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Protonation underlies tonic vs.
use-dependent block
Vincenzo Carnevalea,1

Eukaryotic voltage gated sodium-selective channels
(VGSCs) enable influx of Na+ into excitable cells in
response to a change in the transmembrane potential.
This movement of ions causes the membrane depo-
larization occurring during the rising phase of the ac-
tion potential and, as such, underlies propagation of
electrical signals in neurons. The transmembrane re-
gion of VGSCs is characterized by a fourfold pseudo-
symmetrical architecture. In particular, the channel is
constituted of four homologous repeats (referred to as
domains, DI through DIV), each comprising six helical
segments (S1 through S6). The first four helices (S1–S4)
of each domain assemble into a separate helix bundle,
the so-called voltage sensor domain, which undergoes
a conformational transition in response to membrane
depolarization. The remaining S5 and S6 helices from
all of the domains form a tetrameric assembly, the pore
domain, containing a lumen in its center. The latter con-
stitutes a pathway connecting the extracellular and in-
tracellular compartments, enabling diffusion of water
molecules and ions across the membrane. Crucial mile-
stones along this pathway are the selectivity filter, a
section permeable to Na+ but not K+, and the activation
gate, a hydrophobic plug that hinders the passage of
waters and ions when the channel is in the closed state.

The major features of this biological nanomachine
are remarkably conserved along evolution: Voltage-
gated ion channels from all kingdoms of life share a
common “blueprint” with the same architecture and
basic rules of functioning. In particular, VGSCs are
members of a large phylogenetic family, the six-
transmembrane family, also containing VGSCs from
bacteria. Despite the large degree of sequence simi-
larity, the structure of prokaryotic VGSCs is less com-
plex than that of eukaryotic ones. While the latter are
constituted of a single polypeptide chain containing
four homologous repeats, the former are genuine
homotetramers. Moreover, prokaryotic VGSCs lack
almost completely the large intracellular and extra-
cellular domains characterizing eukaryotic VGSCs. In
other words, bacteria possess a minimalist version of
VGSCs. This inherent simplicity enabled a wealth of

structural and functional studies that resulted in a de-
tailed microscopic picture of the VGSC activation
mechanism (1–3).

Understanding the molecular details of VGSCs
sheds light not only on fundamental aspects of
electrical signaling but also on the causes of many
diseases associated with disorders of excitable cell
function. VGSC malfunctioning is involved, for in-
stance, in cardiac arrhythmias, epilepsy, and pain
syndromes (4–7). Accordingly, small-molecule modu-
lation of VGSCs is one of the major therapeutic strat-
egies to treat these diseases. Often, however, the
safety, and thus the viability, of these drugs is limited
by their lack of selectivity. The human genome con-
tains nine VGSC genes with distinct expression pro-
files between the heart, central nervous system, and
peripheral nervous system. Simultaneous inhibition of
several VGSC subtypes, as in the case of local anes-
thetics, increases the risk of life-threatening side ef-
fects, and thus severely limits the possible routes of
administration. Developing selective inhibitors is thus
a necessary strategy to discover effective yet safe
drugs. However, success in this endeavor is still epi-
sodic and has not yet resulted in approved drugs (8–
10). Part of the problem is the lack of a detailed un-
derstanding of VGSC inhibitor mechanism of action.

Since the first pioneering studies, VGSC inhibition
appeared as a complex process with several puzzling
aspects. For instance, VGSCs are inhibited in two
distinct ways: through a “tonic” block, in which the
drug binds to the closed channel, and through a
“use-dependent” block, which requires prior opening
of the channel (11, 12). Intriguingly, these modes of
action entail the existence of distinct drug-binding
pathways: While the drug molecule binds the channel
pore in both cases, the route to access cannot be the
same in the closed and open states (13). The drug
crosses the open activation gate in use-dependent
inhibition, while it follows an alternative hydrophobic
pathway in tonic block. Several simulation studies
have shown that the so-called fenestrations, cavities
connecting the pore to the hydrophobic section of the
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lipid bilayer, provide a viable route for the drug to reach the binding
site (14–16). However, no microscopic picture was available to ra-
tionalize the difference between tonic and use-dependent block. In
particular, the observation that mutation of specific amino acids can
significantly affect use-dependent block without appreciably affect-
ing tonic block suggests that different interactions are established
between the drug and the channel in the two modes of action.

In PNAS, Buyan et al. (17) provide a rigorous and systematic
exploration of the binding of six molecules known to act as sodium
channel pore blockers. The authors use molecular dynamics simula-
tions in connection with an enhanced sampling technique to exhaus-
tively explore the conformational space of the drug molecule. The
resulting equilibrium probability density functions provide informa-
tion about the precise location and relative affinity of each binding
site. Three of the six molecules (benzocaine, lamotrigine, and carba-
mazepine) are electrically neutral, while the other three (PF-5215786,
PF-6305591, and lidocaine) exist in two forms at pH 7.0: neutral and
positively charged. It is found that both charged and neutral forms
partition into the bilayer even though neutral molecules show a
smaller free energy barrier to cross the membrane. Importantly, it
is shown that there are two possible binding sites: While neutral
molecules bind to an already known site on S6, charged inhibitors
bind to a so far unreported binding site, with the positively charged
group in direct contact with the selectivity filter (Fig. 1).

Buyan et al. (17) show that the results are robust with respect to
the choice of the molecule (they consider three perpetually
neutral and three titrable molecules) and are consistent for
two VGSCs: one prokaryotic (NavMs) and the other eukaryotic
(NavPas). Importantly, the novel binding site can explain the
halogen electronic density measured by Bagnéris et al. (18) by

cocrystallizing NavMs with PF-5215786. A crucial aspect of these
results is that they provide a viable model for inhibition of
Na+ conduction. Indeed, the authors show that the positively
charged groups of the drug molecules compete with Na+ ions
for the binding site in the selectivity filter. As such, the drug
molecule constitutes an obstruction along the permeation path-
way, which hinders diffusion of ions. The most interesting obser-
vation, however, concerns the different pattern of interactions
between the drug and the channel observed for the two binding
sites, which can help to rationalize the difference between tonic
and use-dependent blockers.

Overall, the results by Buyan et al. (17) provide accurate predic-
tions about the binding mode of pore blockers and, for the first
time, mechanistic insight about the differences between tonic and
use-dependent blockers. Taken together, these predictions will
help to design novel pore binders and to predict their behavior in
future experiments. Importantly, in providing solid ground to pro-
ceed in the investigation of VGSC mechanism of inhibition, this
study will necessarily prompt further investigations. For instance,
the work by Buyan et al. (17) does not consider the issue of state-
dependent affinities, whereby the drugmolecules bind selectively a
conformational state of the channel. While most of the pore block-
ers bind the inactivated state strongly, the authors used an open
state in their simulations. Future studies will, no doubt, fill this gap
and bring us even closer to a quantitativemodel of VGSC inhibition.
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