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In our recent publication, we describe
the local anesthetic (LA) inhibition
of the prokaryotic voltage gated sodium
channel NaChBac. Despite the numer-
ous functional and putative structural
differences with the mammalian sodium
channels, the data show that LA com-
pounds effectively and reversibly inhibit
NaChBac channels in a concentration
range similar to resting blockade on
eukaryotic Navs. In addition to cur-
rent reduction, LA application acceler-
ated channel inactivation kinetics of
NaChBac which could be accounted for
in a simple state-model whereby local
anesthetics increase the probability of
entering the inactivated state. We have
further explored what state (or states)
local anesthetic blockade of NaChBac
could pertain to eukaryotic sodium
channels, and what molecular similari-
ties exist between these disparate chan-
nel families. Here we show that the rate
of recovery from inactivation remains
unaffected in the presence of local anes-
thetics. Further, we show that two sites
that support use-dependent inhibition
in eukaryotic channels, do not affect
block to the same extent when mutated
in NaChBac channels. The data indicate
that the molecular determinants and
the inherent mechanisms for LA block
are likely to be divergent between bac-
terial and eukaryotic Navs, but future
experiments will help define possible
similarities.

Introduction

Voltage-gated sodium channels are key
regulators of electrical signaling in the
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cells of nerve and muscle excitable cells.!
These channels display sub-millisecond
activation kinetics, and the resultant rapid
influx of sodium ions drives the initiation
of the action potential making them key
players in maintaining electrical excitabil-
ity and stability in the cells of cardiac and
neuronal tissues. Seemingly modest alter-
nations in Nav channel gating parameters
can result in a myriad of pathological con-
ditions including lethal cardiac arrhyth-
mia, severe epilepsy and debilitating pain
syndromes, conditions which can be
effectively managed by therapeutics that
inhibit sodium ion conductance.?¢

The prokaryotic family of voltage-
gated sodium  channels, including
NaChBac from Bacillus halodurans, are
homotetramers with modest sodium ion
selectivity and voltage-dependent gat-
ing”? Recent crystallographic break-
throughs with the bacterial Nav homologs
NavAb and NavRh have begun to shed
light on the details of sodium ion selec-
tivity and to capture conformations which
may represent functional gating states of
the channel.'? The molecular determi-
nants of NaChBac inactivation remain
undescribed but could involve confor-
mational changes in the selectivity filter,
akin to slow inactivation in potassium
channels,” or could be due to re-closure
or “slippage” of the S6 activation gate."
In terms of pharmacology, these struc-
tures depict a large cytoplasmic cavity that
could accommodate a large blocker such
as a local anesthetic molecule, but one of
the most intriguing aspects of these new
structures is the presence of fenestrations
that could, in theory, allow direct access
of drugs to the inner vestibule from the
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Figure 1. The rate of recovery from inactivation is unaffected by lidocaine. Channels were held at holding potential of -120 mV and activated by
750 ms of depolarizing pulses to -20 mV every 20 sec. (A) A representative family of current traces of WT NaChBac, showing the step-wise recovery
from inactivation. Scale bar represents 1 sec and 2 nA. (B) Normalized peak currents are plotted as a function of recovery time interval. The rate of
recovery from inactivation is significantly increased in the presence of 1 mM benzocaine, where asterisks indicate (p < 0.05).

membrane. While such portals can be
found in the potassium channel structures
of KesAP and K2P,'*" their presence here
could provide a molecular explanation
for putative “hydrophobic pathways” that
could allow for closed-state blockade of
eukaryotic channels.'” In our recent pub-
lication, we reported that the eukaryotic
sodium channel blockers benzocaine,
lidocaine and ranolazine inhibit NaChBac
current with an affinity comparable to
the resting block of the mammalian
channels.”” Sidedness of blockade by the
impermeant blocker QX-314 suggested
the receptor for the charged form of the
blockers was cytoplasmic. Further, a novel
mutation, T220A, in the pore-lining S6
segment, was shown to abolish channel
inactivation and was employed to reveal
that blocking kinetics were fast or reached
equilibrium in the closed state, produc-
ing an instantaneous reduction in current
upon channel opening. We also observed
a concentration-dependent increase in the
rate of inactivation in WT channels upon
drug exposure, which may be explained
by a simple kinetic scheme whereby the
drug binding promotes entry into the
inactivated state. We now show that the
rate of recovery from inactivation in the
presence of lidocaine was not affected
(Fig. 1). This observation is in contrast
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to the significant stabilization of the fast-
inactivated state which can manifest as a
slowing of recovery from fast inactivation
seen in eukaryotic Navs in the presence of
local anesthetic compounds.?® Thus, it is
likely that NaChBac adopts an alternative
blocking mode, or mechanism, compared
with eukaryotic Nav channels which
could underlie differences in drug effects
on inactivation properties.

The Putative LA-Binding Sites
Are Not Conserved in NaChBac

Do bacterial channels provide a long-
sought solution for structure-based drug
design in sodium channels? Resting
blockade and use-dependent inhibition
of eukaryotic sodium channels each
rely on distinct molecular interactions
with different amino acids in the local
anesthetic receptor. We aimed to deter-
mine which residues support inhibition
of NaChBac channels, and if these sites
corresponded to those essential for use-
dependent inhibition of eukaryotic chan-
nels. The sequence comparison between
the S6 pore-lining segments of NaChBac
and those from eukaryotic sodium chan-
nels are shown in Figure 2A, illustrat-
ing the partial conservation of residues
implicated in supporting use-dependent
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inhibition in eukaryotic Nav’s. Point
mutations of F1764 and Y1771 in Navl.2,
and the corresponding residues in all
eukaryotic Nav isoforms, ameliorate
use-dependent inhibition by local anes-
thetic, anti-arrhythmic and anti-epileptic
compounds.”?* It is noteworthy that the
aromatic, highlighted by the red box in
Figure 2A, which supports lidocaine use-
dependent block in eukaryotic channels
through a cation-pi interaction,?*
entirely unconserved in bacterial chan-
nels. To gain more information on the
nature of drug block in NaChBac, we
examined lidocaine inhibition in T220A
and F227A mutant channels (Fig. 2A and
B). Surprisingly, alanine mutation of the
two residues T220 and F227 in NaChBac
showed little variation in lidocaine inhibi-
tion IC s, with ~6-fold and ~2-fold loss of
affinity, respectively (Fig. 2C). For com-
parison, the homologous mutations in
Navl.2 nearly abolish or severely impair
use-dependent inhibition for F1764A
or Y1771A, respectively.”’ Attempts to
study the “rescued” pharmacology T220F
channel were not possible as this mutant
displayed a non-expressing phenotype.
Ongoing and future mutagenic studies
will serve to further define the determi-
nants of bacterial sodium channel inhibi-
tion, and if these coordinates are shared
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Figure 2. The canonical local anesthetic-binding sites are not conserved in NaChBac. (A) The sequence alignment of S6 of bacterial and eukaryotic
S6 segments, highlighting two sites implicated in use-dependent inhibition of eukaryotic channels. (B) Top-down view of the highlighted residues
shown on the right. (C) A concentration response curve was generated with the mean of Idrug/Icontrol obtained from the peak currents after expos-
ing cells to 30 M, 100 LM, 300 M, 1 mM and 3 mM (for T220A only) lidocaine. The IC, for lidocaine, according to the concentration response curve,
is ~135 wM for WT(OJ), ~788 M for T220A(2) and ~214 wM for F227A (O). Representative current traces are obtained after depolarization from the
holding potential -120 to -20 mV in the presence of various lidocaine concentrations, peak current sizes were reduced upon application of increasing

with sites previously identified to support
resting block of eukaryotic channels.

Materials and Methods

The wild-type and mutant NaChBac
channels were transiently expressed via
calcium phosphate transfection in HEK-
293 cells for patch clamp recordings. The
patch pipette contained (in mmol/L): 60
CsClz, 13 NaCl, 80 K-L-Aspartic Acid,
11 EGTA, 1 MgCl,, 1 CaCl,, 10 HEPES
(pH 7.2), the bath contained (in mmol/L)
150 NaCl, 2 KCl, 1.5 CaCl,, 1 MgCl, and
10 HEPES (pH 7.4). Electrode resistance
was in the range of 1.0-1.5 M() voltage
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errors due to series resistance was always
< 3 mV after compensation and liquid
junction potentials were corrected. All
experiments were performed at room
temperature.

Conclusions

In addition to the inhibition of the bac-
terial sodium channel described here,
lidocaine can rapidly and reversibly block
a variety of channels and receptor types,
arp K2P, T-type Ca*', hyper-
polarization activated channels in addition
to nicotinic acetylcholine receptors as well
as eukaryotic sodium channels, suggesting

including K
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that a minimal common molecular archi-
tecture is shared among these channel
types.®? However, the recent appear-
ance of bacterial sodium channel struc-
tures represents a significant step toward
the long-held goal of structure-based drug
design in sodium channels. The pharma-
cological and functional commonalities
shared between bacterial and eukaryotic
channels have been, thus far, limited by
lack of detailed information on bacterial
gating and pharmacological parameters.
In this light, our data on local anesthetic
inhibition of NaChBac has begun to high-
light potential similarities and differences
between these disparate channels.
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