
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13200–13205, November 1996
Medical Sciences

Characterization of human cardiac Na1 channel mutations in the
congenital long QT syndrome

(SCN5AyLQT3ysodium channelyheartyhH1)

DAO W. WANG, KAZUTO YAZAWA, ALFRED L. GEORGE, JR., AND PAUL B. BENNETT*
Departments of Pharmacology and Medicine, Vanderbilt University School of Medicine, Nashville, TN 37232-6602

Communicated by Eugene Braunwald, Harvard Medical School, Boston, MA, August 23, 1996 (received for review May 7, 1996)

ABSTRACT The congenital long QT syndrome (LQTS) is
an inherited disorder characterized by a prolonged cardiac
action potential. This delay in cellular repolarization can lead
to potentially fatal arrhythmias. One form of LQTS (LQT3)
has been linked to the human cardiac voltage-gated sodium
channel gene (SCN5A). Three distinct mutations have been
identified in the sodium channel gene. The biophysical and
functional characteristics of each of these mutant channels
were determined by heterologous expression of a recombinant
human heart sodium channel in a mammalian cell line. Each
mutation caused a sustained, non-inactivating sodium current
amounting to a few percent of the peak inward sodium current,
observable during long (>50 msec) depolarizations. The
voltage dependence and rate of inactivation were altered, and
the rate of recovery from inactivation was changed compared
with wild-type channels. These mutations in diverse regions of
the ion channel protein, all produced a common defect in
channel gating that can cause the long QT phenotype. The
sustained inward current caused by these mutations will
prolong the action potential. Furthermore, they may create
conditions that promote arrhythmias due to prolonged depo-
larization and the altered recovery from inactivation. These
results provide insights for successful intervention in the
disease.

The long QT syndrome (LQTS) is an inherited disorder
characterized by a delay in cardiac cellular repolarization (1,
2). This cellular based delay in repolarization is manifest
macroscopically as a prolongation of the QT interval of the
surface electrocardiogram in patients with the disease. The
molecular basis of the disease is heterogeneous (3, 4). One
LQT locus (LQT3) on human chromosone 3 encodes the
voltage-gated cardiac sodium channel a subunit (hH1 and
SCN5A; refs. 5 and 6). Three distinct mutations in SCN5A
were identified in this subset of LQT patients (4, 7). These
include an in-frame deletion of three amino acids (Lys-1505,
Pro-1506, and Glu-1507, DKPQ), and two point mutations,
N1325S (Asp-1325 converted to serine) and R1644H (Arg-
1644 converted to histidine). A partial characterization of the
single channel properties of these mutant channels expressed
in Xenopus laevis oocytes has recently been described (8, 9).
The purpose of this study was to elucidate and compare the
whole-cell properties of the three known sodium channel
mutations that are linked to the LQTS by heterologous
expression in a human cell line.

MATERIALS AND METHODS

Voltage Clamp Methods. The methods used have been
described previously (10–12). Briefly, macroscopic sodium
currents were recorded using the whole-cell method of the
patch clamp technique (13). Electrodes resistances ranged

from 0.8 to 2 MV. Voltage clamp command pulses were
generated using PCLAMP software (version 6.0, Axon Instru-
ments, Foster, CA). Currents were filtered at 5 kHz (23 dB,
4 pole Bessel filter). An Axopatch 200 patch clamp amplifier
was used with series resistance compensation. The standard
holding potential for all pulse protocols was 2120 mV. Data
are presented as mean 6 SEM. Experiments were carried out
at room temperature (20–228C).
Solutions: Whole-Cell Recording. The bath solution con-

tained 145 mM NaCl, 4 mM KCl, 1.8 mM CaCl2, 1.0 mM
MgCl2, 10 mM Hepes, and 10 mM glucose (pH 7.35). The
pipette solution contained (intracellular solution) 10 mMNaF,
110 mM CsF, 20 mM CsCl, 10 mM EGTA, and 10 mM Hepes
(pH 7.35).
Site-Directed Mutagenesis. Site-directed mutagenesis of

hH1 was performed using either the pALTER system (Pro-
mega) or PCR mutagenesis. For construction of N1325S, a
1998-bp EcoRIyKpnI fragment of hH1 (nt 2231–4228) was
subcloned into the pALTER-1 plasmid and antisense single-
strand DNA rescued using the R408 helper phage. Mutagen-
esis was carried out using a phosphorylated sense oligonucle-
otide (59-atgagggtggtggtcagcgcgctggtgggcgccatc-39) according
to the plasmid supplier’s protocol. Mutant recombinants were
identified by digestion with BssHII (site created by the N1325S
mutation in combination with a silent nucleotide change in
codon 1326). Multiple independent recombinants were sub-
cloned, resequenced to verify the mutation, and used for
expression studies. The KPQ mutation has been described (8).
For construction of R1644H, a single step PCRmutagenesis

procedure was employed. A forward primer (59-gccaaggggatc-
cacacgctgctctttgccctcat-39) which incorporates the R1644H
mutation and overlaps a natural BamHI site at nt 4926 was
paired with a reverse primer (59-ccattgctgttgggcagagt-39) lo-
cated 39 to anEagI site at nt 5130. Reactions (100ml) contained
the following: 100 ng pSP64T-hH1 plasmid DNA, 0.5 mM each
primer, 0.2 mM each deoxynucleoside triphosphate, 10 mM
TriszHCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, and 2.5 units
of Taq polymerase (Boehringer Mannheim). Amplifications
were carried out for 20 cycles of 948C for 1 min, 548C for 1 min,
and 728C for 1 min. Products (409 bp) were purified by spin
column chromatography (Qiagen, Chatsworth, CA), digested
with BamHI and EagI, and subcloned into full-length pSP64T-
hH1 and tested for expression in oocytes. Functional clones
were then subcloned into pRcyCMV for expression in mam-
malian cells. Multiple independent recombinants were isolated
and sequenced thoroughly in the region amplified by PCR to
identify polymerase errors. Three independent clones were
tested for each mutant to confirm the phenotype.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Abbreviations: LQT, long QT; LQTS, LQT syndrome; WT, wild type;
DKPQ, Lys-1505, Pro-1506, and Glu-1507; N1325S, Asp-1325 con-
verted to serine; R1644H, Arg-1644 converted to histidine.
*To whom reprint requests should be addressed at: Department of
Pharmacology, 558 MRB II, Vanderbilt University School of Med-
icine, Nashville, TN 37232-6602. e-mail: Paul.Bennett@
mcmail.vanderbilt.edu.

13200



Transfection of hH1 and Mutant hH1 cDNA for Expression
in tsA-201 Cells. Transient transfection with calcium phos-
phate was used to express mutant and wild-type (WT) hH1 in
a transformed human kidney cell line (HEK 293; tsA-201)
stably expressing the simian virus 40 T-antigen. Cell transfec-
tion was carried out using 10 mg of plasmid DNA encoding
channel and 2 mg of plasmid encoding green fluorescent
protein (GFP). GFP cotransfection was used to visually iden-
tify cells expressing exogenous channel DNA (12).

RESULTS

Fig. 1 compares each of the LQT3 causing Na1 channel
mutations to the WT channel. In these experiments voltage
clamp pulses were applied to220 mV to activate Na1 channels
in WT or in cells expressing the three different LQT3 Na1

channel mutations. Plotted above each current recording is the
ensemble variance obtained by averaging multiple current
records. The variance is generated by channel gating fluctu-
ations (14) and provides a sensitive measure of channel gating
activity. The ensemble current and variance both declined to
zero within 10 msec in theWT channels. In contrast, the LQT3
mutations caused the channels to continue opening and closing
throughout the depolarization step. The DKPQ, R1644H, and

N1325S mutants all showed sustained inward current and
non-zero variance, indicating continued channel gating, at
times later than 20 msec. Interestingly, there were no gross
changes in channel kinetics. We examined this in more detail
by measuring several kinetic parameters including the time to
peak sodium current, the time course of inactivation, and the
time course of recovery from inactivation.
The time-to-peak sodium current was measured for WT

(777 6 35 msec, n 5 23) and each mutant at 220 mV. A
significant decrease (P , 0.01) was observed only for the
R1644H mutant (6386 22 msec, n5 22) suggesting that either
the rate of activation or inactivation was enhanced in this
mutant. There was no significant change (P . 0.1) compared
with WT in time-to-peak sodium current for DKPQ (709 6 22
msec, n 5 22) or N1325S (766 6 33 msec, n 5 23).
Inactivation Kinetics. The time course of channel inactiva-

tion was estimated quantitatively by fitting the declining phase
of inward sodium current with both single and double expo-
nential functions. The double exponential function gave the
best fit to the data both by visual and statistical estimation. In
WT hH1 the two time constants of macroscopic inactivation at
220 mV were 0.6 6 0.04 and 4.9 6 1.25 msec (n 5 5),
respectively. Approximately 80–90% of the Na1 current inac-
tivates with the smaller time constant (faster process). Fig. 2
summarizes the voltage dependence of these time constants
and the relative amplitudes of each component for each
mutant channel. The relative amplitude (in percent) for each
of the exponential components is shown in Fig 2 A–C. In all
cases there was a large amplitude component that decayed with
the smaller time constant (tfast5 0.6–2msec). The steady-state
component, labeled Alate, is plotted as triangles. These show
the average amount and voltage dependence of this sustained
component for each mutant channel. Fig. 2 D–F show the
averaged time constants for these fits. The average time
constants for the wild type channels are shown as dashed lines
(11). Statistically significant differences between WT and a
mutant are denoted by asterisks. The fraction of the sustained
late Na1 current was dependent on membrane potential and
was different for each mutant. In the DKPQ mutant channel,
the fraction of sustained current decreased from about 5% at
240 mV to'2% at140 mV. At a membrane potential of220
mV, the sustained inward sodium current was 2.57 6 0.27%
(n 5 13) of the peak sodium current. In contrast, the N1325S
mutant showed the opposite voltage dependence for the late
openings, increasing from 2.5% at 240 mV to 5% at 140 mV.
The mean sustained inward current at 220 mV was 3.12 6
0.65% (n 5 8). Finally the R1644H mutant Na1 channel
showed almost no voltage dependence with a constant sus-
tained fraction of inward current of approximately 0.8%
between240 and130mV and an average at220mV of 0.806
0.14% (n 5 8).
The fractional amplitude of the fast component was greater

in the DKPQ and R1644H mutants than in WT (not shown).
The second, slower component was consequently smaller. This
gave the visual impression of a more rapidly decaying sodium
current compared with control. Indeed when a single expo-
nential function was fitted to the data (not shown), the time
constants were smaller (apparent faster decay). However, a
two exponential fit was statistically better (F-ratio test; P ,
0.05) in all cases. The time constants at several potentials (see
Fig. 2) were statistically significantly larger than WT.
Recovery from Inactivation. Since each mutation appeared

to alter channel inactivation, we investigated recovery from
inactivation using a two-pulse protocol. The first pulse which
placed all channels in the inactivated state was followed by a
second voltage clamp step to 220 mV to assess the fraction of
channels that had recovered from inactivation following var-
ious time intervals at2120 mV. These intervals are plotted on
the abscissa in Fig. 3. The recovery curves were fitted with an
exponential function containing two or three components to

FIG. 1. Whole-cell recording of WT, DKPQ, N1325S, and R1644H
human heart Na1 channels expressed in HEK293ytsA201 cells. Volt-
age clamp steps of 100ms duration to220mV from a holding potential
of 2120 mV were applied every 5 sec. The average of 20 consecutive
recordings is shown along with the variance computed during the
averaging process. The nonstationary variance is a sensitive indicator
of gating. Note the non-zero variance that occurs after 20 msec in the
mutant channels. The ensemble variance, s2, is related to channel
gating according to the following relationship: s2 5 P (1 2 P) N i2,
where P is the open probability, N is the number of channels, and i is
the single channel current. N and i are constants at a particular
membrane potential. The variance is a sensitive measure of continued
channel gating. As channels inactivate, the variance and current drop
to zero. The mutant channels show a sustained sodium current that
persists after the WT channels have inactivated. This late gating
activity is reflected in the non-zero variance that exists during the
prolonged depolarizations.
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quantify the recovery relationship. The curves were fit to the
data averaged frommultiple cells (see Figure legend). The best
fitting exponential functions are shown as solid curves in Fig.
3. In the WT channels the largest fraction (77%) recovered
with a time constant of 6.7 msec. A second smaller component
(23%) recovered with a time constant of 35 msec.
The DKPQ mutant showed significantly faster overall re-

covery than WT channels. The R1644H mutant recovered
from inactivation at 2120 mV approximately the same as WT
channels. Both R1644H and N1325S were significantly better
fitted by a 3-exponential function. Recovery in the N1325S
mutant channel was significantly slower than the WT and the
other mutants. One component recovered very rapidly, but a
third component caused N1325S to recover slower than WT.
Although two of the mutants showed recoveries that differed
from WT channels, it should be noted that the channels were
all fully recovered from inactivation within '100–200 msec
(see Fig. 3).
Steady-State Activation, Inactivation, and ‘‘Window Cur-

rents.’’A possible mechanism for a sustained late current is an
overlap in the relationships for channel activation and inacti-
vation. Such an overlap has been referred to as a window
current. A sustained current will be observed if there is a
fraction of channels that open (Popen. 0) when the probability
for inactivation is also not zero. We evaluated this possibility
by constructing steady-state inactivation curves and compared
them to the curves for the voltage dependence of relative Na1

conductance. The voltage dependence of relative Na1 con-
ductance was measured by using a series of voltage clamp steps
to different membrane potentials between 290 and 140 mV.
The holding potential was 2120 mV. The peak current mea-
sured at each membrane potential was divided by the driving
force for sodium ions (V 2 ENa) and the maximum sodium
conductance. The steady-state inactivation relationships were
obtained by measuring the peak sodium current during a step
to 220 mV which followed a 500-msec prepulse to membrane
potentials between2160 and250 mV. The current during the

test step was normalized by the maximum current measured
following the prepulse to2160 mV. Each curve was fitted with
a Boltzmann equation to estimate the membrane potential for
half maximal activation and inactivation (V1y2), and to estimate
the slope factors (k) for these relationships. The normalized
conductance-voltage and steady-state inactivation relation-
ships are plotted in the Insets in Fig. 4 A–D. The WT curves
are also shown in each panel as dashed lines. The main graphs
show the regions of overlap on an expanded scale. The fitted
parameters are provided in Table 1.
No significant differences were noted in the relationship

between membrane potential and the steady-state availability
for opening of WT and LQT mutant Na1 channels using
500-msec prepulses. The slope factor of the R1644H mutant
was significantly (P , 0.05) changed compared with the WT.
The relationships for the DKPQ and N1325S mutants differed
significantly from WT (P , 0.05) but were shifted in opposite
directions. The DKPQ mutant was shifted in the depolarizing
direction by 6mV. The slope factor of this relationship was also
significantly changed from control. The curve for the N1325S
mutant was shifted in the hyperpolarizing direction by 6.4 mV,
but slope factor was not changed from WT.
These data demonstrate that there is indeed an overlap in

these relationships that is greater in the mutants than in the
WT channel. The overlap was maximal near 270 mV; how-
ever, for two of the mutants (N1325s and DKPQ), the steady-
state inactivation relationship did not go to zero at the most
depolarized potentials tested (250 mV). The overlap in these
relationships can in part account for the LQT phenotype;
however, the late openings occur at more positive membrane
potentials outside the range of the window in all three mutants.
It is possible that this small current at 270 mV would
depolarize cells with resting potentials in this range and lead
to enhanced excitability.
Voltage Ramps. To further characterize the steady state late

sodium current, the membrane potential was ramped over 2
sec from2120 mV to140 mV (Fig. 5). These slow membrane

FIG. 2. Amplitudes and time constants of decay of Na1 current in control and in LQT mutant channels. (A–C) Relative amplitudes of the
inactivating sodium current. The fraction of non-inactivating current is plotted as triangles and labeled Alate. The time course of inactivation of
mutant hH1 channels was resolved into two components by fitting the decreasing phase of the inward sodium current (inactivation) with an equation
containing the sum of two exponentials plus a baseline. (D–F) Fitted time constants. The dashed lines indicate the voltage dependence of WT hH1
time constants (11). Significant differences are indicated by asterisks or plus signs (p, 1). Symbols represent means, with error bars indicating the
standard error of the mean.
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depolarizations largely inactivated WT channels before they
could open (Fig. 5A). However, as seen in Fig. 5 B–D, inward
sodium current was generated during these ramps for each of
the mutant channels. These voltage ramp protocols directly
demonstrate the non-inactivating nature of the mutant sodium
channels. This non-inactivating inward current can produce
significant depolarization late in the cardiac action potential
plateau. This in turn will prolong the action potential and may
promote conditions for subsequent inappropriate depolariza-
tions and arrhythmias.

DISCUSSION

This study demonstrates the macroscopic phenotype and prop-
erties of the three known LQT3 mutant sodium channels:
DKPQ, N1325S, and R1644H. The results confirm and extend
the observations on the DKPQ mutant channel obtained
following heterologous expression in Xenopus oocytes (8, 9).
They further demonstrate the properties of these mutants in a
mammalian (human) cell line. A characterization of channel
behavior in mammalian cells is important because previous
studies have found anomalous behavior of some channels
expressed in oocytes.
Possible mechanisms for the LQT phenotype include a Na1

current that persists throughout a depolarization. This could
occur because of slowing of the rate of inactivation or because
the inactivation process no longer goes to completion (15, 16).
These data demonstrate that a change in the rate of decay of

the macroscopic current does not fully account for the LQT
defect. We have previously shown that the DKPQ mutation
appeared to cause late opening behavior by randomly entering
an altered gating mode where the transitions back into the
open state from the inactivated state were temporarily in-
creased (8). This transient loss of inactivation occurred '4%
of the time and was sufficient to cause a late sustained sodium
current that causes action potential prolongation and ulti-
mately the long QT syndrome
Molecular Interpretation. A simple cartoon of these LQT3

defects invokes an altered ability of the channel inactivation
gate to remain closed (see refs. 17–19 for reviews). Previous
studies have implicated the III–IV interdomain of the Na1

channel in inactivation (20–22). A deletion in this region, as
occurs in the DKPQ mutant, could potentially alter the con-
formation of this putative gate and perturb its ability to
successfully dock with its binding site. The N1325S mutation
occurs in the S4–S5 region of domain III. This region is
absolutely conserved between the heart, skeletal muscle, and
rat brain IIa isoforms suggesting its importance (5, 23–25). The
S4–S5 domain of voltage-gated potassium channels has been
implicated as a binding site for the inactivation peptide in that
channel (26). It is reasonable to speculate that this region
performs a similar function in voltage-gated sodium channels.
Presumably, the point mutation in this region destablizes
binding of the inactivation gate.
The R1644H mutation is predicted to be near the cytoplas-

mic end of the S4 segment of domain IV. The positively
charged S4 segment has been implicated in channel gating as
a putative voltage sensor (or activation gate). Interestingly, this
mutation had a significantly earlier time to peak sodium
current compared with WT. This could occur either because
channel inactivation or channel activation occurred more
rapidly. As seen in Fig. 2, the time course of inactivation was
not faster, suggesting an increase in the rate of activation in this
mutant. In addition this mutant showed the smallest disruption
of inactivation (see Figs. 2, 4, and 5). As noted above the S4–S5
segment may act as a binding site for the inactivation gate.
Thus, the proximity of R1644H to this region may explain its
effect on inactivation. The mutation may alter the structure of
this region and interfere with successful binding of the inac-
tivation gate to its receptor site. In addition, other studies have
noted changes in channel inactivation by mutations in the S4
domain (27), suggesting that channel gating properties are not
easily localized to specific domains. Of course, our data do not
prove this simplistic model, and other less mechanical inter-
pretations are possible and perhaps even likely. For example,
these mutations may exert their effects allosterically with each
mutation causing a convergent disruption of an inactivation
mechanism that we do not yet fully understand.
Comparison with Skeletal Muscle Diseases. Functional

disturbances in another voltage-gated sodium channel are
responsible for hereditary disorders of skeletal muscle mem-
brane excitability. In hyperkalemic periodic paralysis, and
certain other nondystrophic myotonias, missense mutations in
the gene encoding the human skeletal muscle sodium channel
a subunit (SCN4A, 17q), also cause disturbances in channel
inactivation (28–31). Sodium channel mutations causing hy-
perkalemic periodic paralysis exhibit a biophysical phenotype
that is similar to that exhibited by the LQT mutations studied
here. Skeletal muscle sodium channel mutations in either the
DIIyS6 or DIVyS6 segments cause a small, persistent current
to occur late in test depolarizations. In skeletal muscle, this
sodium channel disturbance is believed to cause episodic, slow
depolarization of the sarcolemma, leading eventually to con-
duction failure in the muscle fiber (28, 32). This disturbance
also renders the muscle membrane hyperexcitable during
periods in which the membrane depolarization is less severe.
Additional mutations in the skeletal muscle sodium channel
that cause the disease paramyotonia congenita exhibit more

FIG. 3. Recovery from inactivation in WT and LQT mutant Na1

channels. Channels were inactivated by a 50-msec prepulse to120mV.
The fraction of channels that had recovered following various time
intervals at 2120 mV (shown on the abscissa) was calculated by
dividing the peak current measured during a test pulse to 220 mV by
the current measured (at 220 mV) after clamping the cell for 10 sec
at2120 mV. The number of cells use to obtain each mean was 12 (WT
hH1), 11 (DKPQ), 7 (R1644H), and 6 (N1325S). The averaged data
were fitted with 1-, 2-, and 3-exponential functions. The best fitting
curves for WT and each mutant are shown as solid lines. WT and
DKPQ were best fitted with a 2-exponential function and there was no
significant improvement in the fit when a third component was
included. R1644H and N1325S were both best fitted by a 3-exponential
function. The best fitting parameters from these two exponential fits
were as follows (t1, A1, t2, A2, t3, A3): WT, 6.7 msec, 77%, 35 msec,
23%; DKPQ, 2.1 msec, 59%, 11 msec, 41%; N1325S, 1.3 msec, 40%,
25msec, 60%; R1644H, 3.3 msec, 68%, 26msec, 32%. The N1325S and
R1644H mutant recoveries were fitted significantly better by a 3
exponential function (P , 0.05; F-ratio test). The fitted parameters
were as follows: N1325S, 0.5 msec, 24%, 8.2 msec, 43%, 44 msec, 33%;
R1644H, 2 msec, 36%, 8.3 msec, 52%, 66 msec, 12%. Since the
functions were fitted to the averaged data, error estimates on these
parameters were not obtained, but the experimental errors are plotted
with the data.
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severe defects in inactivation (28, 29). Specifically, these
mutations cause slowing of the macroscopic inactivation rate
with a concomitant acceleration of recovery from inactivation.
In skeletal muscle, these functional disturbances lead to sar-
colemmal hyperexcitability and the clinical phenotype of myo-
tonia. Such severe inactivation defects in the cardiac sodium
channel would likely be incompatible with life.
Therapeutic Implications. These experiments extend the

biophysical evidence that the DKPQ, R1644H, and N1325S
sodium channel mutations cause the long QT syndrome.
Previously, it was demonstrated that these mutations lead to a
small partial disruption of inactivation in channels expressed in
Xenopus oocytes (8, 9). The data obtained from channels
expressed in a human cell line demonstrate the generality of
the original observations and reveal novel properties of each
of the mutant channels. Each mutation produces a sustained
inward sodium current that is predicted to account for the long

QT defect. Computer-simulated action potentials (not shown)
as well as studies with toxins that delay sodium channel
inactivation indicate that these small increases in inward
current are sufficient to prolong the cardiac action potential.
Nevertheless, final proof must await direct measurements in
transfected cardiac myocytes.
Additional novel findings are the distinct voltage dependen-

cies of the late current in the different mutants, the window
currents that exist, and the altered recoveries from inactiva-
tion. It is uncertain whether the altered recoveries would
markedly affect cellular excitability or conduction times. In
principle, these properties could precipitate the arrhythmias
that accompany this disease (33). Finally the fraction of
sustained late current was greatest in the N1325S mutant
('3%), it was slightly less in the DKPQ mutant ('2.6%) and
was the smallest in the R1644Hmutant (0.8%; all values at220
mV). This suggests that the R1644H variant of the LQTS may
be less severe than the other forms.

FIG. 4. Steady-state inactivation and window current. Comparison of steady-state (500-msec) inactivation and activation curves for hH1 and
LQTmutant sodium channels. A two-pulse protocol was used to estimate the membrane potential dependence of inactivation. A 500-msec prepulse
was applied to different membrane potentials as shown on the abscissa. The fraction of channels not inactivated by the prepulse was estimated from
the peak inward current during a test step to 220 mV. The peak inward current at each prepulse potential was normalized by the peak sodium
current obtained following a prepulse to2160mVwhere all channels are available to open. The channel activation curve was estimated bymeasuring
peak sodium current during different test steps from a holding potential of 2120 mV. The current at each membrane potential was divided by the
electrochemical driving force for sodium ions, Vm 2 VNa. VNa represents the sodium equilibrium potential. The curves shown was normalized by
the maximum sodium conductance. (Insets) Data over the entire range of membrane potentials tested. The main graphs show an enlargement of
the window region and the data are converted to percentages. The shaded area represents the window region. Data are shown as means and standard
errors (n 5 7–24 cells in each curve).

Table 1. Parameters of inactivation and activation

WT, mV DKPQ, mV R1644H, mV N1325S, mV

Inactivation
V1y2 299.6 6 0.88 296.0 6 1.9 297.5 6 2.2 2102.1 6 2.0
Slope factor, k 5.72 6 0.33 6.4 6 0.3 6.9 6 0.3* 6.5 6 0.4
n 11 11 7 13

Activation
V1y2 243.2 6 1.9 237.2 6 1.6* 241.5 6 2.2 249.6 6 1.6*
Slope factor, k 6.7 6 0.33 8.6 6 0.47* 5.6 6 0.44 5.7 6 0.4
n 13 24 21 20

*Statistically significant difference compared to WT, P , 0.05.
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FIG. 5. Voltage ramps to assess the non-inactivating sodium cur-
rent of LQT mutant sodium channels. Cells were voltage clamped to
a holding potential of 2120 mV to assure all sodium channels were
available to open. The membrane potential was slowly ramped from
2120 mV to 140 mV over the course of 2 sec. This slow depolarizing
ramp causes inactivation of WT channels, but non-inactivating LQT
mutant channels continue to open and reveal the current voltage
relationship of these channels.

Medical Sciences: Wang et al. Proc. Natl. Acad. Sci. USA 93 (1996) 13205


