Novel LQT-3 Mutation Affects Na® Channel Activity
Through Interactions Between a- and 3;-Subunits
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Abstract—The congenital long-QT syndrome (LQT), an inherited cardiac arrhythmia characterized in part by prolonged
ventricular repolarization, has been linked to 5 loci, 4 of which have been shown to harbor genes that encode ion
channels. Previously studied LQT-3 mutations of SCN5A (or hH1), the gene that encodes the humamahzel
a-subunit, have been shown to encode voltage-gateddkiannels that reopen during prolonged depolarization and
hence directly contribute to the disease phenotype: delayed repolarization. Here, we report the functional consequences
of a novel SCN5A mutation discovered in an extended LQT family. The mutation, a sirgl& Aase substitution at
nucleotide 5519 of the SCN5A cDNA, is expected to cause a nonconservative change from an aspartate to a glycine at
position 1790 (D1790G) of the SCN5A gene product. We investigated ion channel activity in human embryonic kidney
(HEK 293) cells transiently transfected with wild-type (hH1) or mutant (D1790G) cDNA alone or in combination with
cDNA encoding the human Nachannelg8;-subunit (I8,) using whole-cell patch-clamp procedures. Heteromeric
channels formed by coexpressionesfand B,-subunits are affected: steady-state inactivation is shifted by —16 mV, but
there is no D1790G-induced sustained inward current. This effect is independeniBafdahieunit isoform. We find no
significant effect of D1790G on the biophysical properties of monomeri¢hH1) channels. We conclude that the
effects of the novel LQT-3 mutation on inactivation of heteromeric channels are due to D1790G-induced changes in
a- and By-interactions(Circ Res 1998;83:141-146.)
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he congenital long-QT syndrome (LQT) is an inherited Previously studied LQT-3 mutations of SCN5A have been

cardiac arrhythmia that is defined in part by prolonged shown to encode voltage-gated ‘Nahannels that fail to
ventricular repolarization, an association with recurrent syn- inactivate completely during prolonged depolarization and
cope, and a propensity to polymorphous ventricular hence contribute directly to the disease phenotype: delayed
tachycardia (torsade de pointes) and sudden déaQT has repolarizationt'*!#° Because the position of glycine 1790
been linked to 5 loci, 4 of which have been shown to harbor (p1790) is thought to be intracellular, near the C-terminus of
genes that encode ion channéfsThese discoveries have e a-subunit, and not associated with major functional
created the unique opportunity to develop molecular thera- .pannel propertie®, extrapolation to changes in the proper-
peutic approaches to disease management based on specififag of encoded Nachannels is not obvious. Here we report

fUnCt|§Oc|: ?Sl _(I:_E_anﬁes 'S the channbell p_rotelnts sncoded bl>ll mUta_ntthe functional consequences of the D1790G LQT-3 mutation
genes. IS as been possible In part because all previ- ¢ o\ eq1e by measuring ion channel activity in transiently

ously reported_ LQT ion chan_nel mutations have been_ s_hown transfected human embryonic kidney (HEK 293) cells. We

to cause functional changes in expressed channel activity that.. . .

- - . - find that the D1790G mutation has little effect on the
contribute directly to delayed ventricular repolarization. biophvsical " ¢ ic (hH1) ch s but
SCN5A (or hH1) is the gene that encodes the human iophysical properties of monomerie (hH1) channels, bu

voltage-gated Nachannek-subunit® Recently, Benhorin et it significantly affects _the properties of he_terom(_aric chan_nels
al reported a novel SCN5A mutation linked to LQT-3 in formed by coexpression ai- adel-subunlts. Th|§ result is
which there is a single A-G base substitution at nucleotide ImPortant not only because it shows the functional conse-
5519 of the SCN5A cDNA® The mutation is expected to ~ duences of a novel gene mutation linked to an inherited
cause a nonconservative change from an aspartate to ardiac arrhythmia but also because it provides important
glycine residue at position 1790 (D1790G) of the SCN5A insight into the physiological importance and key interaction
gene product. The D1790G mutation was found in all patients residues for the human cardiac Na&hannel ;-subunit.
(n=24) of an extended LQT family but not ir200 chro- Furthermore, the data suggest that therapeutic strategies
mosomes carried by healthy individuals. designed to treat carriers of previously described LQT-3
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142 LQT-3 Mutation and Na* Channel Activity

Summary of Effects of the D1790G Mutation and hp3; Coexpression on Expressed Channel Activity

hH1 hH1+hp; D1790G D1790G+hp;
Peak current density —51.3%£6.2 (n=14) —63.8£6.71 (n=16) —55.4+4.5* (n=16) —52.8+£5.0% (n=16)
Inactivation V,, —70.2+1.3 (n=17) —58.7+1.21 (n=16) —73.1£0.9* (n=9) —75.0+1.6§|| (n=20)
Inactivation slope factor 6.3+0.3 (n=16) 7.8+0.31 (n=16) 5.8+0.2* (n=10) 4.9+0.2§|| (n=20)

*P>0.05 vs hH1.
tP<0.01 vs hH1.
$P>0.05 vs hH1+hp;.
§P<<0.01 vs hH1+hp;.
|IP>0.05 vs D1790G.

mutations of SCN5A are not likely to be effective in treating current with prolonged depolarization (Figure 1A). Figure 1A

carriers of the D1790G mutation of SCN5A. compares currents recorded during maintained depolarization
] from cells cotransfected withf plus D1790G cDNA (left)
Materials and Methods and IB, plus KPQ cDNA (right). The current traces in Figure

HEK 293 cells (Cold Spring Harbor Laboratories) were grown under 1A are shown at high gain to emphasize differences in small,

culture conditions and transfected by a lipofection procedure previ- .
ously described by US.hH1 CDNA was subcloned into the vector sustained currents. Peak currents, too large to be resolved at

pcDNA3 (Invitrogen, Inc). The D1790G mutation was engineered this gain,.were' 1155 pA (D1849G) and 824 pA (KPQ).- Thus,
with the QuickChange Site-Directed Mutagenesis Kit (Stratagene, the sustained inward current through KP@B¢lshannels is on
Inc) and confirmed by sequence analysis. Plasmid cDNA for the same order of magnitude (2% to 4% of peak currents) as
transfection was isolated by use of Qiagen (Plasmid Midi Kit) anion previously reported for monomeric KPQ chanriéf€. De-

exchange column kits (Qiagen, Inc). Base-pair and deduced amino”_. imil ion | Is of K intained
acid numbers are determined according to the Genebank sequence ofPIt€ Similar expression levels of peak currents, maintaine

SCN5A, accession number M77235. Wild-type cDNAs were gifts of current could not be resolved foskD1790G channels in
Drs M. Keating (University of Utah School of Medicine), L. Isom  this or in any of 15 other similar experiments.

(University of Michigan School of Medicine), P. Bennett (Vanderbilt In contrast, when compared with hHBfchannel activity,

University School of Medicine), and A. George (Vanderbilt Univer-
sity School of Medicine). Membrane currents were measured by the D1790G-fg, but not KPQ-B, channels alter steady-state

whole-cell application of the patch-clamp procedtrand pulse inactivation (Figure 1B). Figure 1B, which illustrates effects
protocols, and tests for control of Nahannel currents were carried  for steady-state inactivation measured with 100-ms prepulses
out as previously describétlinternal pipette solutions consisted of (similar results were obtained with 500 ms but are not

(mmol/L) cesium aspartate 60, Na-ATP 5, EGTA 11, HEPES 10, . - )
CaCh 1, and MgC} 1, with pH 7.2 adjusted with CSOH. External shown), compares inactivation curves measured for hBi1-h

solutions (full Na) consisted of (mmol/L) CaC2, MgCl, 1, NaCl
135, HEPES 10, and glucose 5, with pH 7.4 adjusted with HCI. HEK D1790G + hp, KPQ + hp,

293 cells are small (total membrane capacitae®) pF). However, (A)

to ensure adequate voltage control, in all experiments except those

designed to measure sustained inward current during prolonged — s
depolarization, extracellular Nawas reduced to 30 mmol/L by

substitution withN-methylglucamine. To quantify the voltage de- N
pendence of steady-state inactivation and activation, data from

individual experiments were fitted with Boltzmann relationships,

Y(Vi) = (A= AL +exp[(Va—Vi)V,J}, in which V,,, is the volt- (B)

age at which half the available channels are inactivated (or acti-
vated), \ is the slope factor, y is the relative current,, ¥ the
membrane potential, and, And A are arbitrary constants. Averaged
data for these parameters are reported in the Table. Steady-state
inactivation curves shown in all figures were generated with the
mean parameters from these fits (Table). Holding potentials were
—90 mV unless otherwise noted.
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Because Nachannels have been suggested to consist-of mV "
(260-kDa) andB;- (36-kDa) subunité>2* we first tested for Figure 1. Heteromeric channels: unique functional conse-

- - ! - - quences of the D1790G mutation. Currents recorded in cells
unique functional effects of the D1790G mutation in cells coianstected with hg, and either D1790G (left) or KPQ (right)
expressing heteromeric channels consisting of aeghH1, cDNA. A, High-gain records (recorded at —10 mV) show sus-
wild-type, D1790G) and human hea@;-subunits (i8,).* tained inward current for KPQ (arrow) but not D18940G

: : a-subunits. Calibration: 2 ms, 50 pA. Peak currents in these
Flgurg 1 ShOW_S ,func,tlon,al Consequences, of the Dl?QOG experiments (off scale at this gain) were 1155 pA (D1790G)
mutation that distinguish it from other previously described and 824 pA (KPQ). [Na*],=135 mmol/L. B, Steady-state inac-
LQT-3 mutations, here illustrated by the SCN5A KPQ ti\_/ation is nggatively shifted for D1790G (left) but not KPQ
deletion mutant. Unlike previously described LQT-3 muta- (right) mutation. Plots: average (mean+SEM) normalized test-
ti f SCNBALL1318.19 . f ith D1790G pulse current versus conditioning voltage. Left, O, hH1+hp,,
lons o ' coexpression of B, wi n=17; ®, D1790G+hp;, n=9; right, O, hH1+hp;, n=17; @,

encodes channels that do not conduct sustained inwardkKPQ+hg;, n=7.
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Figure 2. The D1790G mutation does not affect kinetics of onset of inactivation or voltage dependence of activation. A, Fast (left) and
slow (right) time constants (mean=SEM) of onset of inactivation vs test-pulse voltage obtained by best fits of data to functions with 2
exponential components. Voltage pulses were chosen positive to threshold for Na channel activation only. Shown are results for
hH1+B; (open symbols, n=6) and D1790G + B (solid symbols, n=6) channels. Traces: normalized currents recorded at —10 mV. Cali-
bration: 5 ms. B, Peak current- (normalized to total cell capacitance) voltage relationship of hH1+hp; (left, mean=SEM, n=16) and
D1790G+hp; (right, n=16) channels. Smooth curves are described below. C, Normalized mean conductance vs voltage relationships
for D1890G+hp; (A) and hH1+hg, (m). Data were obtained from mean data of Figure 2A with V,,,50 mV. Smooth curve is best-fit Bolz-
mann relationship (V4,=—22 mV, slope factor=6.6 mV) to data. Smooth curves in A were obtained by scaling this relationship by
appropriate maximal conductances and driving forces.

channels (open circles in both panels), D179Q&¢hannels dependence of the peak of the current-voltage relationship or
(solid circles, left panel), and KPQgh channels (solid channel selectivity (judged by reversal potential) of hetero-
circles, right panel). The D1790G mutation alters both the meric Na channels (Figure 2B). The D1790G mutation does
half-maximal voltage and slope conductance of this relation- not cause a significant difference between peak current
ship (Table). densities of wild-type and D1790G heteromeric channels

We next compared the time course of inactivation of (P>0.05, Table). Finally, we tested for an effect of the
currents measured during depolarizing pulses for cells trans-D1790G mutation on the voltage dependence of activation by
fected with hH1 cDNA plus B; cDNA and D1790G cDNA normalizing the data presented in Figure 2A to driving force
plus B, cDNA. The results of these experiments are sum- and peak conductance and then plotting the resulting normal-
marized in Figure 2A. Here, we analyzed the time course of ized conductances versus test potential for wild-type and
currents in response to voltage pulses positive to —40 mV by D1790G mutant heteromeric channels (Figure 2C). As shown
fitting the measured currents at each test voltage with inthe figure, there is no effect of the D1790G mutation on the
functions containing 2 exponential components. As shown in voltage dependence of activation. The smooth curves shown
the figure, we found that the D1790G mutation does not in Figure 2A were determined by scaling the normalized
affect inactivation kinetics over the voltage range studied. curves in Figure 2C by appropriate maximal conductances
Similarly, the D1790G mutation does not affect the voltage and driving forces.
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hH1 D1790G inactivation curve compared with expression of only hH1
subunits, and these effects are statistically significant (Table,
Figure 4A). In contrast, although not statistically significant,

-
V coexpression of thed;-subunit with D1790Ga-subunit, if

anything, causes small opposite effects on steady-state inac-
tivation: a slight positive shift in Y, and a decrease in the
slope (Figure 4B and Table).

Discussion
10 These results thus support the view that the D1790G muta-
§ tion, discovered by linkage analysis and subsequent sequence
3 analysis of LQT-3 in an extended LQT famffyymarkedly
3 051 affects the voltage dependence of inactivation by altering the
% interaction between the Nahannele- and 8;-subunits. The
E fact that the mutation has little or no effect on other channel
Z 0.0 properties suggests that it causes specific changes in the
-120 -80 -40 0 interaction between the 2 N&hannel subunits and not major
Vpre(mV) conformational changes in the channel protein. Future exper-
Figure 3. Insensitivity of steady-state inactivation of monomeric iments probinga- and Br-interaction domains should focus
(a-subunit) Na* channels to D1790G mutation. Bottom, Steady- on this region of the cardiac Nahannela-subunit.
state inactivation (mean=SEM; O, hH1, n=17; @, D1790G, n=9). Experiments designed to identify the functional roles of the

: Bolt: functi =—72 mV; V,=5. LT - . . :
E;%;\;eat _015 Ea\l,ngﬁgp géﬁgi%;ﬁng pulggs ’(1 60 ﬁqg,@?so?g’—o% cardiacB;-subunit in other expression systems have produced

mV, 10-mV increments). Calibration: 2 ms, 100 pA. inconsistent results. Some groups report no efféétOthers
report that coexpression ak- and B;-subunits enhances

Because the location of the D1790G mutation is thought to &XPression of Na channel currents with slight changes in
be intracellular, near the C-terminus, and Makita &t fadve gating kinetics and gating voltage dependerftféand mod-
shown that the carboxy-terminal half of thesubunit may be ifies e_xpressed channel_ sensitivity to I_i(_jocaine bl&c@ur
important for coassembly of cardiac N&hannela- and experiments show consistent and S|gn|f_|cant_ eff(_acts of coex-
B-subunits, we investigated the possibility that functional Pression of hH1 andf on steady-state inactivation (Table)
changes induced by the D1790G mutation in heteromeric that are not seen whemhis coexpressed with D1790G in
channels might depend on subunit interactions. We thus HEK 293 cells. We found that these effects were the same if
compared the effects of the D1790G mutation on heteromeric We substituted the rat g)* for the human (B,) isoform or
(a and B) and monomericd) channels. As was the case for if we measured inactivation in full (135 mmol/L) [Nf (data
heteromeric channels, the D1790G mutation does not affect N0t shown). It should be pointed out that the composition of
the kinetics of the onset of inactivation, the voltage depen- native cardiac Nachannels has not been firmly established,
dence of activation, or reversal potential (data not shown). because mess&agefor B, has been reported in heart but
However, surprisingly, neither does the D1790G mutation immunoprecipitation of g, protein has not been
affect the voltage dependence of steady-state inactivationdemonstrated.

(Figure 3) of monomeric channels. Thus, the D1790G-  Our results indicate that the D1790G mutation does not
induced shift in inactivation (Figure 1B) of heteromeric affect the voltage dependence of activation of heteromeric
channels depends on the presence of@hsubunit. channels. Gating of cardiac Nahannels differs from gating

Does the D1790G mutation affeat and 3;-interactions? of neuronal Na channels in that evidence has been presented
To test this, we focused on steady-state inactivation and for voltage-dependent transitions from open to inactivated
compared the effects of coexpression @ hwith both hH1 states for cardiac but not neuronal chanigf§In addition,
and D1790Gx-subunits. Coexpression oBhand hH1 causes  for both cardiac and neuronal channels, multiple closed states
a positive shift in \{,, and increases the slope factor of the precede transitions into the open state, and transitions from

®, ®

1.0

(@, n=16). B, D1790G (O, n=10); D1790G+hp; (@,
n=20). Parameters for smooth curves are summa-
0.0 0.0 rized in the Table.

-140 -120 -100 -80 -60 -40 20 0 -140 -120 -100 -80 60 -40 20 0
Vpre(mV) Vpre(mV)

02/ 021

E 08 08 Figure 4. Effects of D1790G mutation on hg;-

(53 N -04 . . . . .

5 induced changes in steady-state inactivation.

O 06 0.6 Steady-state inactivation determined as in Figures
3 1 and 3. Shown in plots are normalized inactivation
N 04 0.4 curves (mean+SEM). A, hH1 (O, n=17); hH1+hg,
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each of these closed states can occur directly into the the D1790G mutation (J.B. et al, unpublished observations).
inactivated stat&. D1790G-induced alteration in the rate Consequently, our results suggest that the D1790G mutation
constants linking these early closed- to inactivated-state prolongs ventricular repolarization through an indirect effect
transitions or voltage-dependent transitions between open andon cardiac electrical activity. One possibility is that voltage-
inactivated states would be consistent with our experimental gated Na channels may participate in electrical activity in or
data. Furthermore, because our data strongly suggest that theiear the sinoatrial node (SAN) and hence contribute to
D1790G mutation alters- and B;-subunit interactions, our  pacing, as has been suggested in several animal stddfes.
results imply that theg,-subunit specifically affects transi-  Chronic depolarization of the nodal area (SAN) compared
tions between these states of the channel. with the ventricular cells would make cells of the SAN more
Unlike previously reported SCN5A mutatiohSwe find susceptible to marked changes in D1790G-induced reduction
that the D1790G mutation does not alter channel properties injn Na* channel availability and hence pacing. Another pos-
amanner that would be expected to promote sustained inwardsiility is that Na~ channels in sympathetic neurons innervat-
Na" channel current during the ventricular action potential. ing the sinus node may also express channels carrying the
Hence, a causal link between the D1790G mutation and p1790G mutation, which in neuronal cells exhibiting repet-
prolonged ventricular repolarization remains unclear. The jijye activity would be expected to inhibit excitability and
facts that our data indicate that this mutation alters the consequently sympathetic stimulation of the node. In either
interactions between Nachannek- andg;-subunits and that  ¢4se, the subsequent reduction in heart rate would indirectly
the subunit composition of native N@hannels has not been e exnected to prolong ventricular repolarization. Interest-
firmly established add to the paradox of our results. Further- ingly, carriers of the D1790G mutation do in fact have low
more, it is possible that heterologous expression of the poar rates, and in some, sinus arrest has been documented
D1790G mutation with and withoutdh in HEK 293 cellsis 55 ¢t 4|, unpublished observations). Confirmation of this
not sufficient to express the phenotype of the mutation that is ,ssipjlity must await future experiments in which the effects
present in myocardial cells. of the D1790G mutation can be tested more directly in cells

.This new LQT-3 mutfation (D1.79°G) was idgntified in a of the SAN region, perhaps in genetically altered murine
single large (=131) family that originates in the isle of Jerba models

T 1 ,
near Tunis.In this family, there have been 3 cases of sudden Finally, our results have important implications for strate-

cardiac de‘f"th (1 documented) and currently only a smgle gies to treat LQT with a gene-specific approach. It is now
symptomatic case (recurrent syncope) out of 26 mutation S : o
clear that local anesthetic (lidocaine or mexiletine) treatment

carriers. In addition, eplsodes_ of sinus arres_t have _beenO]c LQT-3 in carriers of previously reported SCN5A muta-
documented by Holter recording in 3 mutation carriers. . . o .
L tions may prove to be a unique and specific therapeutic
Clinical and ECG data have been collected for 92 members of
strategy to treat these gene deféttThe results of our

this family for >10 years, and blood samples for genetic o7 . .
analyses were available for 75 members. Strict ECG criteria investigation of the D1.7QOG S.CN.SA mutatl_on pr_ed|ct that
for QT-interval prolongation, derived from a normal ECG such treatment will be ineffective in controlling this LQT-3

' arrhythmia, because this mutation does not promote sustained

databasé were used for phenotypic classificatitnTo ; q but | q . hift i q
accommodate uncertainty in phenotypic classification at in- inwarc cur.ren'.[ ut instead causes a negatlye shiftin steady-
state inactivation. In fact, such treatment might even exacer-

termediate QTc values, all family members were character- ) . i k
ized according to 3 phenotypic subsets: affected, unaffected,bate rhythm disturbances in carriers of this gene defect by
and equivocal. To account for age and sex differefices further shifting the Na channel inactivation curv&.Prelim-
separate phenotypic definitions were used for 3 predefined inary cIinipaI d.ata indicate that lidocaine does not gorrect QT
demographic subsets: childrer 16 years old), adult$16 prolongatlon i carriers of the D1790G mutation (J.B.,
years old) men, and adult women. To account for QTc unpublished observations). Thus, our results clearly show the
variability over time, each family member was classified importance of carrying out cellular functional studies before
according to his or her mean QTc value that was typically generalizing a molecular therapeutic approach to manage-
calculated from 4 to 6 QTc values measured in several ECGsMent of specific gene defects. Here we present examples of
recorded over several years. According to this phenotypic Mutations in the same gene (SCNSA) linked to the same
classification scheme, 40 family members were classified as disorder (LQT-3) but for which distinct therapeutic strategies
unaffected, 23 as affected, and 12 as equivocal. Furtherneed to be developed.

genetic analysi$identified the new D1790G mutation in all
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