayer and the red cell skeleton, is impaired by 
Rh(null)-associated mutation. J Biol Chem. 2003;278 
(28):25526–25533.

[70] Bennett V, Baines AJ. Spectrin and ankyrin-based 
pathways: metazoan inventions for integrating cells 
into tissues. Physiol Rev. 2001;81(3):1353–1392.

[71] Bennett V, Stenbuck PJ. The membrane attachment 
protein for spectrin is associated with band 3 in 
human erythrocyte membranes. Nature. 1979;280 
(5722):468–473.

[72] Lambert S, Bennett V. Postmitotic expression of 
ankyrinR and beta R-spectrin in discrete neuronal 
populations of the rat brain. J Neurosci. 1993;13 
(9):3725–3735.

[73] Eber S, Lux SE. Hereditary spherocytosis–defects 
in proteins that connect the membrane skeleton to 
the lipid bilayer. Semin Hematol. 2004;41 
(2):118–141.

[74] Hsu K. Exploring the potential roles of band 3 and 
aquaporin-1 in blood CO2 transport-inspired by 

comparative studies of glycophorin B-A-B Hybrid 
Protein GP.Mur. Front Physiol. 2018;9:733.

[75] Grey JL, Kodippili GC, Simon K, et al. Identification of 
contact sites between ankyrin and band 3 in the 
human erythrocyte membrane. Biochemistry. 2012;51 
(34):6838–6846.

[76] Chang SH, Low PS. Identification of a critical 
ankyrin-binding loop on the cytoplasmic domain of 
erythrocyte membrane band 3 by crystal structure 
analysis and site-directed mutagenesis. J Biol Chem. 
2003;278(9):6879–6884.

[77] Van Kim CL, Colin Y, Cartron J-P. Rh proteins: key 
structural and functional components of the red cell 
membrane. Blood Rev. 2006;20(2):93–110.

[78] Stankewich MC, Moeckel GW, Ji L, et al. Isoforms of 
spectrin and ankyrin reflect the functional topography 
of the mouse kidney. PLoS One. 2016;11(1):e0142687.

[79] Sohet F, Colin Y, Genetet S, et al. Phosphorylation and 
ankyrin-G binding of the C-terminal domain regulate 
targeting and function of the ammonium transporter 
RhBG. J Biol Chem. 2008;283(39):26557–26567.

[80] Lopez C, Métral S, Eladari D, et al. The ammonium 
transporter RhBG: requirement of a tyrosine-based 
signal and ankyrin-G for basolateral targeting and 
membrane Anchorage in polarized kidney epithelial 
cells. J Biol Chem. 2005;280(9):8221–8228.

[81] Su Y, Al-Lamki RS, Blake-Palmer KG, et al. Physical 
and functional links between anion exchanger-1 and 
sodium pump. J Am Soc Nephrol. 2015;26(2):400–409.

[82] Thevananther S, Kolli AH, Devarajan P. Identification 
of a novel ankyrin isoform (AnkG190) in kidney and 
lung that associates with the plasma membrane and 
binds α-Na,K-ATPase*. J Biol Chem. 1998;273 
(37):23952–23958.

[83] Smith PR, Saccomani G, Joe EH, et al. Amiloride- 
sensitive sodium channel is linked to the cytoskeleton 
in renal epithelial cells. Proc Natl Acad Sci U S A. 
1991;88(16):6971–6975.

[84] Berman JM, Mironova E, Stockand J, et al. CK2 phos
phorylation of ENaC directs ankyrin-3 activity. FASEB 
J. 2019;33(S1). DOI:10.1096/fasebj.2019.33.1_supple
ment.lb531

[85] Kizhatil K, Bennett V. Lateral membrane biogenesis in 
human bronchial epithelial cells requires 190-kDa 
Ankyrin-G. J Biol Chem. 2004;279(16):16706–16714.

[86] Cunha SR, Mohler PJ. Ankyrin-based cellular path
ways for cardiac ion channel and transporter targeting 
and regulation. Semin Cell Dev Biol. 2011;22 
(2):166–170.

[87] Vandecaetsbeek I, Raeymaekers L, Wuytack F, et al. 
Factors controlling the activity of the SERCA2a pump 
in the normal and failing heart. Biofactors. 2009;35 
(6):484–499.

[88] Sucharski HC, Dudley EK, Keith CBR, et al. mechan
isms and alterations of cardiac ion channels leading to 
disease: role of Ankyrin-B in cardiac function. 
Biomolecules. 2020;10(2):211.

228 S. R. STEVENS AND M. N. RASBAND

https://doi.org/10.1096/fasebj.2019.33.1_supplement.lb531
https://doi.org/10.1096/fasebj.2019.33.1_supplement.lb531


[89] Bourguignon LY, Jin H. Identification of the 
ankyrin-binding domain of the mouse T-lymphoma 
cell inositol 1,4,5-trisphosphate (IP3) receptor and its 
role in the regulation of IP3-mediated internal Ca2+ 
release. J Biol Chem. 1995;270(13):7257–7260.

[90] Tuvia S, Buhusi M, Davis L, et al. Ankyrin-B is 
required for intracellular sorting of structurally diverse 
Ca2+ homeostasis proteins. J Cell Biol. 1999;147 
(5):995–1008.

[91] Shy D, Gillet L, Abriel H. Cardiac sodium channel 
NaV1.5 distribution in myocytes via interacting pro
teins: the multiple pool model. Biochim Biophys Acta. 
2013;1833(4):886–894.

[92] Li J, Kline CF, Hund TJ, et al. Ankyrin-B regulates 
Kir6.2 membrane expression and function in heart. 
J Biol Chem. 2010;285(37):28723–28730.

[93] Mohler PJ, Tuvia S, Buhusi M, et al. Na v 1.5 E1053K 
mutation causing Brugada syndrome blocks binding to 
ankyrin-G and expression of Na v 1.5 on the surface of 
cardiomyocytes. Proc Natl Acad Sci U S A. 2004;101 
(50):17533–17538.

[94] Liu C-H, Seo R, Ho TS-Y, et al. β spectrin-dependent 
and domain specific mechanisms for Na+ channel 
clustering. Elife. 2020;9. doi:10.7554/eLife.56629

[95] Wood SJ, Slater CR. β-spectrin is colocalized with both 
voltage-gated sodium channels and AnkyrinG at the 
adult rat neuromuscular junction. J Cell Biol. 1998;140 
(3):675–684.

[96] Lorincz A, Nusser Z. Cell-type-dependent molecular 
composition of the axon initial segment. J Neurosci. 
2008;28(53):14329–14340.

[97] Moldovan M, Rosberg MR, Alvarez S, et al. Aging- 
associated changes in motor axon voltage-gated Na(+) 
channel function in mice. Neurobiol Aging. 
2016;39:128–139.

[98] Bennett V. The molecular basis for membrane - cytos
keleton association in human erythrocytes. J Cell 
Biochem. 1982;18(1):49–65.

[99] Michaely P, Bennett V. Mechanism for binding site 
diversity on ankyrin: COMPARISON OF BINDING 
SITES ON ANKYRIN FOR NEUROFASCIN AND 
THE Cl−/HCO3− ANION EXCHANGER (*). J Biol 
Chem. 1995;270(52):31298–31302.

[100] Nicolas V, Mouro-Chanteloup I, Lopez C, et al. 
Functional interaction between Rh proteins and the 
spectrin-based skeleton in erythroid and epithelial 
cells. Transfus Clin Biol. 2006;13(1–2):23–28.

[101] Chu L, Greenstein JL, Winslow RL. Na+ microdo
mains and Sparks: role in cardiac 
excitation-contraction coupling and arrhythmias in 
ankyrin-B deficiency. J Mol Cell Cardiol. 
2019;128:145–157.

[102] Wolf RM, Glynn P, Hashemi S, et al. Atrial fibrillation 
and sinus node dysfunction in human 
ankyrin-B syndrome: a computational analysis. Am 
J Physiol Heart Circ Physiol. 2013;304(9):H1253–66.

[103] Curran J, Mohler PJ. Coordinating electrical activity of 
the heart: ankyrin polypeptides in human cardiac 
disease. Expert Opin Ther Targets. 2011;15 
(7):789–801.

[104] Lowe JS, Palygin O, Bhasin N, et al. Voltage-gated Nav 
channel targeting in the heart requires an 
ankyrin-G dependent cellular pathway. J Cell Biol. 
2008;180(1):173–186.

[105] Nelson WJ, Hammerton RW. A membrane-cytoskeletal 
complex containing Na+,K+-ATPase, ankyrin, and 
fodrin in Madin-Darby canine kidney (MDCK) cells: 
implications for the biogenesis of epithelial cell polarity. 
J Cell Biol. 1989;108(3):893–902.

[106] Created with Biorender.com. (2022).

CHANNELS 229

https://doi.org/10.7554/eLife.56629

	Abstract
	Introduction
	Ankyrins and channels in the nervous system
	Neurons: Somatodendritic Domain
	Neurons: Axon Initial Segment and Nodes of Ranvier
	Neuromuscular Junction
	Retina: Rod Photoreceptors


	Ankyrins and channels in the periphery
	Erythrocytes
	Epithelial Cells
	Cardiomyocytes

	Conclusions
	Disclosure statement
	Funding
	References

