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Functional expression of the rat heart I Na* channel isoform

Demonstration of properties characteristic of native cardiae Na* channels
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We desenibre the expression of functionad Na' elumne in Nenopus ooeytes injected with cRNA traaseribed (rom the rat heart | eDNA dlone, The

eapressed vt heart T Na” currents show kingtic propertios and resistitnee to tetrodotoxin and saxitogin which are chieacteristic of native ¢ardiae

Na’ currents, The primary winino acid sequence of the vat heart | a-subunit is therefore sutlicient for expression of tetrodotogin resistinee, and
the eat heart | ¢lone is Bikely to account for the tetrodotosinsresistant phenotype of cardiae and denervited skeletal musele,

N channel; ¢DNA expression: Nenopus vocyte; N current; Tetradotoxin; Saxitoxin

1. INTRODUCTION

The voltage-gated Na™ channel is a transmembrane
protein that is essential in the generation of the upstroke
of the action potential in most ¢xcitable membranes,
Early studies assumed that Na* channels in nerve,
heart, and skeletal muscle were identical, but it is now
elear that multiple isoforms arise from a mammalian
Na™ channel multigene family [1-3].

We  have recently reported the cloning and
characterization of the a-subunit of a rat heart Na*
channel isoform (RH-1) [3]. The native cardiac Na*
vurrent is several orders of magnitude less sensitive to
the potent neurotoxins, tetrodotoxin (TTX) and sax-
itoxin (STX), than most nerve and skeletal muscle Na*
currents (/na’s) [4]. Although the RH-I clone was deriv-
ed from neonatal rat myocardium containing only low-
affinity [PHISTX receptors [3], definitive identification
of RH-I requires expression studies demonstrating
similarity of properties with the native TTX-resistant
rat heart Na* channel.

Recently, Sutton et al. [5] reported that injection of
poly(A)* mRNA prepared from rabbit and rat cardiac
muscle resulted in functional expression of a small Ina
in Xenopus oocytes, Contrary to what might be ex-
pected for cardiac Na* channels, this In, was sensitive
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to TTX (TTX-5). They proposed that the relative low
toxin affinity of the native cardiac Na™ channel might
result from a post-transiational change in ¢channel struc-
ture, or it might require a subunit or a cofactor not pre-
sent in Xenopus oocytes. On the other hand, Krafte et
al. [6] expressad In, in Xertopus oocytes injected with
guinea pig cardiac poly(A)* mRNA, showing a TTX
sensitivity typical of cardiac Na* channels. If RH-I is
indeed the cardiac Na™ channel, then study of the ex-
pressed Na™ current would resolve the question of
whether the toxin affinity resides in its primary struc-
ture or if some other clement is necessary as well,

Noda et al. {7] have recently reported a point muta-
tion of the rat brain II channel (mutant E387Q) that
resulted in complete loss of STX/TTX block. Based on
the sequence of the RH-I clone, they proposed a struc-
tural explanation for the absolute resistance of their
mutant and the relative resistance of the cardiac chan-
nel. Before their intriguing proposal can be explored, it
is necessary to determine whether the RH-I1 Na* chan-
nel has the characteristic low toxin affinity of cardiac
Na* currents.

We report here that injection of ¢cRNA generated
from the RH-1 clone into Xenopus oocytes results in
Na® currents with kinetics consistent with the native
cardiac Na™ current. Furthermore, the RH-I cardiac
Na® channel shows about a 100-fold lower sensitivity
to block by TTX and STX than the cloned skeletal mus-
cle Na™ channel ulI [2]. While not excluding involve-
ment of other subunits, cofactors, or post-translational
modifications in cardiac Ma™ channel function, these
results establish that the low affinity for TTX and STX
characteristic of the cardiac Na* channel resides in the
primary structure of the RH-I a-subunit protein.
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20 MATERIALS AND METHODS

Fhe fulldength R voding sequence was constracted in the
pBluewript SK 7 vevtor (Stratagened as dewribed in Fig, 1. The
voding tegion was cvcised from pHlueseript SK o and cloned o
pPSPOdr (9] using synthetiv adaptors (New Hugland Biolabs), This
temphlte was lincatized with ZeoR1 il fulbdength ¢RNA was
teanseribed using SP6 RNA polynierase (Pronega), primed with the
capping analog m G Ipps G, The rat skeletal musele ¢HDNA
pel-2 () was transeribed similaely using 77 RNA polyiierase
{Stratagene).

Stage IV-Viooeyies wereinjested with SO0l of 0.1«1,0 pg 0T CRNA
and incubated for up to 2 weeks it 18°C, Whole cell current
maeasurements of fu, were revorded as deseribed in Fig, 2.

3. RESULTS AND DISCUSSION

3.1, Ewectrophysiological identification of the REL-1
clone with cardiae Na* channels

A family of transient inward currents elicited by
depolarizing steps applied to Xenopus oocytes injected
with RH-1 ¢RNA is shown in Fig. 2A. The currents in
uninjected oocytes (Fig. 2B) fail to express transient in-
ward currents. All current records (Figs 2-4) arc uncor-
rected (i.e. without capacitive and leak currents sub-
tracted) since these measurements were more reliable
for determining toxin affinities in Figs 3 and 4. The in-
ward currents in Fig. 24 show voltage-dependent
kinetics consistent with the native cardiac In.. The time
to peak Inas and current decay rate in Fig. 2A decreasc
with increasing depolarization. The peak current-
voltage relationship (/- curve) in Fig. 2C shows a
threshold for Inq activation of =40 mV, and a peak in-
ward current elicited at ~ 20 mV. These currents resem-
ble whole-cell Ina recorded from neonatal rat ven-
tricular myocytes (Fig. 2D; [10)]).

We compared the properties of the expressed ul
skeletal muscle clone to the RH-I cardiac clone. In con-
trast to RH-I, the typical peak In, for ul (Fig. 2E) is
greater than 1 uA in size and decays slowly, whereas the
peak RH-I Ina (Fig. 2A) is less than 200 nA in size
(discussed below), and decays rapidly. Studies [11,12]
comparing the inactivation kinetics in denervated
skeletal muscle membrane of the native TTX-S Mg
(associated with the ul cDNA [2] and the native TTX-R
Ina (associated with the RH-I1 ¢cDNA [3,23]) show that
they are not measurably different. The ul Ing (Fig. 2E)
decays considerably more slowly than native skeletal
muscle Ina {2,11], whereas the more rapid decay rate of
the RH-I Ina (Fig, 2A)is more comparable to the native
TTX-R Ina found in mammalian cardiac and dener-
vated skeletal muscle, albeit stil] slower (Fig. 2A vs 2D).
Thus, the decay rate of RH-1 may be influenced by fac-
tors other than primary sequence of the RH-I cDNA
clone. It is interesting in this regard that low molecular
weight fractions of mRNA co-injected in oocytes with
the uI [2] and rat brain I11a [15] Na™* channel ¢cRNAs
have been demonstrated to considerably increase the
rate of inactivation of both these isoforms. Our ability
to express the TTX-R RH-I channel will now allow us
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Fip, boConstruaction of the REL tall-length ¢DNA ¢lone, The amiino-
teeminal purtion was synthesized by the polyimerise chain reaction
(1PCR)Y (8] using the ¢DNA clone pRE3-L () as the template, Syn-
thetic oligonueleatides corresponding to positions -4 to + 13 and ine
corporating i FindUT vestriction site on the 8’ -end (5 AAGCTTG-
AAGATUGOAAACCTCC3 ) andan attisense aligonucleotide cor-
responding to nucheatides 10591043 (8 TTGAGUTCOGTOAA-
GTT-2 )y were used as POR primers, The PCR produet was digested
with HindH1 and Nyil and ligated to the Nsil site of pRE1-71, This
product was digested with HindU] and Bambl and ligated to the
Barnl 1 site of pREE3IR, The resulting plasiid contained the con-
tiguous coding sequence from ~4 to #6072, with the termination
cadon at nucleotide 6088,

to test how co-injection of low molecular weight cardiac
MRNA species with the RH-I ¢cRNA may influence in-
activation kinetics of the expressed RH-I In,.

The RH-I I, expressed in oocytes is smaller than the
Ina typically found with cRNA derived from the ul and
the rat brain I and III clones [13-15]. The RH-1
isoform may be intrinsically difficult to express for
several reasons. (i) 1t is possible that poorly expressed
ion channel isoforms are less readily translated by the
oocyte, or require post-translational modifications
which are not highly efficient in this heterologous
system. Low efficiency of expression has also been
found for other cloned ion channel isoforms. The clon-
ed Na* channel from electric eel is not expressable in
Xenopus oocytes [16], and the rat brain 1 ¢cRNA ex-
presses poorly [12], while expression of the rat brain II,
I11 [13,15] and ul ¢cRNASs results in expression of pA-
level currents (Fig. 2E). Similarly, cRNA from the clon-
ed skeletal muscle Ca** channel fails to express in
oocytes {17], whereas cRNA from the cloned cardiac
Ca®* channel expresses moderately sized currents [18].
(i) Untranslated sequences could play a role in stability
or translatability of the RH-I ¢cRNA, even though other
cloned channel isoforms express well without such se-
quences. The ¢DNA construct used for these ex-
periments is devoid of both §' and 3’ untranslated
regions (iii) Finally, other factors (e.g. 8-subunits) may
be required for high level expression of the RH-I Na™*
channel a-subunit, as has recently been demonstrated
for expression of the Na* ,K*-ATPase o-subunit [19].

3.2, TTX/STX sensitivity of RF-I and pX Na* channel
clones

Native cardiac Ins is characteristically resistant to

block by TTX and STX, relative to skeletal muscle and
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Fig. 2. Expression of /s in RH-1 mRNA injected oocytes, (A) Inward current clicited by voltage steps from —80 mV to — 50 through —5 mV
inincrements of § mV 4 days after injection of RH-1¢cRNA; 7' = 20°C. (B) Uninjected control egg from the same batch as in (A) showsihie absence
of inward current for the same voltage range in ingremenus o 10 mV;, T = 20°C, (C) I~V relationship for RH-1 (solid cireles, solid {ine) and native
neonatal rat cardiac Jna (dashed line), RH-1 Fy, decays fully within 25 ms, Hence, the /- V curve is the peak minus the steady-state current at the
end of a 26 ms depolarization, The /- ¥ curve fram the isolated myocyte is normalized to the peak current, (D) Whole-cell currents from an isolated
neonatal rat ventricular myocyte. Note similarity in time course of decay of native fya and RH-1 directed expressed currents (A); T'=14°C. (E)
Expression of Mna in ul cRNA injected ococytes. Inward current elicited by voltage steps from ~ 80 mV to —40 mV through § mV by 3 mV in-
crements, Note the different current scales in (A) and (E) (F) /~V relationship for peak ul Ins. Methods: Portions of ovaries were removed from
adult Xenopus lagvis (NASCO, Ft. Atkinson, W] and Xenopus One, Anne Arbor, M1) and placed in a modified cocyte Ringers solution (OR-~2).
OR-2 consisted of (in mM): NaC186, KCl 2.5, CafTly 1.0, MgClz 1.0, NaHPO, 10, Hepes 5, pH 7.6 with NaOH. Segments of ovaries containing
fifty 10 several hundred oocytes were incubated for 2 b in Ca?* -free cocyte Ringers with 2 mg/ml collagenase type 1A (Sigma Chemicals). One
to four hours after collagenase treatment surrounding follicular cells were manually peeled using fine forceps and transfesred to OR-2 sup-
plemented with 1 mM Na-pyruvate and 0.1 mg/m! gentamycin {Gibeo). Stage IV-VI cacytes were injected with 50 nl of 0.1 to 1.0 ug/ul cRNA
and incubated for up to 2 weeks at 18°C. Oocytes were continuously perfused with OR-2 at room temperature (18-22°C) for all electrophysiological
recordings, A 2-electrode voltage clamp (OC-725, Warner Instruments) with a virtual ground énabled simultaneous measurement of membrane
voltage and current, Both the lowpass filtered current (3 kHz to 10 kHz, 8-pole Bessel, -3 dB, Frequency Devices), and voltage were digitized
at 12,5 kHz 10 33 kHz (Zenith 386 PC equipped with a Labmaster A/D board), Native cusrents were recorded from single one-day neonatal ven-
tricular myocytes using the whole-cell mode of the patch-clamp technique. A List EPC-7 recorded current at 33 kHz, The bath consisted of (in
mM): NaCl 142, KCI 5, CaCl; 1.5, MgClz 1, Hepes §, pH 7.4 and the pipette contained: Cs-glutamate 120, CsClz 20, NaCl 5, EGTA 5, Mg-ATP
2, Hepes 10, pH 7.4, AXOBASIC 1.0 software was used for data acquisition and analysis. For clarity Figs 2A, 2B, 3A and 3D are the moving
average of ¢very 10 points.
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nerve Zuy's (4], We show thad the RIT] Zy,is also TUX
and 8TX resistant, compared 1o similar measurements
of toxin sensitivity of the pl Na ™ chinnel expressed in
Xenopus oocytes, Fig, 3 compares TUX sensitivity of
the REL-Tand pd Fu's. Whereas 50% block of the pl Iy,
oceurs between 10 and 30 nM (Fig. 31B), about 3 ;M
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Fig. 3. RH-1 (A) and ul (B) expressed Fny have different TTX sen-
sitivities. (A and B) Current was elicited by a voltage step from - 80
to —20mV. TTX was added in increasing doses, with concentrations
of 0, 1,3, and 10 in uM in panel A and 0, 1, 10, 30, 100, and 300 nM
in panel B. Note difference in current gain; RH-I current is much
smaller. (C) TTX dose-response curves for RH-I (filled symbols) and
#1 (open symbols) injected oocytes. The smooth curves are fits to the
equation Ina/Feomror= (1 + TTX/Ka)~! where Ky = 1.52 uM and
40.4 nM for RH-1 and ul, respectively. Data are pooled from 4 RH-I
(closed symbols and asterisk) and 3 ul (open symbols) injected
oocytes.,
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TTNXN iy required to avhieve 50%% block ol the REL- 7y,
(Tig. 3A). The dose-response curves tor TEX (g, 3¢)
fit well with a single site curve having Ay valiles ot 40
nhand 15 M for el and RE-L, respectively, Similarly,
Figs 4A-C demonstrate a roughly 100-told ditfference in
STX sensitivity berween the pd (Ay - 0,38 Y and RE -

(Ka = 4 0M) Ixa,
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F1g4 RHI-1 (A) and ul (B) expressed In, have different STX sen-
sitivities. Current was elicited by a voltage step from —80to —20mV,
STX was added in increasing doses, with concentrations of 0,1, 10,
100, and 500 nM in (A) and 0, 0.1, 0.5, and 10 nM in (B). Note dif-
ference in current gain; RH-I /xa is smaller than #l Frn. (C) STX dose-
fesponse curves for RH-1 (filled symbols) and ul (open symbols) in-
jected oocytes. The smooth curves are fits to the equation Fna/Jconirol
= (1 + STX/Ku)~ 1, where Ky = 44 and 0.35 nM for RH-I and il
respectively. Data are pooled from 3 RH-I and 6 ul injected ococytes,
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The TTX/STXeresistant phenotype of the RH-L ¢
subunit indicates that the toxin resistance of native car-
diae Na " clismnels vesides in the priovary amino acid se-
quence. The abundance and speciticity ol the R
MRNA, as well as the presence of only low-allinity
(PE3- SUN receptors in newborn heart [3], suggest that
the REI Na " channel accounts for the major compo-
nent of the TTX-R Iy, in cardine muscle, However, we
calimot rule out the possibility that other cardiae
jsoforms not yvet characterized [20] also contribute to
the properties of the cardiae Ina.

Eleterologous expression of TTX-R [n, correspons
ding to RH-1 with poly(A) " mRNA has also been it~
ficult. Injection of oacytes with poly(A) " mRNA from
rabbit, rat and huwman heart {5,211, and from dener.
vated rat gastrocnemius muscle (unpublished results)
resulted in expression of only TUN-S Iny's, despite the
TTX-R Iny's [4,11) and Jow affinity [*H]STX receptors
in these native preparations [3,22]. Furthermore, Nor-
thern blot and RNase protection studies confirmed that
the RH-I mRNA species was also abundant in rat heart
and denervated gastrocnemius musele {3,23}, The TTX-
S Ina observed probably results from expression of the
TTX-S rat brain [ and gl mRMNA species also present in
cardiac 3] and denervated gastrocnemius muscle [2)
respectively, We believe that the previous failure to
observe TTX-R Iy, was due to undetectable or absent
cxpression of the RH-I mRNA specics, rather than the
proposed requirement for other factors or modifica-
tions [5].

3.4, Aypotheses for amino acids involved in the
molecular recepror for TTX/STX

Previous clectrophysiological studies have led to the
hypothesis that an essential (~)-charged carboxylic
acid group acts as a cationic binding site for the (+)-
charged TTX and STX molecules [24], Mutational
analysis of TTX binding in the rat brain II molecule led
to a proposal that the TTX binding site resides, at least
partially, on the extracellular loop between transmem-
brane segments 85 and S6 of domain I [7]. A single
point mutation of the (-)-charged glutamic acid
(residue 387) to a neutral glutamine rendered the chan-
nel entirely resistant to TTX, leading Noda et al, [7] to
propose that this residue was part of the cationic site in-
volved in high-affinity TTX binding. However, this
amino acid is conserved among all Na®* channels in-
cluding RH-I. Our demonstration of the partial
resistance to TTX of the RH-I I, supports the idea that
the binding site is more complex. Noda et al. [7] sug-
gested from sequence comparison of the RH-1 and
TTX-S Na* channels that the (+)-charged arginine
(residue 388) in RH-I, substituting for the neutral
asparagine conserved in TTX-S Na channels, partially
neutralizes the adjacent (—)-charged glutamic acid
(residue 387), resulting in partial TTX-resistance of
RH-I1. One possible test of this suggestion would be to
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determine whether seplacement ot this srginine with an
aspiragine residue in the RELD Na channel increises the
TUN sensitivity o this RHT mutant, Having
demaonstrited here an expression system tor the RH-
Na’ channel clone, along with its property of TTX
Fesistunce, we e now in a position (o chiracterize this
proposed mutant and other structural features of the
molecular receptor conferring difterent STX/TTX sen-
sitivities of various Na” channel isolorms, Further-
more, we have established the identification of the RH-
1 Na* channel with the TTX-R eardiae-type Ina (and
with the TTTX-R I, in mammalian denervated skeletul
muscle). Henee, we can study structural aspects of the
Na® channel that account for functional physiological
and pharimacological variations between the RE-1 and
other Nu ™ channel isotorms,
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