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Abstract. To test sodium channel structural models, welntroduction

defined the epitopes for nineteen independently cloned

monoclonal antibodies previously generated against pu-

rified, detergent-solubilized, adult rat skeletal muscle soAntibodies have been useful as both structural probes
dium channel protein using channel proteolysis, syn-2nd immunocytochemical markers of the excitable mem-
thetic peptides, and fusion proteins. All identified epi- brane sodium channel. In early studies, antibodies de-
topes were continuous and unique to the skeletal muscléeloped against purified rat skeletal muscle sodium
subtypea-subunit. Of the nineteen independent cloneschannel protein were used to map antibody binding sites
seventeen had epitopes located either in the origin of thé€Casadei & Barchi, 1987) and to investigate sodium
amino-terminus or in the interdomain 2—3 region while channel developmental (Haimovich, Tanaka & Barchi,
only two antibodies had epitopes located in the mid-1986; Schotland, Fieles & Barchi, 1991) and tissue-
portion of the interdomain 1-2 region. No immunogenic specific expression (Haimovich et al., 1984). More re-
regions were identified on the-subunit's extracellular cent studies have used antibodies with defined epitopes
regions, interdomain 3—4 segment, or carboxyl-terminugo probe channel structure at a more detailed level (Gor-
or on channep-subunits. While immune tolerance may don et al., 198&; Gordon et al., 1988; Thomsen & Cat-
explain the lack of immunogenicity of extracellular re- terall, 1989; Zwerling, Cohen & Barchi, 1991; Beck et
gions, the lack of immunogenicity of most of the chan-al., 1993; Sun et al., 1989) and to examine the expres-
nel’'s cytoplasmic mass may be due to segment inaccesion of different sodium channel subtypes during devel-
sibility from organization of these regions as globular opment and following injury in different tissues (Elmer
domains, to insertion of parts of these regions into theet al., 1990; Devor, Govrinlippmann & Angelides, 1993;
membrane phase, or to interaction with other protein eldLupa et al., 1993; England et al., 1994; Vabnick et al.,
ements. The definition of monoclonal antibody epitopes1996). The ability to define the epitopes for monoclonal
allows us to reinterpret previously reported monoclonalantibodies used in the earlier studies offers us the oppor-
antibody competition studies, providing independenttunity to test sodium channel structural models devel-
support for our model of sodium channel cytoplasmicoped in the later studies and is the focus of this work.
domain structure. In addition, these data suggest addi- In the mid-1980s, three separate fusions were used
tional testable hypotheses concerning the interactions db generate a large panel of independently cloned mono-
the sodium channel amino- and carboxyl-termini with clonal antibodies against purified, detergent-solubilized,
each other as well as with other protein elements. adult rat skeletal muscle sodium channel (rSkM1) pro-
tein (Casadei et al., 1984). Selected members of this
panel were used in a variety of biochemical, immuno-
logic, and immunocytochemical studiesegé Cohen &
Barchi, 1993 for review). In one study, a subset of these
antibodies was metabolically labeled and used in a solid-
phase competition assay with unlabeled monoclonal an-
S tibodies to develop a map of antibody binding sites
Correspondence taS.A. Cohen (Casadei & Barchi, 1987). This map identified three
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families of antibodies whose epitopes were thought to béVloNOCLONAL ANTIBODIES
in close proximity on channel cytoplasmic segments and
a fourth noninteracting family whose epitopes WereMonocIonaI antibodies used in this study were generated against puri_—
thought o resice extracelliary. Immunoeytocherical 4 At e el muclsodury carpelpoen (S Casee
ZFUCIiIeS with two mo_nc’donal antl_bOd.leS produced threechi, 1987; Casadei, Gordon & Barchi, 1986; Casadei et al., 1984;
Istinct patterns of 'mmunOIabelmg in fast- and slow- Haimovich et al., 1984; Haimovich et al., 1987; Haimovich et al.,
twitch skeletal muscle surface and t-tubular membranesgss). Protein used for immunization was purified from detergent-
(Haimovich et al., 1987). These results were originallysolubilized adult rat skeletal muscle membranes using sequential ion
thought to reflect either the presence of different sodiumexchange chromatography on a Guanidinium-Sepharose column fol-
channel subtypes in these tissues or differing epitopé’Wed by Iectin affinity chromatography on gWheat germ-Sepharose
accessibility in these different membrane environmentsc®!umn (Barchi, Cohen & Murphy, 1980). Nineteen of the original 23
We later used sequence—specific, site-directed polqudepgndent monoclonal antibody clqnes were still gvan.able in suffi-
X . . cient titer to be used for these experiments. All antibodies were pre-
clonal antibodies to probe channel structure using eX0ggiously demonstrated to comigrate withi-saxitoxin binding activity

enous proteolysis (Zwerling et al., 1991). Four proteasem sucrose gradient sedimentation studies, to immunoprecigitite
resistant limit fragments corresponding to the four ho-saxitoxin binding activity from crude solubilized rat skeletal muscle
mologous membrane embedded domains were identifieggrcolemmal membranes, and to identify either surface or surface and
and a hierarchy of structure for channel cytoplasmic Segt_—tubular membranes using immunofluorescence microscopy of fresh
. frozen adult rat skeletal muscle (Casadei & Barchi, 1987; Casadei et al.,
ments was suggested. In this model, the carboxyl- ..~ . R AN
. . 1986; Casadei et al., 1984; Haimovich et al., 1984; Haimovich et al.,
termlngs WaS_ modeled .tO be pre_zsent in an extended COQ’QS7; Haimovich et al., 1986). All monoclonal antibodies specifically
formation while the amino-terminus was modeled to beping to the 276 kDa rSkM-subunit on immunoblots; none bind to
present in a compact, folded structure. More recently, @he channel'$-subunit (Kraner, Yang & Barchi, 1989; Kraner, Tanaka
solution phase antibody competition assay allowed & Barchi, 1985). Epitopes for four of these monoclonal antibodies
more detailed model of the three dimensional organizawere previously determined (Cohen & Barchi, 1992; Sun, Cohen &
tion of channel cytoplasmic segments to be proposed iffarchi. 1995).
which domains 1 and 4 were adjacent and a specific
interaction between the sodium channel's amino- antbgprpe SyNTHESIS
carboxyl-termini was identified (Sun et al., 1995 In
that study, the segment involved in interacting with thepeptides were synthesized using t-Boc chemistry on an Applied Bio-
carboxyl-terminus was found to reside within residuessystems 430A peptide synthesizer by the Protein Chemistry Laboratory
1-30 of the amino-terminus. of the University of Pennsylvania School of Medicine and cleaved with
In this paper, we define the epitopes for these re_hydrogen fluoride. All peptides were greater than 95% pure as as-

. . . . - essed by reverse phase HPLC using a C18 column on an Applied
maining monoclonal antibodies using sodium Channegiosystems 130A microbore HPLC system. Amino acid composition

prOteOIyu.C f'ragment's, fusion proteins, and Syntheuc.pepWas confirmed by direct analysis. Nested oligopeptides comprising
tides. This information allows us to convert the previousportions of the 1-30 peptide (encoding residues 1-30 of the rSkM1
map of antibody binding sites into a map of the relativesequence) were obtained by removing resin containing nascent peptide
organization of specific portions of the sodium channel’sat different stages during synthesis of the 1-30 peptide, giving rise to
structure. In addition, the definition of antibody epitopes the following peptides which are named based on the residues they
provides insights into the different patterns of immuno- contain: 24-30, 19-30, 13-30,_ 7-30, and 1-30. A peptide encoding resi-
. . . . . . . dues 1-12 was also synthesized.
cytochemical labeling obtained with these antibodies in
adult skeletal muscle. The results reported here provide
independent evidence that supports our model of the orEonsTRUCTION OFFUSION PROTEINS
ganization of channel cytoplasmic segments and strongly
suggest that additional protein elements interact with soFusion proteins comprising the full length rSkM1 interdomain 2—3 and
dium channel cytoplasmic segments. carboxyl-terminus and different length fragments of the rSkM1 inter-
domain 2-3 region were expressed and purified using the maltose-
binding protein (MBP) fusion and purification system (New England
Biolabs, Beverly, MA), as previously described (Sun et al., 195
An identical approach was used to generate both full-length and frag-
ments of the interdomain 1-2 region. Briefly, PCR primers were de-
signed based on the length and location of the interdomain 1-2 frag-
MATERIALS ments. Sense primers’(Bnd) all contained aicoR| site, while an-
tisense primers (&nd) all contained aKbalsite. PCR reactions were
All chemicals, enzymes, and chromatographic media were obtainegerformed using L.g of pCMV/rSKM1 (containing the full length
from Sigma Chemical (St. Louis, MO) unless otherwise specified.rSkM1 cDNA) andTagDNA polymerase (5 units, EC 2.7.7.7, Boeh-
Immulon 2 flat bottom microtitre plates were obtained from Dynatech ringer Mannheim). PCR products underwent electrophoresis on aga-
Laboratories (Chantilly, VA). Rabbit anti-mouse IgG was obtained rose gels, were purified by Gene Clean (Bio101, LaJolla, CA), and
from Organon Teknika (Durham, NC). Immunologic gratfél- were then double digested with the enzynie=R| and Xbal. All
Protein A was obtained from Amersham (Irvine, CA). purified fragments were ligated with thecaRI- and Xbal-digested

Materials and Methods
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pMal-cRI vector. Constructs were then transformed iBszherichia A B
coli (TB1 strain), amplified and sequenced. Fusion proteins containing
the following rSkM1 interdomain 1-2 residues were produced: 445- 0 30 &0 120 0 30 80 120
566 (full length), 445-545, 445-520, 445-495, and 445-470.
An epitope-tagged protein containing the rSkM1 amino-terminus
was similarly constructed and expressed using the IBl FLAG expres-27& kiDa —— . .
sion system (Eastman Kodak, New Haven, CT). Briefly, the FLAG 253 kita — ey -
marker octapeptide was joined to the rSkM1 amino-terminus (residue:

1-127) by inserting the amino-terminal coding sequence upstream fron1 35 kg — »
the FLAG gene between thedel (5’ end) andBgl2 (3’ end) of the :
pPFLAG.CTC vector. 96 kDa — ae " [ ]

Fig. 1. Initial epitope localization using channel proteolysis: Purified
Sopium CHANNEL PURIFICATION AND PROTEOLYSIS adult rat skeletal muscle sodium channel protein in detergent micelles
was subjected to proteolysis using trypsin. Aliquots of the reaction

Sodium channel protein was purified and proteolyzed as described in ixture were removed at the indicated time points, the reaction

previous publication (Zy\(erling ?t al,, 1991). Briefly, skele‘tal musglg uenched with sample buffer and heating to 98°C for 5 min, and the
mgmb_ranes Wﬁre soluﬁmzed using ﬁ% NP(';}O r?nld supcess;v?yggx&e@ammes subjected to SDS-polyacrylamide gel electrophoresis followed
using ion exchange chromatography on diethyl amino-ethyl ( )by immunoblotting. The blot shows the specific temporal sequence of

Sephadex and lectin affinity chromatography on Wheat Germ Agglu'fragment appearance. Although all proteolytic fragments are present in

tm.m (WGA)-Sepharose. Purlfleq sodium channel protein n detergenteach lane, only those containing the epitope of interest are visualized.
micelles was proteolyzed with 0.p.g/ml L-1-tosylamido-2-

) (Panel A Polyclonal antibody I-31, generated against residues 31-47 in
phenylethyl chloromethyl ketone (TPCK)-trypsin type XIII (EC the rSKM1 sequence, identifies the intact 276 k®aubunit, the

3.4.21.4, Sigma) at room temper-atu‘re; aliquots o_f th‘e.reaction rT]ixu."eslightly proteolyzed 253 kDa-subunit (30 min), and the appearance of
were removed at the time points indicated on the individual gels in Fig. jiscrete bands at 139 kDa and 96 kDa (30, 60, 120 mP3nél B

1. The reaction was quenched by adding sodium dodecyl SUIfateUnknown monoclonal antibody F/E4 identifies the identical fragments

polygcrylamlde gel electr?phoress _(SDS'PA_GE) sa_mple buffer anqn the same temporal sequence. Our previous proteolysis study (Zwer-
hgatlng the sample to 98°C for 5 min. Zero tlme p.omt sample; cony; g et al., 1991) identified the 96 kDa limit fragment as containing
tained no p“itease: Samples were treated with iodoacetamide a sidues comprising the amino-terminus and the first homologous Do-
stored at =70°C until subjected to SDS-PAGE. main, thus localizing the F/E4 epitope to this channel fragment.

IMMUNOBLOTTING . .
quantitated at an absorbance of 490 nm. Competition assays were per-

Protein samples underwent SDS-PAGE and immunoblotting as preViformed by preincubating 1:10 dilutions of monoclonal antibody for 1 hr
at room temperature with the indicated concentrations of oligopeptides

ously described (Zwerling et al., 1991). Blots were incubated in either - !

a1:10 or a 1:100 dilution of mouse monoclonal antibody supernatant i 1% BSA/PBS prior to use in the ELISA. All ELISAs were per-
2% Bovine serum albumen in phosphate buffered saline (BSA-PBS), éprmed in triplicate and each experiment was repeated at least three
1:1,000 dilution of mouse monoclonal anti-FLAG IgG (IBI, Eastman tUmMes.

Kodak, New Haven, CT), or a 1:10,000 dilution of polyclonal rabbit

anti-MBP serum (New England Biolabs, Beverly, MA) in 2% BSA-

PBS for 2 hr at room temperature. For polyclonal antibodies, blotsRESUIS

were then washed five times with PBS containing 0.25% Tween-20 and

incubated with 1.25Ci/ml **3-Protein A (ICN, Irvine, CA). Forblots  Initial epitope localization was achieved by assessing
in which the primary antibody was a mouse monoclonal antibody, blotsmonoclonal antibody binding to sodium channel proteo-
were first incubated with affinity-purified rabbit anti-mouse F{ab Iytic fragments on immunoblots. Proteolysis occurs in
(Zymed, San Francisco, CA) at a 1:1,000 dilution in 2% BSA-PBS for discrete, reproducible steps: while all channel fragments

2 hr at room temperature. Bound radioactivity was visualized by au- . . . -

toradiography with Kodak XAR-5 film using a Cronex intensifying are present in each sample, each amlbOdy Only identifies

screen (DuPont, Wilmington, DE). fragments containing that specific antibody’s epitope.
Because of differences in the size and number of frag-
ments identified by each of our panel of sequence-

EPITOPELOCALIZATION USING ELISA specific polyclonal antibodies (Zwerling et al., 1991), the

The enzyme-linked immunosorbent assay (ELISA) was used to asses¥Z€ and Pattem of fragmenps 'dentl_ﬁed W'th each mono'
binding of peptides by monoclonal antibodies. PeptidesinwPBs)  clonal antibody allow us to discern its epitope’s regional
were added to each well of a microtiter plate and incubated at roonfocation. All antibodies identified fragments associated
temperature overnight. Unbound sites were then blocked with 1%with either (i) the amino-terminus and first homologous
BSA/PBS for 1 hr. Antibodies diluted ?n 1% BSA/EBS were incubated Domain; (”) the interdomain 1-2 and second homolo-
for 1 hr at room temperature. Following successive washes of 0.25% ous Domain; or (iii) the interdomain 2—3 and third ho-

Tween 20/PBS, horse-radish-peroxidase conjugated anti-mouse an%,h . - P . )
body diluted 1:10,000 was added and allowed to incubate for 1 hr a OIOgOUS Domain (Flg. l)' These initial epitope local

room temperature. After washing, o-phenylenediamine dihydrochlo—'zatl':'n_S We!’e C_Onf'rme(_j_ by either St”PP'”g _bIOtS and
ride (OPD) substrate solution was added. Following a 30-min incuba-r_epmb'ng with site-specific POW.C'On?' antibodies (Zwer-
tion, the reaction was quenched with-8/CI and the reaction mixture  ling et al., 1991) or by probing identical blots generated
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Table. Regional location with specific epitope residues

4
88 kDa — - — Epitope (residues)
57.2 kDa— & -
v Amino-terminal epitopes
A/B2, FIE4, FIG6, G/G8, G/G9, I/E3 1-6
15.3 kla—| = | DIE6 13-18
L= L/D3 19-24
Interdomain 1-2 epitopes (mid-region)
Ci1 234 D1 2334 DIC12, G/B10 495-520
68 kDa — - Interdomain 2-3 epitopes (mid-region)
57.2 kDa — = | | D/F9, F/C11 865-875
= Interdomain 2-3 epitopes (end-region)
A/C12, B/B1, B/D6, B/H4, E/F6, M/H1, P/ID4 965-975
15.3 kDa—

these antibody epitopes was achieved using an ELISA
Fig. 2. Epitope localization using fusion proteins: Fusion proteins con-assay in which a nested set of peptides corresponding tc
taining the rSkM1 amino-terminus tagged with the FLAG epitope at its successively |arger segments of the 1-30 sequence (i_e,
carpoxyl—terminus (Lane 1) or the in_terdomain 1-2 _(Lane 2), interdo- 24-30, 19-30, 13-30, and 7_30) as well as a peptide en-
main 2-3 (Lane 3), or carboxyl-terminus (Lane 4) linked to maltose- coding residues 1-12 were tested for immunoreactivity.

binding protein at their carboxyl-termini were electrophoresed and im-S. of th o | | antibodies bound specificallv onl
munoblotted. Panel A anti-FLAG monoclonal antibody (Lane 1) or X € monociona P y y

anti-MBP polyclonal antibody (Lanes 2-4) were used to identify ex- [0 the peptide encoding residues 1-12 (Fig), 3hus
pressed fusion proteinsPénel B, C,and D) Monoclonal antibodies  localizing the epitope for these antibodies to residues 1-6

F/E4, G/B10, and D/F9, respectively, were incubated with blots con-(SeeTable). Antibody D/E6 bound only to peptides 13-
taining each of the fusion proteins. Each antibody bound specifically30 and 7-30, localizing its epitope to residues 13-18; a
only to a single fusion protei_n, ideqtifying the.epitope chus for F/IE4 ir_l competition assay in which the D/E6 antibody was first
the amlno-termlnus, G/B:_LO in the interdomain 1-2_ region, and F/E4 in - : : d fol
the interdomain 2-3 region. No monoclonal antibody bound to the.preabsorbed .W.Ith e.aCh peptlde before being assaye.
fusion protein containing the carboxyl-terminus of the rSkM1 sodium mmungreachvﬂy W'th peptlde.1-30 was used to confirm
channel. this epitope localizationsgee Fig. 3¢ and Table). The

epitope for antibody L/D3 was previously localized to

residues 19-24 based on immunoreactivity with peptides
in parallel with both monoclonal (epitope unknown) and 19-30, 13-30, and 7-30, but not 24-30 (Cohen & Barchi,
polyclonal (epitope known) antibodies. 1992).

We hypothesized that, due to their size and charge, Further localization of the epitopes for the remaining
the interdomain or terminal segments were more likelyantibodies was achieved using MBP fusion proteins en-
than parts of each homologous domain to contain anticoding different length segments of either the interdo-
body epitopes. Thus, we developed and tested fusiomain 1-2 or interdomain 2-3 regions. One set of fusion
proteins comprising four of the five channel cytoplasmicproteins, comprising different fragments of the interdo-
segments for immunoreactivity with each of the mono-main 2-3 region, was previously developed and used to
clonal antibodies. As expected, each antibody bound tédentify the epitopes for monoclonal antibodies F/C11
only one of these fusion proteins: eight monoclonal an-and B/D6 as residues 865-875 and 965-975, respectively
tibodies reacted specifically with the FLAG amino- (Sun et al., 1998). An identical approach was used to
terminal fusion protein, two with the MBP interdomain develop a second set of fusion proteins to localize epi-
1-2 fusion protein, and nine with the MBP interdomain topes for antibodies with epitopes in the interdomain 1-2
2-3 fusion protein (Fig. 2 and Table). None of the mono-region. Panels of fusion proteins containing different
clonal antibodies reacted with the MBP carboxyl- length segments of both interdomain regions were then
terminal fusion protein. Anti-peptide sequence-specifictested for immunoreactivity with monoclonal antibodies
polyclonal antibodies (Zwerling et al., 1991) and eitherusing immunoblot analysis. Anti-MBP monoclonal an-
anti-FLAG or anti-MBP antibodies served as positive tibody and sequence-specific anti-peptide polyclonal an-
controls for these studies. tibodies served as positive controls. Using this ap-

We used previously synthesized peptides correproach, epitopes for monoclonal antibodies D/C12 and
sponding to portions of almost the entire rSkM1 amino-G/B10 were localized to residues 495-520 in the inter-
terminus (i.e., peptides 1-30, 31-46, 71-101, and 97-1263jomain 1-2 region (Fig. 4), epitopes for monoclonal an-
to further localize epitopes for monoclonal antibodiestibodies D/F9 and F/C11 were localized to residues 865-
which bound to the amino-terminal fusion protein. All 875 in the mid-portion of the interdomain 2-3 region, and
antibodies bound specifically only to the peptide encod-epitopes for the remaining seven monoclonal antibodies
ing rSkM1 residues 1-30 (Figa}, identifying this as the were localized to residues 965-975 in the far portion of
epitope-containing segment. Further localization ofthe interdomain 2-3 regiorséeTable).
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A, — = A 12 3 4 s
1 N 31-46 B9 kDa
w
] 74-101 —_— -
Q o8 - 67 kDa ﬁ ' —
3 o6 ¢ 97-126 49 kDa — ©TF BN !
2 06 ] —
S 4l 37 kDa — = &=
a o
<
0.2
B 12 3 4 5
0 T T T
1:1. 1:10. 1:100  1:1000 B89 kDa
DILUTION OF ANTIBODY 67 kDg—
2o k0o — DR
37 KDg m—
B 0.6
- 1-12
0.5 C 1 2 3 4 5
w -©-- 7-30
% 0.4 k- 13-30 89 kDa —
E 0.3 [m] 19-30 E? kl:'a_ ﬁgs
z -
g;, 0.2 ~¥- 25-30 49 kDa
< 37 kDa
011 . g
0 T T T Fig. 4. Epitope localization in the interdomain 1-2 region: The epi-
1:1. 1:10. 1:100  1:1000 topes for D/C12 and G/B10, monoclonal antibodies which bound to
DILUTION OF ANTIBODY proteolytic limit fragments associated with the interdomain 1-2 and

Domain 2 region, were further localized using a set of fusion proteins
containing both full length and a nested set of fragments containing
successively shorter segments of the interdomain 1-2 region. MBP

@)

fusion proteins underwent SDS-gel electrophoresis and immunoblot
0.4 - 1-12 . X : . . L
analysis. Lane 1 contains the fusion protein encoding the entire inter-
(u): Q- 7-30 domain 1-2 region (residues 445-566). Lane 2 contains the fusion pro-
E 0.3+ —&— 13-30 tein encoding residues 445-545. Lane 3 contains the fusion protein
E O 19.30 encoding residues 445-520. Lane 4 contains the fusion protein encod-
o 0.2+ ing residues 445-495. Lane 5 contains the fusion protein encoding
8 —¥— 25-30 residues 445-470P@nel A Blot probed with polyclonal rabbit anti-
< 0.14 “E-- 1-30 MBP serum. Panel B Blot probed with [-467, a polyclonal rabbit
] antibody generated against residues 467-486 in the rSKM1 sequence
0 : | : | (Zwerling et al., 1991).Ranel Q Blot probed with monoclonal anti-
0.01 0.1 1 10 body G/B10. The anti-MBP antibody shows the pattern of MBP fusion
PEPTIDE CONCENTRATION (1.M) proteins, ranging from an expected molecular mass of 57.2 kDa for the

MBP—445-566 construct to 45.6 kDa for the MBP—445-470 con-
) N . . ) ) struct; lower molecular weight bands represent proteolytic fragments of
Fig. 3. Localization of monoclonal epitopes using synthetic peptides: e 1| |ength fusion protein. As predicted, antibody I-467 identifies
(Panel A Each of the monoclonal antibodies whose epitope was ini- g4 ch of the fusion proteins except for the MBP—445-470 while mono-
tially localized to the amino-terminus and Domain 1 was tested in angjona) antibody G/B10 identifies the fusion protein containing residues
ELISA assay against synthetic peptides comprising most of the rSkM1y 45550 pyt not residues 445-495 or 445-470, thus identifying residues

amino-terminus (peptides 1-3MJ, 31-46 (¥), 74-101 (), and 97-126  495.570 as the segment containing the G/B10 epitope. Identical results
(8))- All monoclonal antibodies (F/E4 is shown) bound specifically \;ora obtained with monoclonal antibody D/C12.

only to the 1-30 peptide Panel B Further localization was achieved

using a nested set of peptides corresponding to successively larger

portions of the 1-30 peptide (i.e., peptides 7-89,(13-30 @A), 19-30 Discussion

(O), and 25-30 ¥)) and peptide 1-12@®) in an ELISA. Most of the

monoclonal antibodies (F/E4 is shown) bound only to the 1-12 peptide,

identifying residues 1-6 as the antibody epitofarfel Q Competition IMMUNOGENIC REGIONS OF THE FSKM1 SoDpium

assay in which monoclonal antibody D/E6 was first incubated with

each of the nested set of peptides before being applied to wells con-CHANNEL PROTEIN

taining the 1-30 peptide. This assay was used to confirm the localiza- . . .

tion of monoclonal antibody D/EG to residues 13-18. The epitope forAll monoclonal antibody epitopes were continuous,
monoclonal antibody L/D3 was localized to residues 19-24 in a previ-unique to the skeletal muscle sodium channel subtype,

ous study using an identical approach (Cohen & Barchi, 1992). and localized to four discrete regions in cytoplasmic seg-
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To3HY D4 U’I Fig. 5. Cgrtoon depicting location of m(_)noclo_nal
| .
'y C O Y epitopes in the sodium channel: Two dimensional
c o model of the sodium channel showing the four
membrane embedded domains (labeled D1, D2,
D3, and D4), predicted extracellular carbohydrate
(tree structures on upper part of figure), and
\ T cytoplasmic segments (lower part of figure). The

arrows denote the location of each group of

1-6 19-24 495-520 965-975 monoclonal epitopes. The numbers associated with
each arrow represent the specific amino acid
) residues of the adult rat skeletal muscle sodium
13-18 865-875 channel which comprise each epitope.

ments of the adult rat skeletal muscle sodium channetertain sodium channels via their carboxyl-terminal PDZ
protein 6eeTable and Fig. 5). Fifteen of the monoclonal domains (Gee et al., 1998; Schultz et al., 1998). Thus,
antibody epitopes were localized in two regions: the ori-interactions of the carboxyl-terminus with other parts of
gin of the amino-terminus or the far portion of the inter- the sodium channel or with other proteins may also serve
domain 2-3 region just prior to Domain 3. The four other to reduce the immunogenicity of the regiaseéfurther
epitopes were located in the mid-portions of the interdo-discussion below).
main 1-2 and interdomain 2-3 cytoplasmic segments.
This extremely limited number of antigenic sites is un-
expected given that current models pladg% of the IMPLICATIONS FOR THE INTERACTION OF RFSKM1 AMINO-
channel’s protein mass (1296 of 1840 residues) and all ofND CARBOXYL-TERMINI
the [68 kDa of complex carbohydrate (Zwerling et al.,
1991) in extramembranous locations. Early immunofluorescent studies with antibodies whose
While immune tolerance may provide an explana-epitopes are now identified as residing in the amino-
tion for the lack of an immune response against extraterminus produced three distinct patterns of labeling in
cellular protein or carbohydrate, this is certainly not theimmunocytochemistry of adult rat skeletal muscle (Hai-
case for the substantial remaining cytoplasmic seimovich et al., 1987). All amino-terminal antibodies spe-
guences. These sequences, which compi®8% of the  cifically labeled the surface membranes of fast- and
rSkM1 protein, would be expected to be both physicallyslow-twitch skeletal muscle cells. However, monoclonal
available (in detergent micelles) and immunogenic basea@ntibodies with epitopes now known to encompass resi-
on our extensive experience in developing and using sitedues 1-6 also specifically labeled the t-tubular system of
specific anti-peptide antibodies directed against these reslow-twitch fibers while no antibodies labeled the t-
gions (Cohen, 1996; Cohen & Levitt, 1993; Sun et al.,tubular system of fast-twitch fibers.
1995; Zwerling et al., 1991). However, the frequent One possible explanation of these findings is the
occurrence of stretches of hydrophobic residues in thespresence of either other sodium channel subtypes or al-
cytoplasmic segments suggests that, unlike current modernate splicing of the rSkM1 channel in skeletal muscle.
els which depict these regions as extending away fronWhile mRNA encoding rat brain sodium channel sub-
the membrane into the cytoplasm, these segments maypes | and Il was identified in adult rat skeletal muscle
form globular domains in the cytoplasm or, perhaps, foldusing PCR (Schaller et al., 1992), protein corresponding
back and enter the lipid bilayer. Thus, inaccessibility orto these or other sodium channel subtypes have not beer
steric hindrance may be a major reason for the lack ofdentified in this tissue (Gordon et al., 1987Mandel,
immunogenicity of these segments. 1992). In addition, alternate splicing has not been found
Inaccessibility or steric hindrance of the carboxyl- for the rSkM1 isoform using either biochemical or mo-
terminus may also be due to its interaction with otherlecular approaches (R.L. Barctpersonal communica-
cytoplasmic proteins or peptides. We have already retion).
ported the specific interaction of the rSkM1 amino- Our recent identification of residues 1-30 in the
terminus with the carboxyl-terminus (Sun et al., 1895 rSkM1 sodium channel amino-terminus as the region
A similar high affinity interaction between the rSkM1 which binds to the carboxyl-terminus (Sun et al., 1995),
interdomain 2-3 region and the carboxyl-terminus hashowever, suggests alternate explanations for these im-
also been observed (S.S. Kolibal, L.J. Chlumsky & S.A.munocytochemical findings: (i) sodium channel protein
Cohen,manuscript in preparation In addition, two re-  in surface membranes either does not demonstrate bind.
cent reports describe the interaction of syntrophin withing of amino- and carboxyl-termini or does so in a man-
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ner that does not produce steric hindrance to antibodyion (absent, partial, and complete) were observed in the
binding to epitopes in the amino-terminal binding region; original studies (Casadei & Barchi, 1987) and are ex-
(i) sodium channel protein in slow-twitch t-tubular plained by our definition of antibody epitopes. Antibod-
membranes manifests the interaction of amino- and caries demonstrating complete competition exactly match
boxyl-termini by interfering with binding of antibodies the groupings of antibodies with identical epitopes as
whose epitopes are in the middle of this region (i.e.,would be expected when two antibodies attempt to bind
antibody L/D3 with its epitope at residues 19-24) but notto the same epitope. Antibodies demonstrating partial
for antibodies with epitopes at the origin of the protein competition bind to distinct epitopes; however, either the
(i.e., A/B2 with its epitope at residues 1-6); and (i) spheres of occupancy of the antibodies partially overlap
sodium channel protein in fast-twitch muscle t-tubular or the native protein segment between the two epitopes is
membranes demonstrates steric hindrance for antibodyonstrained in structure, thus orienting the antibodies in
binding to all epitopes in the first 30 residues. different directions. For example, although the epitopes
Therefore, the absence of antibody binding could b&qr antibodies A/B2 and L/D3 are located only 12 resi-

o_Iue to epitope_ unavailability due to a_llternate conforma-ges apart, the previous observation of only partial com-
tions of the amino- and carboxyl-terminal complex, somepetition despite increasing antibody titer is consistent

of which produce steric hindrance to antibody binding. yith our model of this segment as a rigid structure: the
Alternatively, the amino-terminus and/or the carboxyl- 5niinodies demonstrate only partial inhibition because
terminus may interact either with other channel cytoplasy ey, 4re constrained to face in different directions.

mic segments or with other cytoplasmic proteins in dif- No competition between metabolically labeled anti-

ferent m_embranfa environments, as me”t'oﬂed abovgy, gies was observed for antibodies with epitopes in the
Recent findings in our laboratory demonstrating a SPewo separate epitope regions in the interdomain 2-3 seg-
cific interaction between the rSkM1 interdomain 2-3 re- ment (Casadei & Barchi, 1987) even though they are
gion and the carboxyl-terminus (S.S. Kolibal, L.J. only (1100 residues apart. Given that proteolysis studies

Chlumsky & S'A'. C_ohenmanuscrlpt in preparation indicate that the interdomain 2-3 is the most accessible of
suggest that the binding of other channel segments by th

carboxyl-terminus may provide part of the explanationt(?"e interdomain regio.ns to exogenous proteolysis, these
for these immunocytochemical findings. The recent re_results suggest that either sufficient distance between the
port of the binding to syntrophin to sodium channel Car_two epitope or some defined structure between these two
boxyl-termini (Gee et al., 1998: Schultz et al., 1998) antigenic segments prevents the interaction of antibodies

suggests that steric hindrance due to the physical pro>pounc_i to this s_egment. . i
imity of other proteins is another possible explanation.  Finally, epitopes for two monoclonal antibodies
This suggestion is supported by the observation of bindMaPPed to the mid-portion of the relatively largel@s

ing motifs in the sodium channel carboxyl-terminus for residue) interdomain 1-2 region. The original monoclo-
proteins involved in membrane protein trafficking, in- Nal antibody competition studies found that these two
cluding di-leucine, Src homology 2, Src homology 3, andantibodies did not exhlblt.competltlon Wlth. any othe_r
WW motifs (seePawson & Scott, 1997 for review). This 9roup of monoclonal antibodies (Casadei & Barchi,
observation and the report of syntrophin binding to so-1987). Since this segment was readily cleaved by and,
dium channel terminal PDZ binding motifs provides sup-thus, is accessible to exogenous proteases (Zwerling e
port for the concept that the carboxyl-terminus may in-al., 1991), these data are consistent with a model in
teract with one or more cytoplasmic proteins. Thus,which the interdomain 1-2 segment extends into the cy-
steric hindrance due to specific patterns of protein bindioplasm away from other cytoplasmic segments.

ing in different membrane environments provides an at-  Thus, these data both support and extend selectec
tractive explanation for the immunocytochemistry find- features of our model of sodium channel cytoplasmic

ings. segments (Sun et al., 19895 This model proposes that:

(i) the amino-terminus assumes a rigid structure having a
IMPLICATIONS FOR THE ORGANIZATION OF SODIUM fixed orientation to other intracellular segments; (ii) the
CHANNEL CYTOPLASMIC SEGMENTS interdomain 2-3 region is centrally located, extends into

the cytoplasm, and has an intermediate degree of flex-
Reexamination of the patterns of monoclonal antibodyibility; (iii) the amino- and carboxyl-termini interact; and
competition from the original monoclonal antibody pa- (iv) domains 1 and 4 are adjacent. The present study is
per (Casadei & Barchi, 1987) fits well with our group- consistent with each of these predictions, especially with
ings of antibodies based on epitope localization. Theregard to the organization of the amino-terminus as a
four groupings derived from the original competition rigid structure with fixed orientation to other intracellular
data exactly match the four families of monoclonal an-segments. The present study also suggests that: (i) un:
tibodies identified by epitope location. In addition, three like current models that depict cytoplasmic regions as
patterns of monoclonal-monoclonal antibody competi-extending away from the membrane into the cytoplasm,
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certain portions of these segments (especially those con- In: Molecular Biology Of Receptors And Transporters: Transport-
taining stretches of hydrophobic residues) may form ers. Receptors, And Channels. M. Friedlander and M. Meckler,
globular domains in the cytoplasm or, perhaps, fold back. editors. pp. 55-103. Academic Press, New York, NY
. . IR . . ohen, S.A,, Levitt, L.K. 1993. Partial characterization of the rh1 so-
and enter the lipid bilayer; (_") there is Som,e def'ned dium channel protein from rat heart using subtype-specific antibod-
structure between the two epitope segments in the inter- ies circ. Res.73:735-742
domain 2-3 region that prevents the interaction of anti-pevor, M., Govrinlippmann, R., Angelides, K. 1993. Nehannel im-
bodies bound to this segment; and (iii) the interdomain  munolocalization in peripheral mammalian axons and changes fol-
1-2 segment extends into the cytoplasm away from other lowing nerve injury and neuroma formatioh.Neurosci13:1976—
cytoplasmic segments. 1992 _
Circular dichroism and intrinsic fluorescent studies E'Me": L-W., Black, J.A., Waxman, S.G., Angelides, K.J. 1990. The
. voltage-dependent sodium channel in mammalian CNS and PNS:
of the rSkM]_' cytoplasm|c segments eXpreSSEd as SQ'Ub'e Antibody characterization and immunocytochemical localization.
fusion proteins also suggest that these segments, in the grain Res532:222-31
absence of adjacent membrane domains, are organizemgland, J.D., Gamboni, F., Ferguson, M.A., Levinson, S.R. 1994,
into specific secondary structures and are able to mimic Sodium channels accumulate at the tips of injured axbhsscle
the interaction of the amino- and carboxyl-termini as  Nerve17:593-598 _
orginall observed in the infact channel protein (Zhang %, 1. VAo . Lewnson, SR Cedvel 01, Sesock =
et al., submltte()l. Until crysta[l|zat|on of Igrgg mem- nels with multiple members of the syntrophin family of dystrophin-
brane proteins becomes po§5|ble, crystallization of the;se associated proteing. Neurosci18:128-37
cytoplasmlc segments devoid of the membrane dornaln§ordon, R.D., Fieles, W.E., Schotland, D.L., Hogue, A.R., Barchi, R.L.
may help to provide support for our structural predic- 1987%. Topographical localization of the C-terminal region of the
tions. voltage-dependent sodium channel from Electrophorus electricus
using antibodies raised against a synthetic peptRlec. Natl.

- e - Acad. Sci. USA4:308-312
The monoclonal antibodies characterized in this paper were or|g|na||yGordon R.D. Li Y. Fieles W.E.. Schotland. D.L. Barchi. R.L. 1988

developed in the laboratory of Dr. Robert Barchi. The authors wish to Topological localization of a segment of the eel voltage-dependent
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