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Identification of an Intracellular Peptide Segment of the channel protein and are accessible to 

Involved in Sodium Channel Inactivation macromolecular reagents. 
To identify functionally important re- 

gions on the intracellular surface of the Na' 
PETER M. VASSILEV, TODD SCHEUER, WILLIAM A. CA'ITERALL channel, antibodies were prepared (7) 

against synthetic peptides (SP 1, SP 1 1, 
Antibodies directed against a conserved intracellular segment of the sodium channel u SP19, and SP20) with amino acid sequences 
subunit slow the inactivation of sodium channels in rat muscle cells. Of four site- that correspond to both conserved and vari- 
directed antibodies tested, only antibodies against the shoa intracellular segment able sequences (Table 1) of the intracellular 
between homologous transmembrane domains I11 and IV slowed inactivation, and segments between the four homologous do- 
their effects were blocked by the corresponding peptide antigen. No effects on the mains of Type I1 rat brain Na' channel 
voltage dependence of sodium channel activation or of steady-state inactivation were [(RII) ( 5 ) ]  (Fig. 1A). These antibodies rec- 
observed, but the rate of onset of the antibody effect and the extent of slowing of ognize the Na+ channel purified from rat 
inactivation were voltage-dependent. Antibody binding was more rapid at negative brain in native form, and their affinity for 
potentials, at which sodium channels are not inactivated; antibody-induced slowing of the native protein is comparable to their 
inactivation was greater during depolarizations to more positive membrane potentials. a h i t y  for the peptide used as antigen (7). 
The peptide segment recognized by this antibody appears to participate directly in The hnctional effects of these antibodies, 
rapid sodium channel inactivation during large depolarizations and to undergo a which were affinity-purified by adsorption 
conformational change that reduces its accessibility to antibodies as the channel to immobilized Na+ channel a subunits ( 8 ) ,  
inactivates. were analyzed by recording Na' currents of 

rat muscle cells in the whole-cell voltage v OLTAGE-SENSITIVE SODIUM CHAN- from the nucleotide sequence of cDNA clamp configuration (9-11). Rat skeletal 
nels mediate the rapid increase in clones (5). However, the relations between muscle cells were dissociated from 20-day 
Na' permeability during the rising molecular structure and the mechanisms of embryos, maintained in vitro for 4 days to 

phase of the action potential in many excit- ion permeation and channel gating are not allow hsion into multinucleated myotubes, 
able cells (1). Their ion conductance is regu- yet understood. Here we identify a highly treated with colchicine to obtain round 
lated on the millisecond time scale by two conserved intracellular segment of the a "myoballs," and studied after a total of 8 to 
experimentally separable processes: voltage- 
dependent activation, which controls the * 
rate and voltage dependence of the Na' 

B 
I 11 I11 IV a c d 

conductance increase upon membrane depo- SP19 Control SPII 

larization, and inactivation, which mediates 
the Na' conductance decrease during a c 
maintained depolarization (1). The principal 
protein component of Na' channels is the a f 
subunit, a glycoprotein of approximately 

+H,N 
260 kD (2). It is expressed in association 
with p1 (36 kD) and p2 (33 kD) subunits Fig. 1. Functional effects of antibodies 
in nerve and p l  subunits in muscle (2). against segments of the proposed intracel- 
Messenger RNA encoding the a subunit is lular domains of the Na+ channel cl sub- 
sufficient to direct the synthesis offunctional unit. (A) Schematic representation of the primary structure of Nat channel a subunit with designated 

Na' channels in Xenopus oocytes (3) ,  al- peptide segments that are recognized by the four site-directed antibodies SPl, SP11, SP20, and SP19. 
(6) Na+ currents during intracellular exposure to different sequence-directed antibodies. Nat currents 

though their inactivation is slower than na- were elicited from a holding potential of -70 or -110 mV by a 100-ms hyperpolarizing prepulse to 
tive Na' channels (4). The primary struc- - 160 mV followed by a 9-ms test pulse to -5 mV. In each panel, two or three sequential NaC current 
tures of Na' a subunits from rat traces are presented at increasing times of exposure to the antibody solution in the recording pipette. (a) 

brain and eel electroplax have been inferred Anti-SP19 for 6 (trace l ) ,  12 (trace 2), and 23 (trace 3) min at - 110 mV; (b) control for 7 and 31 min 
at -110 mV; (c) anti-SP11 for 4 and26 min at - 110 mV; (d) anti-SP1 for 8 and41 min at -110 mV; 
(e) anti-SP19 for 8 (trace l ) ,  25 (trace 2), and 61 (trace 3) rnin at -70 mV; (f) control for 8 and 68 

D~~~~~~~ of pharmacologp, sj.30, university of min at -70 mV, and (g) anti-SP2O for 7 and 60 min at -70 mV. Na' current traces were normalized 
Washington, School of Medicine, Seattle, WA 98195. to d o w  direct comparison of time courses. 
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18 days in cell culture (10). The large size 
and spherical cell shape of the myoballs 
allowed us to obtain adequate voltage-clamp 
control and to perfuse antibody-containing 
solutions inside the cell under stable record- 
ing conditions. 

A 
a b c 

SPA 9 Control SP19 + P 

Control ex~eriments in the absence of voltage de~endence of steadv-state Na' 
antibodies (~i 'g .  lB, traces b and f )  show no 
substantial changes in the kinetics of Na' 
currents in experiments that lasted as long as 
180 min. However, when afbity-purified 
antibody to SP19 (AbSPI9) was present in 
the pipette solution, a gradual slowing of 
Na' channel inactivation was observed over 
a period of several minutes as the antibody 
diffised into the cell (Fig. lB, a and e). 
Intracellular application of antibodies to 
SP1, SP11, and SP20 had no effect on Na+ 
currents under identical conditions (Fig. lB, 
traces c, d, and g), suggesting that the effects 
of Ab~p19 were caused by its direct interac- 
tion with the SP19 segment of the Na' 
channel cu subunit. 

The specificity of the antibody-induced 
modification of Na' currents was tested 
further by using the SP19 peptide to block 
the immunoreactivity of AbSP19 (Fig. 2A). 
Affinity-purified antibodies to SP19 in- 
duced a significant slowing of the declining 
~hase  of Na+ currents in about 20 min. At a 
test potential of -20 mV, the time constant 
for Na+ channel inactivation increased from 
2.3 to 4.4 msec (Fig. 2A, panel a). Under 
the same conditions, no time-dependent 
changes in Na+ currents were found in 
control experiments in absence of antibody 

0.01 'h, 
-150 -1 00 -50 - mV 

Fig. 2. Specficity of the effects of antibodies to 
SP19 on Na' currents. (A) Whole-cell Na+ cur- 
rents were recorded at the time intervals indicated 
below after the membrane was broken. The intra- 
pipette solution contained no additions, AbSp19, 
or AbSPI9 that had been incubated with SP19 
peptide (1 nmol per milliliter of original antise- 
rum) for 30 min at 0°C before addition to the 
pipette (7). (a) Anti-SP19 antibodies for 5 (trace 
1) or 24 (trace 2) min; (b) control solution for 5 
and 33 min; and (c) anti-SP19 antibodies previ- 
ously incubated with SP19 peptide for 6 or 28 
min. Cells were maintained at a holding potential 
of -110 mV, hyperpolarized to -140 mV for 
100 ms, and then stimulated by a 16-ms test pulse 
to -20 mV to elicit Naf currents. (B) Current- 
voltage relations of Na+ currents in the presence 
of afhity-purified AbsP,, in the recording pi- 
pette. Whole-cell Na' currents were measured 
after 7 ( 0 )  and 57 (e) min after breaking the cell 
membrane in the presence of antibodies to SP19 
in the intrapipette solution. Cells were maintained 
at a holding potential of -70 mV, hyperpolarized 
to -120 mV for 40 ms, and depolarized to the 
indicated membrane potentials for 16 ms to elicit 
the Na+ currents. Peak Na+ currents are plotted 
as a function of the test pulse potential. (C) Mean 
Naf current inactivation curves in the presence of 
Absp19. Whole-cell Na+ currents were measured 
for five cells at 3 to 8 rnin ( 0 )  or 25 to 53 min (e) 
after breaking the cell membrane in the presence 
of AbSPI9 in the intrapipette solution. Cells were 
maintained at a holding potential of -70 mV, 
changed to the indicated prepulse potentials for 
100 ms, and depolarized to -5 mV for 9 ms to 
elicit Na+ currents. Mean values rt SEM from five 
experiments are plotted as a function of the 
applied prepulse potential. 
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(Fig. 2A, panel b). After prior treatment df 
the afhity-purified AbSp19 with the corre- 
sponding peptide (7) ,  a nearly complete 
block of the effect of the antibodv on Na' 
channel inactivation was observed (Fig. 2A, 
panel c). These experiments indicate that the 
effect of the AbSP19 on Naf channel inacti- 
vation results from its binding to the corre- 
sponding segment of the Na' channel a 
subunit. 

The effects of AbSPI9 on Na+ channel 
function were quite specific. No reproduc- 
ible changes in Na' current amplitude un- 
der the influence of Absp19 could be detect- 
ed. No substantial shifts in current-voltage 
relations due to the influence of AbSPI9 were 
observed (Fig. 2B). In some individual ex- 
periments, slight (2 to 4 mV) shifts of the 

- 1  

channel inactivation toward more negative 
membrane potentials were observed. How- 
ever, statistical analysis of pooled data from 
five experiments did not reveal a significant 
shift of the inactivation curve in the presence 
of AbSPI9 (Fig. 2C). 

The effect of the test-pulse potential used 
to elicit Na+ channel activation upon the 
antibody-induced slowing of Na' channel 
inactivation was examined. Figure 3 shows 
the effect of affinity-purified Absp19 on Na' 
currents recorded at four different test po- 
tentials. At each potential, traces taken be- 
fore and after the onset of the antibody 
effect have been superimposed. For small 
depolarizations (for example, to -60 mV), 
no change in the time course of the Na+ 
current occurs, as indicated by the coinci- 
dence of the two current traces in Fig. 3D. 
Inactivation of Na+ currents during test 
pulses to potentials equal to or more posi- 
tive than -50 mV is slowed after applica- 
tion of antibody (Fig. 3C). For a test pulse 
to -30 mV, the time constant of Na+ 
current decay is increased approximately 
twofold, from 3.5 to 7.2 ms (Fig. 3B). 
During test pulses to +90 mV (Fig. 3A), 
the antibody-induced slowing of inactiva- 
tion is much more prominent than at nega- 
tive test potentials. Such voltage-dependent 
effects are observed on the first depolariza- 
tion after a prolonged period of inactivity, 
ruling out a dependence on stimulus fre- 
quency. The rising phase of the Na+ current 
remained unaffected at all test potentials 
examined, indicating a high degree of speci- 
ficity of the antibody effect for the inactiva- 
tion process. 

Na+ channels bind cu scorpion toxins and 
sea anemone toxins, which act at an extracel- 
lular site and specifically slow Na+ channel 
inactivation (12). The binding of these tox- 
ins is voltage-dependent with higher af i i ty  
at more negative membrane potentials (13). 
To assess the voltage dependence of binding 
of the AbSPI9, we have examined the rate of 
modification of the Na+ current decay at 

Table 1. Peptides used as antigens to generate antibodies. The amino acid sequences of the peptides 
used for development of antipeptide antibodies are presented in single letter code. They correspond to 
the indicated residue numbers of the RI1 Na+ channel from rat brain (5). Their positions in a proposed 
overall folding pattern of the CY subunit (5) and the percentage of identical residues in Na+ channels 
from eel electroplax and rat brain (5) are also given. 

Predicted Residue Eel-rat 3 intracelldar conservation number Amino acid sequence* segment (%I 
SP1 IS6IIIS1 427-445 84 AYEEQNQATLEEAEQKEAE 
S P l l  IS6IIIS1 467-486 8 ASAESRDFSGAGGIGVFSES 
SP19 IIIS6INS1 1491-1508 100 TEEQKKYYNAnlt KKLGSKK 
SP20 IIS6IIIISl 1106-1125 40 PWGESDFENLNTEEFSSE 

*Abbreviations for the amino acid residues are: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; I, Ile; K, Lys; L, Leu; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr, +Norleucine (nl) was substituted for methionine. 

REPORTS 1659 



two holding potentials, - 70 and - 110 mV 
(Fig. 4). The slowing of the Na' current 
decay occurs three times as fast at the more 
negative membrane potential. No changes 
in inactivation kinetics were observed in 
control experiments. Evidently, the binding 
of SP19 antibodies to their site of action on 
the Na' channel is more rapid at negative 
holding potentials at which the Nai chan- 
nels are not inactivated. 

Fig. 3. Voltage dependence of the effect of anti- 
bodies to SP19 on Nai currents. Whole-cell Nat 
currents were recorded at 5  (trace 1) or 24 (trace 
2) rnin after breaking the cell membrane in the 
presence of AbSPI9 in the recording pipette. The 
cell was maintained at a holding potential of 
- 110 mV, hyperpolarized to - 140 mV for 100 
ms, and depolarized to the indicated membrane 
potentials for 16 ms to elicit Na+ currents. 

Time (min) 
Fig. 4. Voltage dependence of the rate of action 
of AbSP19. Whole-cell Na+ currents were record- 
ed at the indicated times after breaking the cell 
membrane in the presence of control intrapipette 
solution (A) at a holding potential of - 110 mV, 
in the presence of AbSPI9 in the recording pipette 
at a holding potential of - 110 mV (e), or in the 
presence of antibodies to SP19 in the recording 
pipette at a holding potential of -70 mV (U). 
Cells were hyperpolarized to -160 mV for 100 
ms and depolarized to - 5  mV for 9 ms to elicit 
Nai currents. The rate of slowing of inactivation 
by AbSP19 was assessed by measuring the fraction 
of the Na+ current that had not inactivated 2.4 ms 
after the beginning of the test pulse as a function 
of the time (t) after breaking the cell membrane. 
This fraction, f2.4, was calculated from each set 
of Nai current records and the fractional increase 
in Na+ current at 2.4 ms ([fZ.4]rl[f2.4]0 - 1) was 
plotted on the ordinate as a function of the time 
( t )  of exposure to AbSPL9. The value of [f2.4]0 was 
estimated from Na+ current traces taken 1.5 to 5  
min after breaking the cell membrane, before the 
antibody effect had begun. Mean values k SEM 
from seven experiments in the presence of AbSPI9 
and three experiments in the absence of antibody 
are presented. 

Our results indicate that AbSP19 can pro- 
voke a substantial slowing of Na+ channel 
inactivation by binding to the correspond- 
ing amino acid sequence in the proposed 
intracellular segment between homologous 
domains I11 and IV (Fig. 1A). Because 
AbSP19 is active from inside the cell, these 
results confirm the assignment of this seg- 
ment of the a subunit to the intracellular 
side of the membrane. In addition. our 
experiments provide direct evidence for a 
role of this intracellular peptide segment in 
Na+ channel inactivation. A molecular mod- 
el of Nai channel function has been pro- 
posed that also assigns an important role in 
inactivation to this peptide segment (14). 
Further experimental evidence is required 
before the mechanism by which this peptide 
segment participates in channel inactivation 
can be defined. 

The voltage dependence of the binding 
and action of AbSP19 is of particular interest. 
The more rapid action of the antibody at a 
holding potential of - 11 0 mV than at - 70 
mV may result from increased accessibility 
of the corresponding segment of the a sub- 
unit to the antibody in the resting state of 
the channel as compared to the inactivated 
state, because Na+ channels in rat muscle 
cells are 80% inactivated over this voltage 
range (Fig. 2C). This suggests a direct par- 
ticipation of this peptide segment in the 
protein conformational changes that lead to 
channel inactivation. Similarly, the removal 
of Na' channel inactivation by intracellular 
perfusion with proteases is also more rapid 
at negative holding potentials (for example, 
-110 mV) compared to more positive po- 
tentials (for example, - 30 mV) (15). The 
site of action of proteases in removing Nai 
channel inactivation may therefore be in or 
near the SP19 segment of the a subunit. I t  is 
noteworthy that AbSP19 slows inactivation, 
but does not cause removal of inactivation as 
observed with proteases (6).  AbSPI9 remains 
bound to Nai channels for several minutes 
to hours, as shown in biochemical experi- 
ments (7). Therefore, our findings are most 
consistent with the view that AbSP19 may 
bind to the corresponding peptide segment 
of the a subunit and impede its movement, 
in contrast to the proteases, which damage 
the structure. 

In contrast to the dependence of the 
binding of AbSP19 on holding potential, the 
dependence of the action of AbSPI9 on the 
test potential occurs too rapidly to be due to 
voltage-dependent binding. It is more likely 
that the preferential slowing of Na' current 
decay at more positive membrane potentials 
reflects a specific action of the antibodies on 
pathways of Na' channel gating that are 
particularly important in determining Na' 
current time course at more positive mem- 

brane potentials. For example, both single 
channel recording and gating current experi- 
ments suggest that the time course of Na' 
current decay at more negative potentials is 
controlled primarily by a slow rate of chan- 
nel entry to the activated state, whereas it is 
controlled by the inactivation process at 
more positive potentials (16). In any case, 
our results imply that there are multiple 
conformational pathways between the rest- 
ing and inactivated states, as proposed in 
most recent models of Na+ channel gating 
(16, 17), and suggest that AbSP19 will be a 
valuable experimental tool to probe the in- 
volvement of the corresponding intracellular 
segment of the Na' channel in these path- 
ways. 

All of the antibodies that have been tested 
on Na+ channels in rat muscle cells in this 
study are directed against segments of the a 
subunits of rat brain RII Na' channels. At 
present, the amino acid sequence of rat 
skeletal muscle Na' channel a subunits is 
not known, and it is uncertain whether the 
SPl, SP11, SP19, and SP20 peptide seg- 
ments of skeletal muscle Na+ channels are 
identical to those of brain. The amino acid 
sequences of the SP19 segment of rat brain 
and eel electroplax Na' channels are identi- 
cal (5), and AbSP19 recognizes Nai channel 
a subunits in skeletal muscle, heart, electro- 
plax, and insect nervous system (7), suggest- 
ing that the SP19 peptide segment is highly 
conserved in a wide range of Na' channel 
subtypes in different species. Moreover, the 
exponential time course of Na' current de- 
cay at -20 mV in the presence and absence 
of AbSP19 suggests that the inactivation of 
both tetrodotoxin-sensitive and tetrodotox- 
in-insensitive Na+ channels, which function 
in parallel in cultured rat muscle cells (10, 
18), is slowed by AbSp19. The strong conser- 
vation of the amino acid sequence and func- 
tional effects of the SP19 peptide are con- 
sistent with an important role in rapid Nai 
channel inactivation, which is a conserved 
function of most Na' channels. The peptide 
segments corresponding to SP1, SP11, and 
SP20 are less well conserved and therefore 
may differ significantly in the a subunit of 
the skeletal muscle Nai channel. 

In a previous study, it has been found that 
antibodies directed against a peptide corre- 
sponding to a proposed transmembrane seg- 
ment containing amino acid residues 210 to 
223 of the sequence of eel electroplax Na' 
channel increase the rate of activation and 
inactivation of slow Na' channels and shift 
the voltage dependence of inactivation of 
both slow and fast Na' channels when 
applied to the extracellular surface of dorsal 
root ganglion cells (19). Those results indi- 
cate that the process of Na' channel inacti- 
vation can be modified from the extracellu- 
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lar surface of the molecule bv antibodies as 
well as by polypeptide neurotoxins from 
scorpion, sea anemone, coral, and snail (12, 
20). Evidently, inactivation of Na+ channels 
is a transmembrane conformational change 
involving both intracellular and extracellular 
segments of the channel protein. 
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Sequence and Expression of mRNAs Encoding the or, 
and a2 Subunits of a DHP-Sensitive Calcium Channel 

Complementary DNAs were isolated and used to deduce the primary structures of the 
cwl and a2 subunits of the dihydropyridine-sensitive, voltage-dependent calcium 
channel from rabbit skeletal muscle. The cwl subunit, which contains putative binding 
sites for calcium antagonists, is a hydrophobic protein with a sequence that is 
consistent with multiple transmembrane domains and shows structural and sequence 
homology with other voltage-dependent ion channels. In contrast, the cw2 subunit is a 
hydrophilic protein without homology to other known protein sequences. Nucleic acid 
hybridization studies suggest that the cwl and cw2 subunit mRNAs are expressed 
differentially in a tissue-specific manner and that there is a family of genes encoding 
additional calcium channel subtypes. 

T HE L-TYPE BUT NOT THE T-TYPE OR 

N-type Ca2+ channels are sensitive 
to "ca2+ antagonist" drugs, includ- 

ing the dihydropyridines (DHPs). Skeletal 
muscle DHP-sensitive ca2+ channels (L- 
type) comprise at least NO large polypep- 
tide subunits, a1 and (YZ, which copurify 
with equimolar stoichiometry (2-5). The a1 
subunit, which may be weakly glycosylated, 
contains receptor sites for at least two classes 
of ca2+ antagonists, the dihydropyridines 
and the phenylalkylamines, and has a molec- 
ular mass of 155 to 170 kD under both 
reducing and nonreducing conditions. The 
a2 subunit, which is extensively glycosylat- 
ed, does not bind either DHP or phenylal- 
kylamine Ca2+ antagonists and has a molec- 
ular mass of 165 to 175 kD under nonre- 
ducing conditions and of 135 to 150 kD 
under reducing conditions. Two additional 

been reconstituted in vitro (9). it is un- 
\ ,, 

known which subunits are required for a 
functional DHP-sensitive ca2+ channel. 

We describe here the sequences and tis- 
sue-specific expression of the cwl and a2 
subunits of a DHP-sensitive ca2+ channel 
determined by using cloned cDNA se- 
quences. To isolate the cDNA clones, 
monoclonal antibody IIF7, specific for the 
a1 subunit from rabbit skeletal muscle triads 
(6), and guinea pig polyclonal antisera, spe- 
cific for the gel-purified a2 subunit ( 4 ) ,  were 
each used to screen 1.0 x lo6 recombinant 
phage of a rabbit back skeletal muscle cDNA 
library. Overlapping cDNA clones were iso- 
lated to determine the DNA sequence en- 
coding each subunit (Fig. 1). 
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subunits may also be present, a nonglycosy- ~ u $ , ~ ~ $ , O ~ < ,  
K. p, Campbell, DepLent 

lated (3 subunit (50 to 55 kD) and a glycosy- of Physiology and Biophysics, University of Iowa, Iowa 
lared r sdxlnit (30 to 33 kD) (2,3, 6. 7). In g%'$e::;$, , KO&, *, H d ,  *, khwm, Depur. addition, the and (3 subunits are sub- ment of Pharmacology and Cell Biophysics, University 
strates for protein kinases, whereas the a2 ~f,-$$~innati College of Medicine, Cincinnati, O H  

and y subunits are not (7, 8). Although 43LO/.  

active DHP-sensitive Ca2+ channels have +To whom correspondence should be addressed. 

23 SEPTEMBER 1988 REPORTS 1661 




