Volume 309, number 3, 253-257 FEBS 11§10

September 1992
© 1992 Federalion of European Biochemicul Societies 00145793/92/85.00

Chimeric study of sodium channels from rat skeletal and cardiac muscle

L.-Q. Chen® M. Chahine*, R.G. Kallen®“, R.L. Barchi*® and R. Horn®

*Department of Neurosciences, Roche [nstitute of Molecular Blology, Nutley, NJ 07110, USA. Departments of ® Biochemistry and
Biophysics and “Neuroscience and ¥ The David Mahoney Institute of Newrological Sciences, University of Pennsylvania, Philadelphia,
PA 19104, USA

Received 20 July 1992

Two isoforms of voltnge-dependent Na chunngls, cloned from rat skeletal muscle, were expressed in Xenopus oosytes. The currents of fSkMI and
£5kM2 differ functionally in 4 propertics: (i) tetrodotoxin (TTX) sensitivity, (ii) y-conotoxin (u-CTX) sensitivity, (iii) amplitude of single channcl
currents, and (iv) rate of inactivation. rSkM1 is sensitive to both TTX and z-CTX. rSkM2 is resistunt 1o both toxins. Currents of r5kM1 have
a higher single channel conductance and u slower rate of inactivation than those of rSkM2. We constructed (i) chimeras by interchanging domain
| (D!) between the two isoforms, (li) block mutations of 22 umino acids in length that interchanged parts of the leop between transmembrane
scgments S5 and 86 in both D1 and D4, and (iii) point mutations in the 852 region of this loop in D1. The TTX sensitivity could be switched beiween
the two isolorms by the exchange of a single amino acid, tyrosine~401 in rSkM1 and eysteine-374 in rSkM2 in 852 of D1, By contrast most chimeras
and point mutants had an intermediate sensitivity to #-CTX when compared with the wild-type chunnels. The point mutant rSkM1 (Y401C) had
an intermediate single-channel conductunce between those of the wildstype isoforms, whereas rSkM2 (C374Y) had a slightly lower conductance
than rSkM2. The rate of inactivation was found to be determined by multiple regions of the protein, since chimeras in which D1 was swapped
had intermediate rates of inastivation compared with the wild-type iseforms.

H-Conutonin; Sodium channel; Skeletal muscle; Complementury DNA; Expression; Qoeyte; Tetrodotoxin; Inactivation kinetics; Single channel
conductuance

1. INTRODUCTION

Two isoforms of voltage-dependent Na channels are
found in skeletal muscle of rat; both have been cloned,
sequenced, and expressed in Xenopus oocytes [1-3]. One
of these, rSkM1 (also known as ul), is the predominant
Na channel found in adult innervated muscle, and is
sensitive to block by tetrodotoxin (TTX) at nanomolar
concentrations. The TTX-resistant isoform (rSkM2 or
RH1; IC>1 M) is present in both developing and
denervated skeletal muscle as well as in rat heart (1.4-6).
Adult Na channels from skeletal muscle are also
uniquely sensitive to u-conotoxin W-CTX), a property
not shared either with the TTX-sensitive WNa channels
of brain or with TTX-resistant Na channels of muscle
[7.8]. Accordingly the currents of rSkM1, but not of
rSkM2, are blocked by nanomelar concenirations of
M-CTX when the cRNA is expressed in Xenopus oocytes
[2,3). At least two other functional differences are ob-
served between the Na currents of the wild-type chan-
nels expressed in Yenopus socytes, namely the single-
channel conductance is larger in rSkM1 than in rSkM2
{9], and the rate of inactivation is greater in rSkM2 [2,3].
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We have constructed chimeras and mutations that
exchange portions of rSkM1 and rSkM2 to try to iden-
tify the regions of the protein that are responsible for
their functional differences. Most of the mutations were
constructad in the loop between the putative transmem-
brane segments S5 and 86, cither in the first (D1) or the
fourth (D4) of the four homologous domains. Portions
of the $5-S6 segment from all four domazins have been
shown to contribute to TTX sensitivity and single chan-
nel conductance of rat brain Na channels [10]. A recent
report demonstrated that full TTX sensitivity ¢an be
restored to rSkM2 by exchange of a single amino acid
between the two isoforms [11]. This amino acid, tyrosine
in rSkM | and cysteine in rSkM2, is located in the so-
culled S82 region of the §5-S6 loop of D1. An abstract
of our data has appeared [12].

2, MATERIALS AND METHODS

2.1, Materials
Chemicals and prolocols were abtained from Bethesda Research
Lubs, Sigma, YWR, Stratagene Cloning Systems, and Amersham.

2.2, Caenstruction af chimeric and site-specific mutants

pS1S1 and pS182 were constructed (rom the full-length cDNAs of
rSkM1 (S1) and rSkM2 (52) by transfering Sall-Sacl and HindIli-
EcoRI Traginenis from pSK(+) and FEFG3T eapression vemiurs (1.3)
into pSeleci-1 (pS1; Promega). Chimeras were constructed from exist-
ing or newly created endonuclease restriction sites or with new sites,
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Single-stranded DNA templutes were prepared from phagemids with
the helper phuge R408 or YCS M |3 (Stratagene).

pS1S1-12°34’ und pS182.1°234 chimeras were constructed from the
full-length ¢eDNAs of rSkM1 (S1) and rSkM2 (S2 or denoted with
prime symbol) by interchanging the Sp/l=-EcoRI (ragments (rSkM|
1,778~6,957; rSkM2 1,453-7.076) between pS152 und pSK(+)S1. The
plasmids were linsarized for transcription by EcoR1 and Nodl, respec-
tively. Site-specific mutations were introduced as {ollows:

SuSpll site (underlined) §-GCTCCTCGTACGCCATGGCCA.Y
at position 1,453 in pS152 following transfer of the full-length cDNA
from pSP6AT-rSkM2 to pSl to form pSisS2.

S1/8ucl site (underlined) 5-CACTGAAGGAGCTCAGCAG-
GA-Y at position 2,840 in pSISt.

pS1S1-D18SY (block mutation of $S2 segment of domain | of
rSkM| to correspond 1o the sequence of tSkM2 prodused in pSIS1):
$-AAGAAGATCATGTAGATCTTGCCCGCA-
GATCGTAGGGTCTGTTGGTAAAGGCGCTCC
CAGCAGTCCTGCGTCATGAG-Y (Oligo #2A. Y401C, NA04R,
F4067, L408Q, A4128, T4161); transeription from Sael lincarized
template.

pS181-D18SI’ (block mutation of 88! segment of domain [ of
rSkM | to correspond to the sequense of rSkM2 prodused in pS1SIR/
A contairing the vector sequence downsteam from t'.c EcoRl site in
the MCS and the cDNA sequence from 138 (initis tion codon 451)
through the Sacl site (2.840); 5~AGCTGGT. . TAGCCATGG-
TCGGOGTTCTCCCCAGCCTTCAGGCATCU. " TAGCCCT-
CAGGGCATGTCCCAGCATCACTGCT-Y (Oligo s4A, MIGIT,
E367R, [369L, R373E, N376D. and Y377H). The mutsted EcoRI-
Spll feagment (138-1,778) was returned to pSK(+)- rSkMI and the
plasmid was linearized by cutling with Nail),

pS181-D4882’ (block mutation of 882 segment of domain 1V of
tSkM 1 to correspond to the sequense of rSkM2 produced in pSISIB
containing the MindlIl-EcuRI fragment (4402-6273); §'“GCAGAA-
GAAACAGATGCCGACGGCCGGGCTGCCGCAGTTCCCC-
CTGCTACCGTTACTGTTGGCGCAAGTTCGGGTCACAGTA-
TGGGGGCCCACTGTTGAGGT-Y (Qligo  #6A. Di154sY,
T1549N, E1551P, PI5538, G15548, T1555N, NI1SS6G, V15575,
D1560N, NIS63S, SIG66SA. 11566V). The mutated Swell-EcaRl
(4.818-6,273) fragment was returned to pSP6AT-r8kM1 prior te lin-
earization with Spel.

pS181-N404R: 5 AGCTGGAAAAGTCTCTCCCAGTAGTC-3,
Mutation produced in pS1S1 and the plasmid lincarized with Spel.

pS152-R377N: §'-TGCTGGTATAGGTTTTCCCAGCAGTC.-Y',
iutation created in pS152A containing the veclor sequence down-
steam from the MAindII site from the multiple cloning segment (MCS)
and the cDNA sequence from 201 (initiation codon 20S) through the
Kpul site (1,896). The mutated Apal-Kpnl fragment (887-1,896) wus
returned to pSPO4T-rSkM2; plasinid lincarized with EcoRI.

p8151-Y401C; 5-GGTTCTCCCAGCAGTCCTGCGTC-3'. Mu-
tation generated in pSISIR/A. The mutated EcoR1-Spfl {ragment
(138-1,778) was returned to pSK(+)-rSkM; plusmid lincarized with
Notl,

pS182-C174Y: §-GGCGTTCCCAGTAGTCCTGTGTC-3'. Mu.
tation produced in pS1S52A. The mututed Apal-Kpul fragment (887~
1,896) was returned to pSPEAT-rSkM2; plasmid linearized with
EcoRI.

All recombinant DNA constructs were conflrm by nucleic acid
sequensing as dessribed previously [1)].

2.3, Electrophysiology

The preparation and cRNA injection of Xenopies cosyles were de-
scribed previously (13]. Mucroscopic Na currents from cRNA-injected
oocyles were measured with a two-microelectrode voltage clumy {13],
Briefly, the bath Ringer's solution contained (in mM): 116 NaCl, 2
KCl, 1.8 CaCl,, 2 MgCl,, 5 HEPES (pH 7.5). Tetivduicsin (TTX,
Sigma Chemical Co.) and synthelic y-conotoxin (1-CTX, 4 giftl ol the
Roche Peptide Chemistry Department) were ndded froma | mM stock
solution in H,O. The holding potential was =100 mYV. Test pulses were
delivered at a rate of 0.5 Hz. The capucity transients were removed by
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subtruction of records obtuined alter perfusion of u Ringer's solution
with choline substituted for Nu. The 1C, vulues were caleuluted by
measuring the fruetion of peak current blocked (£,) by a fixed concen.
trution of toxin, cither 100 or 500 nM, ut =10 mV, using the equation
IC+[toxin)(l ~AYE,. In our fits of che rite of inactivation, the num-
ber und celative amplitudes of exponential components vuried from
oogyle (0 oocyle, us seen by others for expression of rSkM 1 [2,14). We
therefore meunsured the ‘time constant’ of inactivition us the time for
the current to decay to 1/¢ (i.¢. 0.37) of its value ul the peak, All daty
are presented us mean * S.E.M., using ut least 3 oocytes for cuch
messurement,

Single-chunnel measurements were abliined by recardings from
outside-out patehies containing multiple channels (9,18). The bath so-
lution was (in mM): 150 NaCl, 2 KCi, 1.5 CuCl,. | MgCl,. 10 glucose,
and 10 HEPES (pH 7.4). The pipetie solution was 130 CsF, 10 CiCl,
5 EGTA. und 10 Cs-HEPES (pH 7.3). Amplitudes of single-channel
currents were determined by either of three methods with equivalent
resultx: (i) fiting amplitude histograms to sums of Gaussians {16). (i)
nonsstationury fluctuation analysis of currents from macropatches
{17). =nd (i) ‘by-eye' lits of individual apenings with cursors. All
recordings were abtained at 21-24°C,

3. RESULTS

3.1, Toxin seusitivity

The Na current of rSkM1, expressed in oocytes, is
blocked by both 4-CTX and TTX [2]. whereas that of
rSkM2 is resistant to both toxins [3]. An example is
shown in Fig. 1. using a two-microelectrode voltage
clamp. The currents were elicited at —10 mV, near the
peak of the current-voltage relationship. from a holding
potential of =100 mV. TTX was applied at 100 oM and
M-CTX at 500 nM. TTX and x4-CTX had ICy's of ~35
and 54 nM, respectively. in rSkMI.

We constructed chimeras in which all of domain |
(D1) was exchanged between the isoforms. Table I
shows that the sensitivity to TXX segregated with Dl:
i.c. rSkM2 became TTX sensitive if its D1 was replaced
by that of rfSkM 1, and vice versa. The 4-CTX sensitivity
of these chimeras did not, however, segregate exclu-
sively with D1. Both chimeras had partial sensitivity to
UCTX (Table ). These data show that D1 determines
the TTX sensitivity and contributes to, but does not
completely determine, the sensitivity to 4-CTX,

Table | also shows several block mutations in $5-86
loops. In these mutants, segments of 22 amino acids
were exchanged between rSkMI1 and rSkM2. The block
mutants were constructed in both D1 and D4. Our data
show that the sensitivity to TTX scegregated exclusively
with a region of the $5-86 loop close to segment S6 in
D1, as expected from the results of Satin et al. [11]. This
region is known as 882, If $82 of D1 contains the amino
acid sequence of rSkMI, then the expressed currents of
this channel have the high sensitivity to TTX character-
istic of rSkM 1. regardless of the origin of the rest of the
molecule. Exchange of 881, the adjacent region close to
segment 85, did not affect the TTX sensitivity, The
sensitivity of these block mutants o g-CTX was inier-
mediate between those of the two wiil-Lype isoforms.

The §82 region in DI, which is responsible for the
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Fig. 1. EfTect of TTX and 4#-CTX on currents of rSkM | and rSkM2.

Current of (A) rSkM! and (B) rSkM2 at ~10 mV from a holding

potential of =100 m¥. Superimposed traces indisate the effects of 100
oM TTX and $00 nM u.CTX.

difference in TTX sensitivity between rSkM! and
rSkM2, has the following amino acid sequence:

[

“| MTQDYWENLFQLTLRAAGKTY
| MTQDCWERLYQOTLRSAGKIY

rSkM1:
rSkM2:

Each isoform contains a single glutamate in SS2 (*).
This residue, when replaced by glutamine in rat brain
Na channels, abolishes TTX sensitivity [18). All but 6
amino acids (underlined) are identicul in this region of
D1, There is one difference in charge: a positively
charged arginine (R377) in rSkM2 is replaced by a neu-
tral asparagine (N404) in rSkM1. These residues, how-
ever, are not the primary determinants for the different
TTX sensitivities of the wild-type isoforms. Satin et al.
[11] showed that the point mutant rfSkM2(R377N) has
a lower, rather than a higher, sensitivity to TTX than
the wild-type isoform. We have constructed the same
mutation with equivalent results (data not shown). We
have also constructed the complementary mutation in
rSkM1. This mutant, rSkM I(N404R), had little effect
on either TTX sensitivity, with an ICgof 5714 nM., or
4-CTX sensitivity (IC,, = 5527 nM).

We also exchanged the tyrosine (Y401) in rSkMI for
the cysteine (C374) of rSkM2 [11]. Fig. 2 shews that the
exchange of this residue switched tiie TTX sensitivity of
the two isoforms. The ICy for TTX block of rSkMI-
(Y401C) was 1.520.3 4M, and for rSkM2(C374Y) was
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5.2£0.4 nM. rSkM2(C374Y) was even more sensitive to
TTX than wild-type rSkM1. By contrast the sensitivily
to 4-CTX in rSkMI(Y401C) was reduced below that
found in native rfSkM1 (ICy = 19727 nM), but not to
the level found in native rSkM2. Conversely the muta.
tion rSkM2(C374Y) did not recover the sensitivity to
#-CTX found in native rSkMI.

3.2, Singte ehannel concluctance

{t has been postulated that the TTX binding site has
negatively charged sites that could accumulate Na ions
locally and thus increase the conductance of the Na
channel at physiological ionic concentrations [15,19,20].
In accordance with this idea rSkM1 has a larger single
channel conductance than r8kM2, cither in developing
muscle [16] or when exapressed heterologously in oocyles
[9.15). This suggested to us that TTX-sensitive mutants
might have a higher single channel conductance than
those that are insensitive to TTX. Fig. 3 shows thesingle
channel current-voltage relationship for the two point
mutants that interconvert TTX  sensitivity,
rSKM1(Y401C) and rSkM2(C374Y), obtained from
outside-out patches. Linear regressions for these data
are shown as dashed lines. For comparison, the best-fit
regression lines for the wild-type channels are shown as
solid lines, based on the data in Gellens et al. [9). Al-
though the point mutation in rSkM2 had little effect on
the amplitude and conductance of single channel cur-
rents, the complementary mutation in rfSkM| caused a
significant decrease in the slope conductance, from 32
pSin the wild-type to 15 pS in rSkM1(Y401C), Qur data
therefore show that the TTX-sensitive mutant has a
lower single channel conductance than the TTX-resis-
tant mutant, contrary to our expestation.

3.3. [nactivation kinetics

rSkM1, but not rSkM2, has abnormally slow kinetics
of inactivation when expressed in oocytes. The time
constants of inactivation are presented in Table I for all
the chimeras and block mutations. The wild-type
isoforms in our experiments had ~9-fold difterences in
time constants of inactivation. Block mutations in the

Table |

Time constant of inactivation and ICy, of TTX und 4-CTX block
Name Inuctivation (ms) TTX seasitivity H-CTX sensitivity
Wild-type rSkM| 10.65 £ 0.8 349x9 M 54 6 nM
Wild-1ype rSkM2 1.2 £03 3 21 M > 10 uM
Chimera
pSi81-12'34° 21 03 8 =2 nM 1.3+ 01l uM
p5182-1234 21 08 1 =01uM 05+ 03uM
Black wmtant
pS1§1.-D552 119 £1.2 1 £0.1uM 07+ 04uM
pSiS1-DIS5)’ 139 =1 20 z6 oM 964 £ 17 nM
pS181-D48s2’ 109 t08 343+4 oM 287 =89 oM
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Fig. 2. Point mutants (A) rSkM1 (Y401C) and (B) rSkM2 (C374Y).

The data were obtained under the sume conditions as in Fig. 1. The

time constant for inastivation of rSkM1 (Y40!C) was | 1.122 ms, and
for rSkM2 (C374Y) wus 0.9720.1 ms.

882 region of either D1 or D4 had no significant effects
on the kinetics of inactivation of rSkM1. The same was
true for all the point mutations we examined, however,
the two chimeras in which D1 was exchanged between
the isoforms had intermediate rates of inactivation,
each approximately 2-times slower than that of rSkM2
(Table I). Also, a block mutation in the 881 region of
Dl in rSkM1 caused a slower rate of inactivation than
observed in the wild-type isoform. These data suggest
a role of D1 in the rate of Na-channel inactivation in
oocytes.

4, DISCUSSION

We examined four functional properties of Na cur-
rents that differ in the isoforms rSkM| and rSkM2,
when expressed in oocytes. These properties are TTX
sensitivity, #-CTX sensitivity, single channel conduct-
ance, and inactivation kinetics. Our results show that a
single residue accounts for most of the difference in the
TTX sensitivity between rSkM1 and rSkM2. The other
three properties, however, cannot be explained so sim-
ply, suggesting that more extensive differences between
the proteins, or differences at multiple sites, must ac-
count for the differences in function.

-0  -40 -20 o
' Voltage (mY)
{-08
FORME(CATAY) 5 - & = a- 1-10 _
% 3
rSkM2 § - 1-18 o
mux(nozc)«%‘ - &
+-20 a

o 17

< ~-3.0

Fig. 3. Single channel ampliludes. Data were obtained from outside-
out patches of the indicated mutations, and are plotted as mean *
S.E.M., along with best-fit linear regression lines. Solid regression
lines were for the wild-type isoforms, as found in Gellens et al. [9),
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4.1. Taxin block

The difference in TTX sensitivity between these two
muscle isoforms is primarily explained by a single resi-
due in the 85-86 loop of D1 (Fig. 2). Our data do not
show whether a cysteine at this position inhibits TTX
block, or whether the tyrosine is necessary for block by
TTX. however, other TTX-sensitive Na channels of rat
brain or electroplax have cither a phenylalanine or a
tyrosine at this position [21-23], suggesting that an aro-
matic group here may be necessary for the action of
TTX. The mutation of the cysteine (C374) of r8kM2 to
phenylalanine also confers TTX sensitivity to this
isoform [11). The aromatic group may contribute di-
rectly to the TTX binding site. as suggested by the role
of aromatic residues in the block by tetracthylammo-
nium in K channels [24] or i the binding of ace-
tylcholine to acetylcholinesterase [25]. The nature of
interaction between the cationic toxin and the aromatic
group is unknown, but electrostatic interactions are be-
lieved to occur between cationic amino groups and aro-
matic side chains [26]. The $S2 regions of the four do-
mains of Na channels each contain from one to three
aromatic residues, any of which may contribute to toxin
binding. Tyrosine-40! in rSkM1 is the only $S2 residue
which does not have a corresponding aromatic residue
at the equivalent position in rSkM2. Since rSkM2 has
all of the above-mentioned negative residues, as well as
all-but-one of the aromatic residues in 882 regions, it
apparently has all of the structural requirements for
TTX binding, with the exception of the one aromuatic
residue in D1. Further mutagenic experiments are re-
quired to understand the roles of the other aromatic
residues of SS2 regions in sensitivity to TTX block.

Although TTX and x-CTX show competitive binding
[27]. the mutations that restore TTX sensitivity to
rSkM2 do not do the same for u-CTX. This is not
surprising, since all isoforms of TTX-sensitive Na chan-
nels, except those of skeletal muscle, are insensitive to
H-CTX. Also 4-CTX is a much larger molecule than
TTX [28], and experiments using analogs of u-CTX
suggest that widely spaced regions of the molecule con-
tribute to its ability to block WNa channels [29,30]. Table
I shows, in fact, that mutations in both D1 and D4
affect 4-CTX sensitivity. It seems likely, therefore, that
the 4-CTX docking site is comprised of more extensive
parts of the Na channel than the TTX binding site. The
competitive interaction between the binding of the two
compounds indicates that their binding sites may over-
lap, but not necessarily that the site are identical. Qur
data do suggest, however, that the two sites share spe-
cific amino acid residues, because the point mutation
that renders rSkM | TTX resistant also causes a 3.6-fold
increase in the IC, for 4-CTX.

4.2. Single channe! conductance
Models in which TTX biocks Na channels by enter-
ing and plugging the pore require that the TTX binding
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site is intimately associated with the extracellular mouth
of the channel. Our data show that the point mutation,
rSkM1I(Y40iC), that reduces TTX sensitivity also de-
creases single channel conductance. Also, mutations in
homologous regions of D3 and D4 of brain Na channels
affect the monovalent/divalent seletivity of the channel
[31]. Finally, the point mutant rSkM2(C374Y) changes
the ICq, for Cd*™ block [1 1], which is believed to aceur
within the permeation pathway [32]. The accumulated
data, therefore, provide strong support that SS2 regions
from part of the pore. and that TTX binds to a site
within it.

4.3, [nactivation

The rate of inuctivation of rSkM1 Nu current is ab-
normally slow when expressed in cocytes, by compari-
son both with the situation in native tissue and with hete-
rologous expression in mammalian cells [2.14,33,34).
We have found that the two isoforms have comparable
rates of inactivation when expressed in TSA-201 cells,
a human kidney cell line (unpublished observation). It
is not clear why the inactivation in oogcytes is abnormal
for rSkM 1. It may depend on the absence in oocytes of
u necessary cofuctor, such as & subunit of the Na chun-
nel found in mammalian cells [35]. Alternatively. the
cocyle may not correetly process the rSkM1 protein. It
is also not clear why rSkM2, by contrast, has rapid
inactivation kinetics in oacytes. Nervertheless our data
suggest that D1 has a moderate influence on the inacti-
vation rate, since chimeras in which D1 is swapped
between the isoforms have intermediate rates of inacti-
vation. This could be due to interdomain as well as
intradomain interactions. The interpretation of these
datu will depend on better understanding of the influ-
ence of the oocyte expression system on the processing
of Na chunnels.
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