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ABSTRACT

In neuronal sodium channels of squid giant axons, recovery from QX-222 block is slowed by
hyperpolarization. However, in ventricular cells, hyperpolarization speeds recovery. Pre-
viously, we showed that isoform-specific residues in the external side of the cardiac sodium
channel isoform (D1P-loop €373 and D4S6 T1752) influence use-dependent block (UDB) by
lidocaine. To determine whether these isoformspecific residues contribute to the contrast-
ing voltage-dependent recovery observed in ventricular myocytes, we measured recovery
rates from UDB by QX-222 at holding potentials of 120, 140, 160 and 180 mV for wild-type
cardiac channel (WT), the mutants C373Y (CY) and T1752V (TV), and C373Y/T1752V (CY/TV).
Unlike neuronal channels, cardiac sodium channels recovered from QX block faster at
hyperpolarized potentials. All mutations slowed QX-222 recovery, with the greatest rate
reduction observed for the double mutant, indicating that the isoform-specific residues
define external drug paths. The recovery rates varied linearly with voltage over the range
tested, and we used the slopes of rate versus voltage plots to quantify voltage dependence.
The TV mutation caused reduction in recovery rates without changing the slope, indicating
that the mutation closed a voltage-independent egress path. The CY mutation, however,
flattened the slope and reduced the voltage dependence of recovery. In addition, the
reduction in rate caused by CY/TV is less than the sum of those for CY and TV, suggesting
that the impacts of these two residues are interrelated. Therefore, we propose that the
isoform-specific residues C373 and T1752 change recovery from UDB by distinct mechan-
isms but determine a common drug egress path.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction current [3]. UDB by local anesthetic drugs is the hallmark of

their antiarrhythmic activity because it enables them to be
ClassIlocal anesthetic antiarrhythmic drugs, reviewed in [1,2], more effective when the frequency of action potentials is high,
block Na* current by binding to voltage-gated Na* channels. such as in ventricular tachycardia.

Local anesthetic drugs in clinical use are tertiary amines that

The UDB kinetics of these drugs can be explained by a

exhibit both tonic and use-dependent block (UDB) of Na* combination of the modulated-receptor hypothesis [4,5]
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and the guarded-receptor model [6,7], and are influenced by
drug affinities toward different channel states, frequency
and duration of action potentials, and drug access and
egress paths. Using frog nerve, Courtney found that
neuronal Na* channels recover from UDB by local anesthetic
drugs in a voltage-dependent fashion, with the fastest rates
of recovery occurring at depolarized potentials close to the
threshold for activation [8]. Yeh and Tanguy [9] reported
similar findings with the quaternary amine analogs of
lidocaine, QX-222 and QX-314, in squid giant axons. They
suggested that activation gate trapping of the charged drugs
in the hydrophilic interior of the channel pore would bring
about the observed behavior since the probability for
channel gating (and the subsequent release of trapped
drug) diminishes with increasing hyperpolarization. In
contrast to what is seen with neuronal preparations, sodium
currents in primary cardiocytes show the reverse trend in
voltage-dependent recovery from block and recover faster
upon hyperpolarization. Evidence of this behavior can be
seen in early work by Weidmann [10] and was observed and
characterized by Chen et al., as measured by Vpax [11].
Subsequently, Hondeghem and Katzung [4], and Gintant and
Hoffman [12] explained that this behavior is in keeping with
the modulated-receptor hypothesis [5]. They suggested
that recovery during hyperpolarization is facilitated by
accelerating charged local anesthetic drugs along the
membrane’s electrical gradient. In the absence of trapping
by the activation gate, as was seen by Yeh and Tanguy
in neuronal channels, bound local anesthetic drug
would dissociate more readily at hyperpolarized pote-
ntials. Makielski and Hanck reported similar behavior (in
abstract form) as measured by Iy, in primary cardiocytes
[13].

Previously, we demonstrated that isoform-specific resi-
dues defined lidocaine egress paths in the cardiac sodium
channel [14]. Our study showed that isoform-specific
residues in the upper part of domain 4 S6 (D4S6) (Thr in
heart, Val in brain, and Cys in skeletal muscle) and the
domain 1 P-loop (D1P) (Cys in heart, Phe in brain and Tyr in
skeletal muscle) attenuated recovery from lidocaine UDB
when mutated either to neuronal or skeletal isoform
residues. These residues are also determinants for isoform
specific external drug paths for quaternary amine derivatives
oflidocaine [15,16]. The specific aim of this current study is to
investigate whether these isoform-specific residues, which
defined the external egress path for local anesthetic drugs,
contributed to the differences in voltage dependence of
recovery seen in cardiac and neuronal channels. We used a
quaternary amine derivative of lidocaine, QX-222, to deter-
mine the impact of these isoform-specific residues on UDB
recovery.

Using cloned Na,1.5 channels expressing isoform-spe-
cific residues, we found that both isoform-specific residues
in D1P and D4S6 significantly influenced UDB and drug
recovery. However, while the residue in D4S6 has no
influence on the voltage dependence of recovery, the
residue in D1P alters the voltage-dependence of drug
recovery. We propose a model in which the isoform-
specific residues influence drug recovery in distinctive
manners.

2. Materials and methods
2.1.  Clones, molecular biology, and expression of Na*
channels

The hH1a a-subunit was a gift from Dr. H.A. Hartmann [17].
When compared to the hH1 clone [18], hH1a is different from
hH1 at four amino acid positions, including a deletion of
Q1077. These differences do not result in significant differ-
ences in channel properties [19] (Lee, unpublished results). For
historical reasons, we used the amino acid numbering of hH1
in the current study. For example, T1752 of hH1 occurs at the
1751st position in hH1la, but the TV mutation is designated
T1752V. In all experiments, B1 was co-expressed with the a-
subunit. Human B1 c¢DNA was cloned and sequenced to
confirm the amino acid sequence. Typically, in order to
express both in transfection, two separate plasmids contain-
ing the o- and B-subunits are mixed and co-transfected.
However, assuring adequate expression of the 1-subunit for
each a-subunit being expressed is difficult, as there is no
independent method of quantifying its expression. Thus, we
constructed an expression vector, which utilizes the internal
ribosome entry sequence (IRES) to produce bicistronic mes-
sages to ensure a 1:1 (a1:81) mRNA ratio. In brief, the vector
contains a CMV promoter that drives the production of
bicistronic mRNA containing the f1 ¢cDNA in the 5'-side of
the IRES and the o ¢cDNA in the 3’-side of the IRES. The vector
also has a separate GFP expression cassette. In transient
transfection, cells that take up the plasmid can be identified by
fluorescence within 18 h. Cells with green fluorescence were
patched between 24 and 48 h. Almost all cells (>95%) patched
contained inward sodium current between 500 pA and 5.0 nA
(an improvement from transfection with a mixture of multiple
plasmids). The presence of sodium current indicates produc-
tion of intact bicistronic mRNA, since a truncated version lacks
the poly-A tail and is held in the nucleus. We believe that this
is an improved approach for co-expressing a consistent
amount of Bl. The mutants C373Y, T1752V, and C373Y/
T1752V [14] were prepared by oligonucleotide-directed muta-
genesis with the Quick Change Mutagenesis Kit (Stratagene)
and subcloned into IRES constructs containing the WT
channel.

Bicistronic plasmid vectors containing genes for the
human B1-subunit and an «a-subunit corresponding to
hHla WT, the P-loop mutant C373Y (CY), the D4S6 mutant
T1752V (TV), or to the double mutant C373Y/T1752V (CY/TV)
were expressed in HEK 293 cells [20] by transient transfection
using the SuperFect®™ chemical transfection reagent, which
was purchased from Qiagen. During transfection, cells were
incubated 2-3h at 37°C in transfection medium, which
consisted of DMEM, 30 uL of SuperFect®™, and 5 pg of plasmid
DNA. After application, the transfection medium was
washed off and replaced by growth medium. The cells were
incubated at 37 °C for another 24-48 h prior to experiments.
Cells harvested for experiments were checked for the
presence of green fluorescent protein as an indicator for
vector expression. Typically, approximately 5% of trans-
fected cells showed green fluorescence after 24 h, and these
cells were patched. Inward currents were observed in most
instances.
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2.2 Electrophysiological recording and data analysis

Single-electrode voltage-clamp experiments were performed
on HEK 293 cells with the Axon Instruments Axopatch 200B
amplifier in whole cell configuration. Data acquisition was
performed at a sampling rate of 20 kHz and filtered at 10 kHz.
Datarecording and analysis were done with the pCLAMP9 (Axon
Instruments) software suite. The experimental chamber was
keptat 25 °C and filled with extracellular buffer solution, which
contained (in mmol) the following: NaCl 140, KCl 5, CaCl, 2,
MgCl, 1, and HEPES 10. The pH was adjusted to 7.4 with NaOH.
Patch electrodes were purchased from Harvard Apparatus and
had resistances ranging from 0.8 to 1.5 MQ. Electrodes were
filled with buffer solution containing (in mmol) the following:
NaCl 35, CsF 105, MgCl, 1, HEPES 10, and EGTA 10. Buffer pH was
adjusted to 7.2 with CsOH. QX-222, 100 uM unless specified, was
applied internally via the electrode buffer solution. QX-222 is
susceptible to photodecomposition. In order to minimize
decomposition, pipette solutions containing the drug were
made fresh before experiments or were kept in the dark at
—20 °C after preparation and thawed immediately before use.
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Leak currents < 200 pA were subtracted, but experiments with
leak currents > 5% of peak current were discarded. Capacitance
transients were cancelled, and series resistance was compen-
sated electronically.

Data from current-voltage (—90 to +55mV) experiments
were normalized and fit according to the Boltzmann equation

_ Gmax(V — Viey)
B 14+ e(V12—V)/s

I(v) 1)
where I(V) is the experimental membrane current as a func-
tion of membrane voltage, V, Gmax is the maximum membrane
conductance, V,., is the reversal potential for sodium, Vy/
membrane voltage at half-maximal conductance, and s is the
slope factor. Pulses were 10 ms long. Steady-state inactivation
(SSI) data were normalized and fit to the Boltzmann equation
to determine Imayx, V12, and s. Holding potentials were sus-
tained for 1s, and test pulses were 10 ms long.

UDB recovery experiments with intracellular QX-222 were
started 8-10 min after attaining whole-cell configuration,
when peak inward currents did not change appreciably with
infrequent pulses (every 30-60 s) to —10 mV from the holding

Time Constant (1), s

(B) WwWT CcYy TV CYTV

Fractional Block

wT cy v CYTV
(&}

Fig. 1 - Use-dependent block (UDB) of WT hH1a sodium channel, the mutants C373Y and T1752V, and the double mutant
C373Y/T1752V by 100 pM intracellular QX-222. All clones were expressed in HEK 293 cells by transient transfection. Inset:
schematic of UDB pulse protocol (described in Section 2) showing UDB from holding potentials ranging from —120 to
—180 mV. (A) Representative current tracings demonstrating the extent of UDB by QX-222 for each clone. The first pulse in
the UDB train and a pulse representing steady-state block are shown. (B) Bar graph showing time constants (in units of s) for
the onset of UDB (hundred 10 ms pulses at 5 Hz to —10 mV) by QX-222 for WT hH1a and mutants. (C) Bar graph showing
steady-state fractional block resulting from UDB of WT hH1a and mutants. p < 0.05 vs. WT, *p < 0.05 vs. CY.
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Fig. 2 - Plots of normalized peak current vs. UDB recovery time for WT hH1a sodium channel (solid squares), the mutants
C373Y (open circles) and T1752V (solid triangles), and the double mutant C373Y/T1752V (inverted open triangles) at holding
potentials of —120 mV (A), —140 mV (B), —160 mV (C), and —180 mV (D). Single-exponential decay best fits to the data sets
are included for each clone at each holding potential. Inset: schematic representation of the pulse protocol used to measure
recovery from UDB from 0.5 ms to 600 s after completion of the UDB protocol.

potential of —120mV. For all UDB experiments, a single
protocol was used, which consisted of a train of 100 successive
10 ms pulses from —120 to —10 mV at a frequency of 5Hz
(Fig. 1, inset). The development of UDB was fit according to a
one-exponential function

I(t) = e A1/ 1 B

2

where I denotes the relative current as a function of cumulative
timet, risthe time constant of UDB onset, and Bis the remaining
current at the steady-state. 1 — B, then, is the steady-state UDB
level (ssUDB). Recovery from UDB at holding potentials of —120,
—140, —160, and —180 mV was measured immediately after the
UDB pulse train. All recovery protocols were identical, with the
exception of the holding potential, and recovery times ranged
from 500 ms to 600 s (Fig. 2, inset). Peak currents measured at
each recovery pulse were normalized to a pre-UDB test pulse
and fit according to a single-exponential decay function similar
to Eq. (2). Data were analyzed with the Clampfit (Axon Instru-
ments, CA) and Origin 7 (Originlab Corp., MA) software
packages, and are reported as mean value + S.E.M.

Recovery from channel inactivation in HEK 293 cells was
assessed with a 1 s pre-pulse to —10 mV followed by a varying
length of recovery time at a holding potential of —140 mV [21].

The data were fitted to a double-exponential equation to
obtain time constants for fast and slow inactivation.

3. Results
3.1. QX-222 UDB of hH1a channels expressed in
HEK 293 cells

In order to explore the voltage dependence of recovery, we
used an HEK 293 mammalian expression system, in which a
wider range of recovery voltages could be examined than
previously reported in studies performed with primary
cardiocytes or squid giant axons or with oocytes. Because
we previously determined that the voltage dependence of
recovery appeared to be related to the charged form of
lidocaine [14], (Lee, unpublished results), we used QX-222 to
compare UDB recovery in WT, CY, TV, and CY/TV clones. All of
the following data were generated from sodium channel
clones expressed in HEK 293 cells.

Representative current tracings that illustrate the extent of
UDB (hundred 10ms pulses to —10mV from a holding
potential of —120 mV at 5 Hz, over a period of 20s) for WT
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Table 1 - Single-exponential fitting parameters for use-dependent block by QX-222

hH1a-WT hH1a-C373Y hH1a-T1752V hH1a-(C373Y/T1752V)
T 3.6+0.2 41+02 40+02 34402
(1-by) 0.734 +0.024 0.825 + 0.020° 0.883 +0.018* 0.869 + 0.017°

Fitting procedures are outlined in Section 2. Units of r are in s. n = 20-34 for all clones.

" P<0.05vs. WT.
# P <0.05 vs. CY.

and each of the mutant sodium channels are shown in Fig. 1a.
At 100 pM (intracellular) QX-222, UDB developed with time
constants of 3-4 s (17-20 pulses) for all clones (Fig. 1B, p > 0.05
versus WT for CY, TV, and CY/TV). Interestingly, the steady-
state UDB estimated by one-exponential fitting was higher for
CY, TV, and CY/TV than for WT (Fig. 1c, Table 1, p < 0.05 versus
WT). In our previous study [14], differences in the steady-state
UDB with lidocaine between the WT and mutant channels
were not apparent, probably because of the fast recovery
kinetics of neutral lidocaine that dominated the overall UDB.
Here, when block is limited to the charged species of drug, a
clear difference of UDB was demonstrated.

3.2 Recovery from use-dependent block

Recovery from UDB by 100 uM QX-222 was recorded as
described in Section 2, and the pulse protocol is shown as
an inset in Fig. 2. Initially, we observed the peak current
elicited by 10 ms test pulses to —10mV at varying time
intervals over a cumulative recovery period that ranged from
1ms to 60 s. A two-exponential equation was used for fitting.
The faster time constants were approximately 10 to 20 ms and
were not different among the clones (not shown). However,
the recovery was very slow and incomplete after 60s.
Subsequently, we modified our protocol so that the cumula-
tive recovery time period ranged from 0.5 to 600s, and we
adopted a one-exponential fitting Eq. (2) function. The UDB
recovery experiments are illustrated in Fig. 2a-d for holding
potentials of —120, —140, —160, and —180 mV, respectively. The
time constants for recovery are listed in Table 2. Overall, all
clones recovered slowly from QX-222 UDB, with time
constants ranging in the tens of seconds to more than a
thousand seconds over our voltage range. For each clone,
recovery was slowest at —120 mV and fastest at —180 mV.
Recovery from block at —120 mV was so slow that only WT
recovered to its initial pre-UDB current after 600 s of recovery
(95 £ 5%), while 70 + 5% of CY, 55 + 10% of TV and 49 + 3% of

CY/TV currents recovered (n = 5-9, p < 0.05 for all the mutants
compared to WT). For the CY, TV, and CY/TV clones, an
extrapolation to full recovery allowed us to fit the recovery
accurately. As shown in Fig. 2 and Table 2, the recovery
accelerated as the membrane potential became more hyper-
polarized. All clones recovered completely at —160 and
—180 mV. Frequently, cells could not be sustained at
—180mV for the full duration of the recovery protocol
(600 s). However, the recovery at this potential was fast
(r~33.2-57.15s), and all experiments using cells that lasted at
least 5 min (>57) while holding the voltage clamp were used for
analysis.

In order to compare the recovery processes among clones
quantitatively, we inferred that UDB recovery followed a
dissociation process independent of drug concentration, such
that the rates can be approximated by 1/t. Over the voltage
range of our study, the rates for UDB recovery appeared linear
(Fig. 3). Thus, we used linear regression to describe the voltage-
dependence of UDB recovery and to compare the clones
empirically. The fitting parameters for the linear regression
(Fig. 3) are listed in Table 3. Interestingly, the fitted slopes for
the WT and TV channels were similar (—4.3 x 10~ and
—4.2 x 107*s7, respectively), whereas introducing the CY
D1P-loop mutation (CY and CY/TV channels) resulted in
flattened voltage dependence (slopes, —2.7 x 10~* and
—2.6 x 107*mV ' s}, respectively). At —120 mV, CY channels
recovered faster than TV channels (time constants, p = 0.04,
rates p =0.10); but at more hyperpolarized potentials, TV
channels appeared to recover faster. The two lines cross,
signifying the disparate voltage dependences of recovery in
the two channels by the different slopes. The faster recovery of
the CY clone at —120 mV also correlates with slightly lower
fractional UDB, as compared to TV (p <0.05) and CY/TV
(p=n.s.) in both cases.

In order to validate the unique impact of the D1P-loop
residue on the voltage dependence of recovery, we measured
recovery from UDB (250 pM QX-222) in Na,1.4 (skeletal muscle

Table 2 - Single-exponential time constants for time-dependent recovery of WT and mutants from use-dependent block

by QX-222

Holding potential (mV) hH1a-WT hH1a-C373Y hH1a-T1752V hH1a-(C373Y/T1752V)
—120 226.6 +17.5 621.6 +77.7° 1011.7 + 170.9"* 1164.9 +131.2°
—140 716 +4.4 149.8 +£12.5 115.3 £ 19.0° 258.1 + 3724t
—160 458 +4.8 749+7.6 59.2 +5.1 87.4 + 3.2
—180 33.4+0.8 60.2+6.7 39.0 + 4.9* 49.0+4.3"

Fitting procedures are outlined in Section 2. Units are in s. n = 6-11 for all clones at all holding potentials.

" P<0.05vs. WT.
# P <0.05 vs. CY.
f P <0.05vs. TV.
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Fig. 3 - Plots of recovery rate vs. holding potential for WT
hH1a sodium channel (solid squares), the mutants C373Y
(open circles) and T1752V (solid triangles), and the double
mutant C373Y/T1752V (inverted open triangles). Weighted
linear best fit lines are included. Fitting parameters are
listed in Table 3.

isoform p1), where the equivalent residue for C373in Na,1.5is
Y401. Time constants were 331+33s at —120mV (n=>5),
156 £33 s at —140mV (n=>5), and 70+ 9s at —160 mV (n = 6).
Linear regression analysis of the resulting recovery rates (1/7)
versus holding potential resulted in a slope of —2.8 x 107*s7},
in good agreement with Na,1.5 clones containing the CY
mutation.

In summary, introduction of the isoform-specific muta-
tions slowed UDB recovery significantly, suggesting that those
residues define the external egress path for charged local
anesthetic drugs, consistent with previous findings [14,22].
The voltage dependence of UDB recovery was qualitatively
similar to what has been seen in native cardiac channels
(Nay1.5), and is the reverse of that seen in squid axons. In
addition we found that the CY mutation altered the voltage
dependence of UDB recovery significantly. The presence of the
CY mutation (CY and CY/TV clones) resulted in attenuation of
voltage-dependent drug egress, as manifested by reduction in
the slopes of recovery rates. The TV mutation appeared to
have no affect on voltage dependence while attenuating the
recovery rates at a constant fixed level. Therefore, our data
suggest that the two previously identified isoform-specific
external residues have disparate influences on QX UDB
recovery.

3.3. Clones, activation, and inactivation of hH1a channels
expressed in HEK 293 cells

We tested the effects of the CY and TV mutations on basic
channel properties (Table 4). Current-voltage relationships (IV)
were not significantly altered with respect to WT, although all
mutant channels show a slight trend toward activating at
more depolarized potentials. Steady-state inactivation (SSI)
shows a similar depolarizing shift in Vy, for all mutants with
respect to WT, suggesting that the mutants also hinder the
onset of inactivation. Recovery from inactivation was not
altered and was fit best by a two-exponential equation. Fast
time constants ranged from 4 to 7 ms, while slow time
constants were under 100 ms, with the exception of the TV
mutant (p < 0.05). Since we carried out our UDB and recovery
experiments at hyperpolarized potentials ranging from —120
to —180 mV, and because QX-222 UDB recovery time constants
ranged from tens of seconds to hundreds of seconds,
mutation-dependent differences in QX UDB and recovery
are not likely to be the result of differences in channel-gating
properties. IV and SSI parameters for drug-bound channels are
not included here because the kinetics of QX-222 recovery are
too slow to be resolved by the standard IV and SSI pulse
protocols. These SSIV,,, values are approximately 20 mV more
negative than those reported previously for these clones [14].
This difference arises from the fact that the previous
inactivation studies by Lee et al. were performed on channel
clones expressed in oocytes rather than HEK 293 cells.

4, Discussion

In our study, we examined the importance of isoform-specific
external residues in UDB and drug recovery in order to
investigate the disparate behaviors in drug recovery of the
sodium channel isoforms further. We found that cloned
Na,1.5 channels expressed in a heterologous system demon-
strated similar drug-recovery kinetics as Purkinje fibers; i.e.
hyperpolarization sped up drug recovery. Isoform-specific
pharmacodynamics of antiarrhythmic drugs may have clin-
ical implications since multiple isoforms of the voltage-gated
Na* channels are found in the heart [23,24]. For example,
neuronal channels are found in the T-tubules of cardiac
myocytes and may modulate E-C coupling [25].

We initially postulated that mutations in the D1P-loop or
D4S6 isoform-specific residues might greatly diminish, abol-
ish, or even reverse the voltage dependence of recovery in the
cardiac and neuronal isoforms. However, the isoform-specific
mutations that “closed” the drug path [14,22] did not reverse

Table 3 - Parameters for linear regression analysis of unimolecular rates of recovery as a function of voltage

Clone Slope, mV 's™! Intercept, s~ * R?

h-WT —43x107*+13x 107 —0.046 + 0.002 0.998
h-C373Y —27x10*4+21x10°° —0.031 + 0.026 0.995
h-T1752V —42x107*£0.1x 107 —0.049 + 0.001 1.000
h-(C373Y/T1752V) —26x10*+1.0x10°° —0.031 + 0.001 0.977

Fits were weighted according to experimental uncertainties in rates.
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Table 4 - Clones, activation, and inactivation

hH1a-WT hH1a-C373Y hH1a-T1752V hH1a-(C373Y/T1752V)
Inactivation
ag/te 0.64 +0.04/6.5 £ 0.3 0.71 +£0.03/43 £ 1.1 0.75 +0.027/5.9 + 1.0 0.75 £0.04/4.2 £ 1.0
as/ts 0.34 + 0.04/95.5 £ 5.1 0.29 + 0.02/73.7 £ 12.7 0.25 +0.027/114.4 + 21.7 0.24 +£0.03/77.4 +£9.3
v
V1o/slope (no drug) —52.2+2.9/544+0.2 —47.0 +2.1/6.0 £ 0.2 —47.8 +£1.4/5.8+0.3 —47.8+1.9/5.8+0.3
SSI

Vy/5/slope (no drug) —95.6 +2.4/4.8 + 0.21

—87.2+227/4.6 + 01"

—87.0+£217/4.6 £0.11 —89.06 + 2.6/4.7 + 0.2

Fitting procedures are outlined in Section 2. In the upper half are two-exponential fit fast and slow amplitudes (ar and as) and time constants
(zr and ts) for recovery from fast and slow inactivation (n = 5-9 for all clones). Units of 7z and s are in ms. In the lower half, V;,, and Boltzmann
slope parameters for steady-state inactivation (SSI) (n = 3-8 for all clones) and current-voltage relations (IV) (n = 3-9 for all clones) are listed.

Units of V4, are in mV.
" P<0.05vs. WT.
# P < 0.05 no drug vs. 100 uM QX-222 with IV data.
P <0.05 no drug vs. 100 pM QX-222 with SSI data.

or abolish the voltage dependence of UDB recovery of Na,1.5.
As was seen in the previous studies by Gintant & Hoffman [12]
and Hanck and Makielski [13], we found that recovery of
Na,1.5 channels (the predominant cardiac isoform) sped up as
the membrane was progressively hyperpolarized.

While both the CY and the TV mutations slowed the UDB
recovery, we showed that the P-loop residue C373, unlike the
D4S6 residue T1752, alters the voltage dependence of recovery
from QX UDB. Although all clones recover faster from drug
block with increasing hyperpolarization, the steepness of this
voltage dependence is reduced by the presence of the CY
mutation. The TV mutation, on the other hand, causes no
change in voltage dependence and simply “shifts” the rate
versus potential plot down. The individual contributions of the
mutants to the voltage dependence of UDB recovery can be
compared qualitatively. In going from WT to TV, the net effect
of the TV mutation is to lower the rate of recovery by
—0.0038 s7* for all holding potentials, resulting in a voltage-
independent reduction in the recovery. The effect of the CY
mutation, however, is to flatten the slope of voltage depen-
dence from —4.3t0 —2.7 x 10°*mV ' s~*. The impact of the TV
mutation in the CY channels also resulted in voltage-
independent reduction of the recovery. The effect is more
modest, with a uniform downward shift of —0.0011s7 %, less
than a third of that observed in going from WT to TV. The
effect of introducing the CY mutation to TV is seen in
comparing TV and CY/TV. The net change, in this case, is
similar to that seen when introducing the CY mutation to WT.
The slope becomes shallower, and the resultant plot for CY/TV
is parallel to that for CY. Therefore, the net contribution of
introducing TV to any other clone is to cause a uniform
reduction in recovery rate over the voltage range studied. This
suggests that the TV mutation closes a voltage-independent
external egress path available in WT and CY channels. The
effects of introducing CY are voltage dependent, and appear to
reduce the voltage dependence of UDB recovery for WT or TV
to the same extent. It is also interesting to note that the
addition of the CY mutation appears to cause a voltage-
independent downward shift in addition to making the slope
more shallow.

Do the distinct effects caused by the CY and TV mutations
specify two distinct external egress pathways: one guarded by
the D1P-loop residue C373 and the other guarded by the D4S6

residue T1752? Alternatively, do these residues contribute to a
common external path in the hHla channel? Previously, Qu
et al. [26] found that the D4S6 residue T1755 (rH1) defined an
external access path for QX314 that lies within the channel
pore and that drug ingress and egress via this external
pathway proceed through the channel pore. More recently,
Sunami et al. [22] reported that the D1 P-loop residue C373
determined an external path for QX and found that the effects
were roughly additive. Lee et al. [14] also found the effects of
those two residues on the rate of recovery from lidocaine UDB
to be roughly additive, suggesting that each residue might
define a separate, independent drug path.

In the present study, we found that the effects of C373 and
T1752 on drug recovery appear distinct but are not additive at
every membrane holding potential. In Fig. 3, the change in
voltage-dependence by introducing the CY mutation is the
same for both CY and CY/TV channels. Likewise, introducing
the TV mutation to WT (TV channels) or CY (CY/TV channels)
slowed recovery to a constant degree. Both of these findings
indicate distinct effects of these residues on drug recovery.
However, over much of the voltage range, the rate reduction in
the double mutant is significantly less than the sum of that
caused by the single mutations. Adding the TV mutation to CY
channels still results in voltage-independent reduction of
recovery rates at all voltages, but to a lesser degree than the
reduction seen when introducing the TV mutation to WT, as if
the reduced voltage dependence caused by the CY mutation
directly influenced the egress through the D4S6 path. There-
fore, we will consider the possibility that D1P-loop and D4S6
residues may define a common egress path that is modulated
in two distinct fashions.

We propose a simple qualitative model (illustrated in Fig. 4)
to explain the voltage-dependent and voltage-independent
effects caused by the C373Y and T1752V mutations, respec-
tively. Residue C373, which is adjacent to the domain 1
selectivity-filter residue D372, is likely to be situated in the
conducting pore and may contribute to the membrane electric
field that is focused through the channel pore. It is possible
that mutating the cysteine to tyrosine, a more polar residue,
would reduce the shielding of the channel’s outer vestibule
from the membrane electric field. The result of this may be a
shallower voltage gradient for a bound, charged QX-222
molecule and slower drug egress down the voltage gradient
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Voltage-independent path

D1P-loop C/Y residue

(that modifies voltage dependence
of the paths by altering voltage field
around the LA binding site).

D486 TV residue

(that lies outside the voltage field and
determines the voltage-independent
path).

Field Depth
of LA Site

during recovery.

Fig. 4 - Schematic model of QX-222 recovery paths. QX-222, located at the local anesthetic binding site, may egress by an
intracellular path (dashed arrow) or by an extracellular path (solid arrow). The residues Y373 and V1752 are indicated and
correspond to the mutants C373Y and T1752V, respectively. At the right, the tapering triangles represent the effective
membrane electric field strength as with respect to the charged drug’s position within the channel pore.

toward the cytoplasmic side for CY channels, when compared
to that in WT. This conclusion is supported by the shallower
voltage-dependent recovery of QX-222 in Nav1.4 (Section 3).
We propose a model in which the voltage-field is altered by the
CY mutation so that the local anesthetic binding site now
occupies a different voltage field depth in the closed channel.
This model is qualitatively consistent with the results of
Zamponi et al. [27]. Using a bilayer system, they found the
electrical distance, z, [3,28] for QX-314 bound to BTX-activated
cardiac (Nav1.5) and skeletal sodium channels (Nav1.4) to be
0.33 and 0.24, respectively. The effects of the T1752 residue
appeared to be voltage independent, indicating that the T1752
residue is largely outside the membrane electric field or that it
lies in a shielded protein environment. When the P-loop
residue C373 is mutated to Tyr, the T1752 egress path is also
influenced in its voltage dependence. Perhaps the proximal
part of the path is now within the electric field, and external
drug egress is now influenced by hyperpolarization, resulting
in a smaller impact of the TV mutation when the CY mutation
is already present. This would also explain the apparent
voltage-independent reduction in recovery rate that was
observed by introducing the CY mutation to WT. If QX bound
in the resting channel were to perceive an electric field that
extends farther into the proximal part of the egress path
defined by T1752, the voltage-independent rate of external
egress defined by the D4S6 residue would decrease.

Our findings are consistent with a model in which QX-222
egresses from hH1a sodium channel via two distinct mechan-
isms: voltage-dependent and voltage-independent. The vol-
tage-dependent mechanism can be attributed to cytoplasmic
egress of the positively charged drug down the membrane
electric field. As the membrane is progressively hyperpolar-
ized, this egress mechanism dominates overall UDB recovery.
The voltage-independent mechanism results from extracel-
lular egress and is related to a path permitted by the presence

of D4S6 residue T1752. We propose that the presence of the
cardiac isoform-specific D1 P-loop residue C373 has an indirect
effect, both on cytoplasmic egress and extracellular egress via
the D4S6 pathway by changing the membrane electric field
focused through the channel pore.
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