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Ion channels remain fascinating molecular machines impli-
cated in virtually every cellular function. Their activity can be
studied in deep detail using biophysical techniques down to the
single-molecule level. However, as large hydrophobic proteins
embedded in a lipidic environment, their structure has tradi-
tionally been very difficult to study. Cryo-EM approaches have
boosted our knowledge in the last few years, expanding the col-
lection of resolved structures almost on a weekly basis. Yet,
there are still open questions regarding the structure-function
of the channels that are now starting to find answers.

Ion channels react rapidly to a wide range of stimuli, open-
ing a pathway for the flow of ions across the membrane. The
coupling of the stimulus to the opening of the gate can be stud-
ied in ligand-gated channels by comparing the structures of the
ligand-bound and unbound channels. Still, such a comparison
is more difficult to achieve when the channel responds to phys-
ical rather than chemical stimuli, as is the case of voltage-gated
channels. The molecular principles of voltage-dependent gat-
ing of ion channels have been known for four decades. The
mechanism consists, in essence, of the movement of some parts
of the protein (the voltage-sensing domains) relative to oth-
ers. The displacement results in a conformational change that
produces the opening of the gate, but the intimate molecular
mechanisms linking both events remain only partly known in
many cases. Although the problem might appear like an aca-
demic discussion for experts at first glance, it has many prac-
tical implications. On the one hand—mainly in nonexcitable
cells—it is often the movement of the voltage sensor, and not
the flow of ions through the channel that determines the cells
biological functions. The interaction of Kv11.1 (HERG) with β-
integrin is a prominent example of this situation1 that offers
an opportunity to target tumor cells without altering cardiac
function, which is the risk associated with HERG inhibition. On
the other hand, the high degree of similarity between channels
hinders the structure-based design of novel specific chemical
modulators that can be used in therapy. Still, structurally close
channels often have very different gating properties. If the
parts of the molecule and the intramolecular arrangements

determining such differences are elucidated, it should be possi-
ble to reach specificity by targeting those regions. The structures
of ion channels were typically resolved in crystals, micelles,
or lipid nanodiscs, where no membrane potential was present.
Therefore, the voltage sensor can be assumed to be in the con-
formation corresponding to a 0 mV membrane potential, which
is open in most cases. To be able to compare the open and closed
conformations and then model the transition between the two
structures by, for example, molecular dynamics simulations, the
conformation of the channel under a negative membrane poten-
tial needed to be resolved. The closed conformation was mim-
icked by mutagenesis (generating “always closed” variants),2

by chemical modifications such as metal cross-linking of engi-
neered cysteines,3 and other approaches. However, the genuine
voltage-dependent resting state under hyperpolarized potential
had not been achieved. Recent work4 has finally overcome such
limitations by reconstituting Kv10.1 voltage-gated channels in
lipid vesicles. A voltage gradient was created by establishing a
gradient of potassium concentration and a selective permeabil-
ity for the ion much in the way nature does in cells. The vesi-
cles were produced in a solution rich in potassium and then
immersed in a buffer with low potassium in the presence of vali-
nomycin. The flow of potassium along its concentration gradi-
ent generates a potential across the membrane of the vesicle in
the range of -145 mV. Under such conditions, the voltage sensor
will be in the deactivated conformation. A comparison between
this structure and those obtained at 0 mV gives an idea of the
displacement of the voltage sensor domains.

Although there is still room for improvement because the
structure resolved is not that of the permeating channel but of
a complex with calmodulin, which acts as a channel inhibitor,
this kind of experiment will not only advance our understand-
ing of the intramolecular interactions during voltage-dependent
gating. They also provide information on the rearrangements
of the membrane lipids induced by the displacement of the
voltage-sensing domain, which are important modulators of
channel function, and on the changes of interactions with
partner proteins. The functional channels are integrated into
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larger supramolecular complexes composed of different pro-
teins, often containing more than one channel type. Because
the function of the channels can be measured very accurately,
they are a proxy for studying the operation of the whole com-
plex. Refinement of the cryo-EM technology itself and the use of
elegant reconstitution approaches has allowed resolving struc-
tures of such large supramolecular complexes of channels and
accessory/modulatory proteins (eg5–8). The channelosome is at
the end of the day, the structure in charge of the physiol-
ogy.9 For example, patients suffering from Duchenne muscu-
lar dystrophia often present abnormal cardiac function that can
have fatal consequences. In animal models of the disease, ion
channel expression and function are abnormal, although the
channels are not directly affected by the mutations responsible
for the condition. Restoring the so-called dystrophin-associated
protein complex by transfection of a scaffolding protein into
iPSC cardiomyocytes from affected individuals is able to revert
the pathological action potential and correct the arrhythmic
phenotype. These results highlight the importance of the correct
composition and spatiotemporal distribution of the complexes
and not only of the ion channels.10

In summary, the ion channel field is living a rebirth driven by
structural information progressively closer to the native confor-
mation of the complexes where channels operate. Together with
rapidly advancing molecular dynamics simulations, improve-
ments in biophysical techniques, and sophisticated models, our
understanding of integrative ion channel physiology will cer-
tainly flourish in the coming years.
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