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Potency of drug action is usually determined by binding to a specific
receptor site on target proteins. In contrast to this conventional
paradigm, we show here that potency of local anesthetics (LAs) and
antiarrhythmic drugs (AADs) that block sodium channels is con-
trolled by fenestrations that allow drug access to the receptor site
directly from the membrane phase. Voltage-gated sodium channels
initiate action potentials in nerve and cardiac muscle, where their
hyperactivity causes pain and cardiac arrhythmia, respectively. LAs
and AADs selectively block sodium channels in rapidly firing nerve
and muscle cells to relieve these conditions. The structure of the
ancestral bacterial sodium channel NaVAb, which is also blocked by
LAs and AADs, revealed fenestrations connecting the lipid phase of
the membrane to the central cavity of the pore. We cocrystallized
lidocaine and flecainide with NavAb, which revealed strong drug-
dependent electron density in the central cavity of the pore. Muta-
tion of the contact residue T206 greatly reduced drug potency, confirm-
ing this site as the receptor for LAs and AADs. Strikingly, mutations
of the fenestration cap residue F203 changed fenestration size and
had graded effects on resting-state block by flecainide, lidocaine, and
benzocaine, the potencies of which were altered from 51- to 2.6-fold
in order of their molecular size. These results show that conserved
fenestrations in the pores of sodium channels are crucial pharma-
cologically and determine the level of resting-state block by widely
used drugs. Fine-tuning drug access through fenestrations provides
an unexpected avenue for structure-based design of ion-channel–
blocking drugs.
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Voltage-gated sodium (NaV) channels are responsible for
generation of action potentials in electrically excitable cells (1).

They encode and transmit information in the form of frequency-
modulated electrical signals. These channels are composed of four
identical subunits or four homologous domains (DI–DIV), each
containing six transmembrane segments (S1–S6) (2, 3). The first
four segments (S1–S4) constitute the voltage-sensing module, which
detects changes in membrane potential and transduces them to the
pore (2, 3). The S5 and S6 segments and the P-loop between them
form the pore, which is opened by an iris-like motion of the acti-
vation gate at the intracellular ends of the S6 segments (2, 3).
Inherited or acquired dysfunction of NaV channels causes chronic

pain, cardiac arrhythmia, periodic paralysis, and epilepsy (4–7).
Local anesthetics (LAs) and antiarrhythmic drugs (AADs) are
used to prevent excessive electrical signaling by blocking NaV
channels during therapy of pain and cardiac arrhythmia (8, 9).
Both types of drugs are thought to bind to a receptor site in the
central cavity in the pore (1, 10–14). The complex therapeutic
actions of these drugs derive from three interacting processes:
slow resting-state block, rapid open-state block, and high-affinity
inactivated-state block (15, 16). This state-dependent mode of
block is crucial for clinical use of these drugs, as it allows them to
selectively prevent generation of high-frequency action potentials
characteristic of intense pain and cardiac arrhythmia, while having
less effect on normal electrical signaling (8, 16). The Modulated

Receptor Hypothesis posits that resting-state block is mediated
by drug entry from the lipid phase of the membrane into the drug
receptor site in the pore, and rapid open-state block occurs as the
drug enters the open pore from the cytoplasm (15). Both of these
forms of block are enhanced when the channel enters the inac-
tivated state, which has high affinity for bound drug (15). It is
well-established that LAs and AADs can reach their binding site
from the intracellular side if the activation gate is open, which
gives open-state block, and that inactivation increases the affinity
for drug binding (15, 16). On the other hand, the hypothesis that
direct access from the membrane phase causes resting-state block
has lacked experimental support.
Ancestral bacterial sodium channels are blocked by LAs and

AADs (17–20), and the structure of the bacterial sodium channel
NaVAb revealed fenestrations connecting the lipid phase of the
membrane to the central cavity of the pore (21, 22), which are
conserved in eukaryotic NaV channels (23, 24) and are observed
in potassium channels (25). The discovery of fenestrations in
NaVAb led to the hypothesis that they provide an access pathway
for resting-state block (21, 23, 24). We have tested this hypoth-
esis by defining the receptor site for LAs and AADs through X-
ray crystallography, resetting the size of the fenestrations in NaVAb
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through introduction of site-directed mutations, and analyzing the
resulting effects on the potency for resting-state block by LAs and
AADs of different molecular size by electrophysiology. We use

the term “potency” to describe drug block quantitatively, rather
than “affinity,” because our results show that both drug access and
drug-binding affinity contribute substantially to the concentration-
dependent drug block that we measure.

Results
The Receptor Site for Lidocaine and Flecainide in NaVAb. We solved
crystal structures of NavAb in complex with the LA/AAD lidocaine
(Fig. 1 A–C and SI Appendix, Table S1) and the AAD flecainide
(Fig. 2 A and B and SI Appendix, Table S1), two of the most widely
prescribed NaV channel-blocking drugs. Complexes were prepared
by mixing the drugs with purified NaVAb protein before incorpo-
ration into bicelles, and cocrystals were formed in hanging drops as
previously described for NaVAb alone (21). Structures determined
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Fig. 1. Binding site for lidocaine on NaVAb. (A) LA/AADs used in this study:
benzocaine, lidocaine, and flecainide. (B) The structure of NaVAb/I217C/Δ40 is
shown in cartoon format. Residues homologous to those shown to be involved in
LA/AAD binding are highlighted in magenta, and channel regions are labeled as
VSD (voltage sensor), SF (selectivity filter), CC (central cavity), AG (activation gate),
and FEN (fenestration). (C, Left) The structure of NaVAb/I217C/Δ40 when solved
without any drugs in solution. The protein model is shown in cartoon format
with the LA/AAD-binding site highlighted in magenta and sidechains of key
residues (T206, V213) shown in stick format. Fo-Fc electron density contoured at
3σ is shown as green mesh, as calculated from data deposited as Protein Data
Bank ID code 5vb8. (C, Right) The structure of NaVAb/I217C/Δ40 when solved
with lidocaine in solution. The protein and electron density are displayed as on
the Left. Lidocaine wasmanually placed into this model. (D) Effect of mutation of
T206 on resting-state block of NaVAb by lidocaine. The peak current recorded
during the first pulse after 2 min of drug perfusion was taken as a measure of
drug inhibition of the resting state. (Left) Concentration-response curves for li-
docaine inhibition of NavAb/WT (black, IC50 = 135 ± 20 μM), NaVAb/T206A (red,
IC50 = 2.4 ± 0.3 mM) under conditions for resting-state block (SI Appendix, SI
Materials and Methods). Each data point is an average of 5–10 cells. (Right) So-
dium current recordings of NaVAb/WT and NaVAb/T206A in the absence (black)
and presence (red) of 100 μM and 1 mM lidocaine, respectively. Pulses were
applied from holding potentials of −160 or −140 mV to 0 mV. The vertical and
horizontal scale bars represent 0.2 nA and 10 ms, respectively.
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Fig. 2. Binding site for flecainide on NaVAb. (A) Orthogonal views of fle-
cainide in complex with NavAb/I217C. In each case the protein is displayed as
cartoon helices, with the AAD binding site highlighted in magenta ribbon
and sidechain sticks. Functional areas of the channel labeled as in Fig. 1.
Flecainide is displayed as sticks, with yellow = carbon, red = oxygen, blue =
nitrogen, and gray = fluoride. Electron density (2fo-fc) is displayed as a blue
mesh, contoured at 1 σ. (B) Close-up, orthogonal views of flecainide in complex
with NavAb/I217C. Flecainide and flecainide-associated residues are shown in
stick format as in A, and potential hydrogen bonds are shown as black dashes.
Omit map Fo-Fc electron density calculated from a model excluding flecainide
is shown as a green mesh, contoured at 3 σ. (C) Effect of mutation of T206 on
resting-state block of NaVAb by flecainide. The peak current recorded during
the first pulse after 2 min of drug perfusion was taken as a measure of drug
inhibition of the resting state. (Left) Concentration-response curves for fle-
cainide inhibition of NavAb/WT (black circles, IC50 = 7 ± 0.38 μM), NavAb/T206A
(blue circles, IC50 = 133 ± 6.5 μM). Each data point is an average of 5–10 cells.
(Right) Sodium current recordings of NaVAb/WT and NaVAb/T206A in the ab-
sence (black) and presence of 10 or 100 μM flecainide (blue) under conditions
for resting-state block (SI Appendix, SI Materials and Methods). Pulses were
applied from holding potentials of −160 or −140 mV to 0 mV. The vertical and
horizontal scale bars represent 0.5 nA and 10 ms, respectively.
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from crystals grown with lidocaine contained a large electron density
peak in the central cavity of NaVAb, which was not present when
crystals were grown without drug (Fig. 1C). This peak is located
on the intracellular side of the selectivity filter, adjacent to the
positions of amino acid sidechains that are important for drug
binding (10–14). Because NaVAb has fourfold symmetry, the
electron density is expected to reflect four equivalent binding poses
of lidocaine (SI Appendix, SI Discussion). Our observed electron
density is consistent with that expectation, with the tertiary amino
group of lidocaine located on the pore axis and projecting upward
toward the selectivity filter (Fig. 1C). Mutation of the closely
interacting residue T206 to alanine reduced the potency of resting
state block by 17.8-fold (Fig. 1D). This mutation also slowed inac-
tivation and shifted the voltage dependence of NaVAb gating (SI
Appendix, SI Discussion). The reduced affinity for drug block with
this mutant confirms placement of the bound lidocaine, but fourfold
averaging of the electron density caused the amide linker and
aromatic moiety of lidocaine to be represented in quadruplicate
(Fig. 1C) and prevents us from determining all of the specific chemical
interactions involved in drug binding.
Similar experiments with the AAD flecainide revealed electron

density in a comparable location in the pore (Fig. 2A). Perhaps
because flecainide is larger and more asymmetric, we observed a
single binding pose for this drug with its tertiary amino group
projecting upward into the selectivity filter and its fluoromethy-
lated aromatic rings projecting farther toward the wall of the
central cavity than we observed with lidocaine (Fig. 2B). As for
lidocaine, mutation of T206 caused a major reduction in drug
potency (18.5-fold; Fig. 2C). It is interesting that the larger aro-
matic moieties of flecainide project further toward the wall of the
central cavity near the fenestrations compared with lidocaine, in
light of the differences in physiological effects and pharmacolog-
ical uses of these drugs. Flecainide and other class IC AADs bind
to sodium channels more tightly and are used to treat atrial ar-
rhythmias, whereas lidocaine and the class IB AADs dissociate
more rapidly and are used to treat ventricular arrhythmias (SI

Appendix, SI Discussion) (9). The difference in binding position
that we observe in our crystal structures may underlie this thera-
peutically important difference in the off rate of binding and in
clinical use. Overall, our results place the receptor site for these
LA/AADs on the intracellular side of the selectivity filter in the
central cavity in the pore of NaVAb and reveal two overlapping,
but distinct, binding poses for lidocaine and flecainide. However,
higher-resolution images without fourfold averaging will be re-
quired to fully define the chemistry of drug binding for lidocaine.

Modifying the Size of the Fenestrations in NaVAb. To probe the
function of the fenestrations in providing drug access to the LA/
AAD receptor site in the pore during resting-state drug block, we
constructed the mutants NaVAb/F203A and NaVAb/F203W. Based
on the capping position of the phenyl sidechain of F203 in the
fenestrations of NaVAb/WT (21), we expected these mutations to
enlarge or restrict the fenestrations, respectively. Mutation of F203
to A or W had little or no effect on the conformation of NaVAb or
its S6 segments (Fig. 3 A and B). However, we found that NaVAb/
F203A has substantially wider fenestrations and that NaVAb/
F203W has more closed fenestrations compared with NaVAb/WT
(Fig. 3C). Two distinct rotamers were observed for the indole ring
of W203, one of which blocked the fenestrations nearly completely
(Fig. 3C). Analysis of solvent-accessible space in the fenestrations
using the MOLE algorithm (Fig. 3D) revealed that the mutation
F203A widens the fenestration at its narrowest point, whereas
mutation F203W blocks solvent accessibility through the fenestra-
tion, primarily in its “down” rotamer conformation (Fig. 3D and SI
Appendix, SI Discussion). These structural results confirm that these
two mutations do indeed progressively change the size of the
fenestrations, without other structural effects, and therefore are
valid models for testing the effects of the size of the fenestrations
on resting-state drug block.

Fenestration Size and Resting-State Block by Flecainide. In studies
of drug block of mammalian NaV channels, it is challenging to

Fig. 3. Mutations of F203 alter the size of the fenestrations of NaVAb. (A) Overlay of ribbon diagrams of NaVAb/I217C (cyan), NaVAb/I217C/F203A (green),
and NaVAb/I217C/F203W (salmon). (B) S6 segments displayed as in A. (C) The fenestration is shown in side view from the perspective of the membrane bilayer.
The protein is displayed with cartoon representation of helices and select sidechains shown as sticks with the NaVAb constructs indicated. Two rotamers (‘up’
and ‘down’) are shown for NaVAb/I217C/F203W. (D) Analysis of solvent-accessible space in the fenestration (tan) computed by MOLE for the indicated NaVAb
constructs. Each fenestration and associated solvent-accessible space is shown in side view, but with 90° rotation around the vertical axis with respect to C.

Gamal El-Din et al. PNAS | December 18, 2018 | vol. 115 | no. 51 | 13113

PH
A
RM

A
CO

LO
G
Y

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814928115/-/DCSupplemental


definitively separate resting-state block from open-state block
because the channel must be opened to assess its activity.
However, in our initial studies of block of NavAb/WT by fle-
cainide, we did not observe any frequency-dependent open-state
block at pulse rates of 1, 10, and 20 Hz (Fig. 4 A and B). Thus,
NaVAb provides an ideal template for studies of resting-state
drug block because there is little or no frequency-dependent
block accumulating during test pulses. The lack of frequency-
dependent block may result from the lack of the key F and Y
residues (F1764 and Y1771 in NaV1.2) that are required for
frequency-dependent block (10), but are replaced by T206 and
V213 in NaVAb. Our experiments target the resting state of
NaVAb by allowing drug binding only at negative potentials at
which these NaVAb constructs are not detectably inactivated.
The F203A and F203W mutations significantly changed the

voltage dependence of activation and inactivation of NaVAb (SI
Appendix, SI Discussion). To study resting-state block by flecainide
specifically, NavAb/WT expressed in Trichoplusia ni cells was held
at −140 or −160 mV, potentials that prevent inactivation of WT
and mutant NaVAb constructs, respectively (SI Appendix, SI Dis-
cussion, and Fig. S1). The cells were depolarized by 50-ms pulses in
10-mV steps ranging from −140 to +60 mV at 0.2 Hz. After col-
lecting control data, flecainide was perfused over the cells for 2 min,
and the amplitude of the peak sodium current during the first pulse
after drug perfusion was taken as a measure of resting-state block.
Fitting the concentration-response curve gave a Hill coefficient of
0.9 and an IC50 of 7 μM (Fig. 4C), comparable to the potency for
block of mammalian NaV channels (26, 27). If the main access
pathway for resting-state block is through the fenestrations,
changing their size should change the energy barrier for drug access
in parallel. Mutating F203 to A, which makes the fenestrations
wider (Fig. 3C), enhanced resting-state block by flecainide, reduc-
ing its IC50 to 0.9 μM (Fig. 4C). This corresponds to ∼7.7-fold
higher potency compared with NavAb/WT. Conversely, the
concentration-response curve for NavAb/F203W revealed an
IC50 of 46 μM, an ∼6.5-fold lower potency compared with
NavAb/WT (Fig. 4C). These results indicate that the size of the
fenestrations affects access of flecainide to its receptor site in the
pore by altering the size of the pathway for resting-state block,
thereby modulating drug potency 51-fold when F203A is com-
pared with F203W.

Effect of Fenestration Size on Resting-State Block by Lidocaine. Our
electrophysiological and crystallographic data on interaction of
flecainide with NaVAb indicate that the size of the fenestrations is
a critical factor that determines the level of resting-state block by
LA/AADs. To further test that conclusion, we studied lidocaine,
which has a smaller volume and polar surface area (PSA) than
flecainide (V = 244.9 Å3, PSA = 32.3 Å2 vs. V = 331.9 Å3, PSA =
59.6 Å2). Concentration-response curves indicated an IC50 of
135 μM for the resting-state block of NavAb/WT (Fig. 5 A and B),
similar to the bacterial NaV channel NaChBac and mammalian
cardiac NaV channels (20, 28). Because the ratio of molecular
volumes of lidocaine/flecainide is 0.7 and the PSA ratio is 0.54, we
expected that the F203W mutation would shift the concentration-
response curve to higher concentrations by ∼3.5- to 4.8-fold
(Materials and Methods). Interestingly, we found that decreasing
the size of the fenestrations in NavAb/F203W led to a 3.4-fold shift
in the potency of resting-state block to higher concentrations
(IC50 = 458 μM), which is in good agreement with our estimate
based on the size of the drugs. On the other hand, expanding the
size of the fenestration in NaVAb/F203A did not increase resting-
state block, indicating that the fenestrations of NaVAb/WT are
wide enough to pass lidocaine without any barrier and that in-
creases in fenestration size therefore have no effect (Fig. 5B).

Effect of Fenestration Size on Resting-State Block by Benzocaine. If
lidocaine has easy access through the fenestrations of NavAb/WT, a

smaller drug should also give a similar resting-state block of
NaVAb/WT and NavAb/F203A. To examine that prediction,
we measured resting-state block by benzocaine, the smallest LA
with roughly half the size of flecainide (V = 157 Å3 vs. V = 331.9 Å3).
We found no difference between the resting-state block of NaVAb/
WT and NaVAb/F203A as expected (IC50 = 254 μM for NaVAb/WT
and IC50 = 279 μM NaVAb/F203A) (Fig. 6 A and B). These results
confirm that lidocaine’s size is within the upper limit for accessing
the fenestrations, and any smaller LA/AAD will diffuse easily with-
out steric hindrance. The volume ratio of benzocaine compared with

A

B

C

Fig. 4. Resting-state block of NaVAb/WT, NaVAb/F203A, and NaVAb/F203W
by flecainide. (A) Use-dependent inactivation of NavAb/WT in response to
30-ms repetitive pulses applied at 10 Hz (gray) or 20 Hz (black) from a holding
potential of −160 mV to −20mV. Insets, example sodium currents. (The vertical
and horizontal scale bars represent 0.5 nA and 10 ms, respectively.) (B) Use-
dependent block of NavAb/WT in response to 30-ms repetitive pulses applied
at 10 Hz (red) or 20 Hz (blue) from a holding potential of −160 mV to −20 mV
in the presence of 10 μM flecainide. Insets, example sodium currents. (The
vertical and horizontal scale bars represent 0.5 nA and 10 ms, respectively.) (C)
Concentration-response curves for flecainide inhibition of NavAb/WT (black,
IC50 = 7.2 ± 0.4 μM), NavAb/F203W (red, IC50 = 46 ± 2 μM), and NaVAb/F203A
(gray, IC50 = 0.9 ± 0.01 μM).
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flecainide is 0.47. This difference in volume should result in an ∼3.1-
fold positive shift in resting-state block of NavAb/F203W. Our results
show an ∼2.6-fold shift in resting-state block by benzocaine com-
pared with NavAb/WT (NavAb/F203W, IC50 = 739 μM; NavAb/WT,
IC50 = 279 μM; Fig. 6 A and B), which fits our estimate of the effects
of drug size.

Discussion
LAs and AADs Bind to a Receptor Site in the Central Cavity on the
Intracellular Side of the Selectivity Filter. Our results reveal the
binding sites for LAs and AADs in the central cavity of sodium
channels. The positively charged amino groups of lidocaine and
flecainide point toward the intracellular outlet of the ion selectivity
filter into the central cavity, which is formed by the backbone car-
bonyl groups of T175 and therefore has a partial negative charge.
This ionic interaction is crucial for LAs and AADs, which must be
positively charged by protonation of their secondary or tertiary
amino groups to be effective blockers (15). Our structures reveal
important chemical interactions with T206, and the importance of
this interaction was confirmed by site-directed mutagenesis. This
amino acid residue is in the position of F1764 in mammalian so-
dium channels (NaV1.2 numbering), which is also crucial for drug
block (10, 11). In addition to these primary interactions, the aro-
matic rings of lidocaine and flecainide also make hydrophobic in-
teractions with other amino acid residues lining the central cavity of
NaVAb that differ between the two drugs.
Unlike eukaryotic NaV channels, NaVAb and other bacterial

NaV channels are homotetramers (17) and have a nearly perfect
fourfold symmetry in preopen and open states (21, 29). This
symmetry presents a substantial obstacle to clear resolution of

the structure of drugs bound at or near the central axis in the
pore because four symmetrical binding poses are expected from
averaging drug bound randomly to the four identical subunits
across the many molecules in the crystal lattice. This expectation
was clearly demonstrated in a previous study of a bacterial NaV
channel binding an experimental analgesic drug candidate con-
taining a bromine (Br) atom in its aromatic ring (19). No elec-
tron density related to drug binding could be resolved because it
was blurred by fourfold averaging of the signal, but four Br atoms
could be discerned projecting toward the fenestrations from the
central drug-binding site. Our results take an important step
forward in analysis of drug binding at the LA/AAD receptor site
in NaV channels by revealing drug-dependent electron density
for clinically used drugs and by providing insights into the different
poses for LA and AAD binding to this receptor site. However,
studies of human sodium channels with drugs bound will be required
to fully define this clinically important receptor site (SI Appendix,
SI Discussion).

Fenestrations Control Resting-State Block. Changes in the size of
the fenestrations caused by mutations, without any change in the
local conformation of the pore, cause large, predictable increases
or decreases in resting-state block. These results implicate drug
passage through the fenestrations as a primary determinant of
resting-state block, and they elucidate the long-sought molecular
mechanism for direct drug entry from the membrane phase to
the lumen of the pore, as originally proposed in the Modulated
Receptor Hypothesis (15, 16) and in the related Guarded Receptor

A

B

50 μM 100 μM 1000 μM

Lidocaine

Fig. 5. Resting-state block of NaVAb/WT, NaVAb/F203W, and NaVAb/F203A
by lidocaine. (A) Sodium current recordings of NaVAb/WT in the absence
(black) and presence of the indicated concentrations of lidocaine (red).
Current traces resulted from pulses applied from a holding potential of −160 mV
to a test pulse = 0 mV. The vertical and horizontal scale bars represent 0.2 nA
and 10 ms, respectively. (B) Concentration-response curves for lidocaine in-
hibition of NavAb/WT (black, IC50 = 135 ± 20 μM), NavAb/F203W (red, IC50 =
458 ± 9 μM), and NaVAb/F203A (gray, IC50 = 135 ± 2 μM). Each data point is
an average of 4–9 cells.

A

B

1000 μM10 μM 100 μM

Benzocaine

Fig. 6. Resting-state block of NaVAb/WT, NaVAb/F203W, and NaVAb/F203A
by benzocaine. (A) Sodium current recordings of NaVAb/WT in the absence
(black) and presence of the indicated concentrations of benzocaine (blue).
Current traces resulted from pulses applied from a holding potential of −160 mV
to a test pulse of 0 mV. The vertical and horizontal scale bars represent
0.5 nA and 10 ms, respectively. (B) Concentration-response curves for benzo-
caine inhibition of NavAb/WT (black, IC50 = 254 ± 37 μM), NavAb/F203W (red,
IC50 = 739 ± 38 μM), and NaVAb/F203A (gray, IC50 = 279 ± 3 μM), bottom. Each
data point is an average of 4–9 cells.
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Hypothesis (30). LAs and AADs are secondary or tertiary amines,
which are thought to pass through the membrane in uncharged
form and then reprotonate before binding (SI Appendix, SI Discussion)
(15, 16). In the context of the Modulated Receptor Hypothesis
(15), voltage-dependent tonic block is determined by direct drug
access through the fenestrations, binding to the drug receptor site,
and voltage-dependent conformational change to the high-affinity
drug-bound inactivated state. In contrast, frequency-dependent
block is determined by the ratio of the phasic rate of drug access
through repetitive opening of the activation gate to the continuous
tonic rate of drug access through the fenestrations. These state-
dependent forms of drug block are crucial for clinical use of NaV-
channel–blocking drugs for local anesthesia, cardiac arrhythmia,
epilepsy, and chronic pain.
The differences in the binding poses and in the effects of the

size of the fenestrations on block by flecainide (a class IC AAD)
and lidocaine (a class IB AAD) that we have observed are par-
ticularly important because these two drug classes have comple-
mentary uses in treatment of atrial vs. ventricular arrhythmias,
respectively (SI Appendix, SI Discussion) (9). Our results suggest
that both differences in the binding poses of lidocaine and fle-
cainide at their receptor site and differences in the kinetics of drug
interaction with the LA/AAD receptor site that are controlled by
the fenestrations may contribute to this crucial difference in the
clinical use of these widely prescribed AADs.

Fenestrations and Structure-Based Drug Design. Our results intro-
duce an unprecedented concept into rational drug design by
showing that future structure-based design of LA/AADs, next-
generation analgesics and antiepileptics, and other pore blockers
of NaV channels should consider the size and conformations of the
fenestrations in resting and activated/inactivated states of NaV
channels in addition to the chemical features of the drug recep-
tor site. In this respect, it has been shown that lidocaine and
other AADs have differential potencies for block of the different

isoforms of mammalian NaV channels in the resting state (31). Part
of this differential blocking activity may be caused by differences
in fenestration size. As a result, recovery from LA/AAD in-
hibition likely varies between different NaV channel isoforms,
further emphasizing the importance of an isoform-specific ra-
tional drug design that includes effects of the architecture of
the fenestrations. The discovery of disease mutations that cause
arrhythmias by altering amino acid residues that line the fenes-
trations of Nav1.5 indicates that individual genetic variation may
also influence drug access through the fenestrations for resting-
state block (32). Evidently, choice of the right drug that would
be effective in treating specific arrhythmias will depend on the
amino acid signature of the fenestrations in addition to the
amino acid residues that contribute to the drug receptor site
itself. Recent studies extend the discovery of fenestrations to
potassium channels and reveal drug binding to the fenestrations
themselves (SI Appendix, SI Discussion) (25). These studies sug-
gest that fenestrations may have pharmacological significance for
other major classes of ion channels in addition to voltage-gated
sodium channels.

Materials and Methods
The NaVAb channel and mutants were expressed in T. ni cells, solubilized,
purified, and crystallized, and their structures were determined by X-ray
crystallography as described previously (22, 29). The functional properties
of NaVAb and mutants were determined by expression in T. ni cells and
whole-cell voltage clamp analysis as described previously (33). See SI Ap-
pendix, SI Materials and Methods, for details.
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