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Abstract

Cytoplasmic segments of the adult rat skeletal muscle sodium channel o-subunit (rSkM1) comprise a major portion
(~40%) of the total protein and are involved in channel functions both general, such as inactivation, and isoform-specific,
for example, protein kinase A modulation. Far ultraviolet circular dichroism measurements of synthetic peptides and
overexpressed fusion proteins containing individual channel cytoplasmic segments suggest that cytoplasmic domains of
rSkM1 contain ordered secondary structures even in the absence of adjoining transmembrane segments. Intrinsic
fluorescence experiments with a nested set of carboxy-terminal deletion proteins confirm a specific interaction between the
channel’s amino- and carboxy-termini and identify residues 17161737 in the carboxy-terminus as the region that binds to the
amino-terminus. Circular dichroism measurements suggest that this same region is organized as an o-helix and that
electrostatic forces may contribute to this association. The interaction of the amino- and carboxy-termini is not accompanied
by secondary structure changes detectable by circular dichroism spectroscopy, but a decrease in intrinsic fluorescence
indicates that this association is accompanied by a change in the environment of Trp'®’’. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The rat skeletal muscle voltage-dependent Nat
channel isoform 1 (rSkM1)? protein is composed of
one large o-subunit (1840 residues) and one smaller
B-subunit (218 residues), but only the o-subunit is
required for voltage-dependent, ion-selective function
and it is this polypeptide that contains toxin binding
sites [1,2]. The o-subunit consists of four domains
(D1-D4) composed of 250-300 amino acids exhibit-
ing approximately 50% homology with each other
[2], and these domains are arranged around a central
pore. Hydropathy analysis identifies at least six
stretches of 18-25 amino acids within each domain,
displaying characteristics consistent with a trans-
membrane helical structure (S1-S6) [2,3]. The N-
and C-termini and the interdomain segments are in-
tracellular in location [4].

A major goal of voltage-gated ion channel re-
search is to determine the precise tertiary structure
of these tetradomain proteins and to identify the
factors involved in establishing and maintaining
this structure [1,2]. Because efforts to ascertain the
secondary and tertiary structure of large integral
membrane proteins by direct methods such as X-
ray diffraction, nuclear magnetic resonance (NMR)
or electron microscopy have generally not been suc-
cessful, recent efforts have involved direct studies of
smaller recombinant protein domains or synthetic
peptides [5,6] or employed other biochemical and
biophysical techniques to indirectly probe membrane
protein structure and topology [7-14]. These ap-
proaches have contributed detailed information
regarding sodium channel secondary and tertiary
structure. Previous studies involving proteolysis of
both membrane-embedded and detergent-solubilized
rSkM1 established the presence of four protease-re-
sistant regions corresponding to the four homolo-
gous membrane-inserted domains and led to a model
of the secondary and tertiary structure of channel
cytoplasmic segments in which: (i) the amino-termi-

3 The nucleotide sequence for rSkM1 has been deposited in the
GenBank database under accession number M26643 [43]. The
amino acid sequence of this protein can be accessed through
the NCBI protein database under accession number 116453 [43].

nus is organized as a compact, protease-resistant
structure; (ii) the exquisitely protease-sensitive car-
boxy-terminus is present in an extended conforma-
tion; and (iii) the other interdomain regions are com-
posed of secondary structures between the extremes
of the amino- and carboxy-termini based on their
intermediate degrees of protease sensitivity [7]. Stud-
ies involving competition between antibodies for
binding to purified, detergent-solubilized channel
protein were able to refine this model such that: (i)
the compact amino-terminus forms a rigid structure
with its initial portion directed away from the bulk
of the channel’s cytoplasmic mass; (ii) the interdo-
main (ID) 2-3 region extends perpendicular to the
plane of the membrane and is approximately equi-
distant from the remaining cytoplasmic segments;
and (iii) the amino-terminus and the carboxy-termi-
nus are intimately associated with each other [8].
Specific, high affinity complex formation was demon-
strated between overexpressed amino- and carboxy-
terminal segments, suggesting that these fusion pro-
teins have defined structures that are able to faith-
fully mimic the interaction of these two segments
within the context of the intact channel protein.
The segments involved in this interaction have been
identified as residues 13-30 and 1716-1737 in the
channel’s amino- and carboxy-termini, respectively,
based on biochemical binding assays utilizing syn-
thetic peptides and fusion proteins [9] (unpublished
observations).

To test the hypothesis that the large cytoplasmic
portions of the sodium channel have defined struc-
tures and to further investigate their specific interac-
tions, bacterially overexpressed fusion proteins were
examined by far ultraviolet (UV) circular dichroism
(CD) and intrinsic fluorescence spectroscopy. We
demonstrate that cytoplasmic domains contain re-
gions of ordered structure even when expressed with-
out their adjacent intramembranous domains. Far
UV CD and intrinsic fluorescence studies of amino-
and carboxy-terminal fusion proteins provide addi-
tional evidence for the specific interaction between
sodium channel amino- and carboxy-termini and
suggest that (i) no changes in secondary structure
occur upon complex formation; (ii) the carboxy-ter-
minal region involved in this interaction is organized
as a short a-helix; and (iii) binding involves electro-
static interactions. Thus, these recombinant proteins
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appear to duplicate the corresponding structures and
interactions present in the native protein even when
devoid of the transmembrane segments.

2. Materials and methods
2.1. Materials

Chemicals and biochemicals were generally of the
highest grade available and were obtained from Sig-
ma (St. Louis, MO) or Fisher Scientific Corp. (Pitts-
burgh, PA). Restriction enzymes, factor X,, and en-
terokinase were purchased from New England
Biolabs Inc. (NEB, Beverly, MA). The expression
systems pMAL-c2 and pFLAG2, were obtained
from NEB and Eastman Kodak Co. (EKC, New
Haven, CT), respectively. Oligopeptides were synthe-
sized using methods detailed in earlier publications
[7,8,15].

2.2. Fusion protein construct generation

The 5'- and 3’-oligonucleotide primers used to
make PCR products for generating maltose binding
protein (MBP) fusion proteins (at the MBP carboxy-
terminus) are (restriction enzyme site underlined, 5'-
primer for all carboxy-terminal constructs is sense):
GAGGGAATTCAATTTCAACGTGGCCACCG,
channel sequence starts at Asn'>3. 3’-primers (anti-
sense): GCTCTAGACACGGTGGGTCCAGCAT-
CC, channel sequence terminates at Val'®®; GC-
TCTAGAAAGCAATCCCTCCTTCTCG, channel
sequence ends at Leu'’®; GCTCTAGAGAGG-
GTGGTGGTGATGGGC, channel sequence ends
at Leu'’. The EcoRI/Xbal fragments were sub-
cloned into the corresponding sites of pMAL-c2.
The carboxy-terminal deletions MBP/CT1737 and
MBP/CT1641 are from the Pstl partial digestion of
PCR product CT1800, the EcoRI/Pstl fragments
were cloned into the corresponding sites of pMAL-
c2, and terminate at GIn!”37 and GIn'%!, respec-
tively.

Oligonucleotide primers for making a FLAG/ami-
no-terminal fusion proteins are (5'-primer, sense):
GACGATGACAAGCTTATGGCCAGCTCATCT-
CTG, channel sequence starts at Met'. 3’-primers
(antisense): GACGATATCTCTAGACACCTTGA-

TAGCCACCCT, channel sequence terminates at
Val'?’; TATCTCTAGATCACACCTTGATAGCC-
ACCCT, channel sequence terminates at Val'?’. Oli-
gonucleotide primers for synthesizing the FLAG/
ID3-4 fusion protein are (5’'-primer, sense): GAG-
GAAGCTTAACTTCAACCAACAGAAG, channel
sequence starts at Asn'?”’. 3’-primer (antisense):
GAGGTICTAGACTTCGTCACGAAGTCG, chan-
nel sequence terminates at Lys'**3. The HindIIl/
Xbal fragments were subcloned into the correspond-
ing sites of pFLAG?2.

The methods used for generating fusion proteins
have been described previously [8,16]. Briefly, syn-
thetic 5’- and 3’-oligonucleotides were used to
make the PCR products for generating the MBP/car-
boxy-terminal, FLAG/amino-terminal and FLAG/
1D3-4 fusion protein expression constructs by stand-
ard molecular cloning procedures [17]. The recombi-
nant DNA molecules were screened by restriction
enzyme digestion and the structure of each construct
was confirmed by dideoxynucleotide DNA sequenc-
ing.

The carboxy-terminal fusion constructs produce
protein products with 0-8 additional amino acids
at the carboxy-termini as follows: MBP/Asn'..
Leu!”>SRVDLQCA; MBP/Asn'?3..GIn!'7*’CA;
MBP/Asn'>*3 Leu!"SRVDLQCA; MBP/Asn!>3..
Val'®SRVDLQCA; and MBP/Asn!*? Val'®¥0
(Fig. 1). Two different FLAG/NT fusion proteins
were studied: the FLAG/NT’ fusion protein has 10
additional amino acids including the FLAG epitope
(underlined) at the amino-terminus: MDYKDD-
DDKILMet!..Val'?’| while the FLAG/NT fusion pro-
tein has 10 additional amino acid at both the N-
and the C-termini: MDYKDDDDKI Met!..Val'?’-
SRDIVDRSLE. FLAG/ID3-4 fusion protein has
10 additional amino acids at both amino- and car-
boxy-termini: MDYKDDDDKIAsn!'?*°_ Lys!**SR-
DIVDRSLE. Details of the ID1-2 and ID2-3 fusion
proteins have been published previously [8,16].

2.3. Expression, purification, and analysis of fusion
proteins

With the exception of FLAG/ID3-4 fusion pro-
tein, the plasmids carrying sodium channel intracel-
lular segments in pMAL-c2 or pFLAG?2 vectors di-
rect cytoplasmic expression of fusion proteins in
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Fig. 1. MBP fusion constructs, FLAG fusion proteins, and amino-terminal synthetic peptides used in this study. Note that there is a
factor X, protease cleavage site (IEGR | ) separating MBP and sodium channel portions of the MBP fusion proteins and an enteroki-
nase protease cleavage site (DDDDK | ) separating the FLAG epitope from the sodium channel amino-terminal sequence. Additional
non-channel amino acids of the fusion proteins are indicated in parentheses.

Escherichia coli. Induction of fusion protein expres-
sion was described previously [8,16].

Cells were harvested and sonicated as published
elsewhere [8]. Supernatant was collected after centri-
fugation at 9000 X g at 4°C for 30 min. Fusion pro-
teins in the supernatant were purified using amylose
affinity columns (NEB) for MBP fusion proteins, or
anti-M2 antibody affinity columns (EKC) for FLAG
fusion protein following the manufacturers’ proto-
cols. Protein samples underwent SDS-PAGE and
immunoblotting as previously described [7].

2.4. Preparation of samples for CD analysis

Samples for CD analysis were prepared in a 10
mM potassium phosphate buffer, pH 7.4 with the
following protein concentrations: 2 uM MBP fusion
protein, 15 uM FLAG fusion protein, and 20-50 uM
amino-terminal peptides. For binding studies of so-
dium channel amino- and carboxy-termini, a solution
of MBP/CT fusion protein (7 uM) and FLAG/NT
fusion protein (20 uM) was incubated at room tem-
perature for 2 h. An aliquot of the solution was
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diluted with phosphate buffer and the CD spectrum
recorded. Any dissociation in this time period is in-
significant based on the previously determined disso-
ciation rate (¢, > 12 h, unpublished observations).
Protein concentrations of MBP fusion proteins were
determined by spectrophotometric measurement of
the absorption at 280 nm (Hitachi U-3000, Hitachi
Scientific Instruments, Mountain View, CA) using
molar absorption coefficient values [18] based on
the amino acid composition of the respective protein;
the protein concentrations were further confirmed by
amino acid analysis (Protein Chemistry Core Fa-
cility, Columbia University, New York). The protein
concentration of synthetic N-terminal peptide con-
centration was determined gravimetrically due to
the lack of tryptophan residues in N-terminal pepti-
des. The concentrations of both synthetic peptides
and FLAG/NT were further determined by amino
acid analysis.

2.5. CD spectroscopy

Far UV CD spectra were collected with a 62 DS
Circular Dichroism Spectrometer (Aviv Instruments,
Inc., Lakewood, NJ) using wavelengths of 185-255
nm at 25°C. The scanning speed was 6 nm/min, and
the spectra were averaged (three scans). The optical
path length was 1 mm. Differential CD spectra of C-
terminal peptides were calculated by subtracting rel-
evant molar normalized MBP CD spectra and con-
verting to mean residue ellipticity, [6] (deg cm?
dmol™), [6] = (Bspserved X 100)/(mean residue concen-
tration X path length), where the Oypserved unit is
degree, path length is in centimeters, and the mean
residue concentration = number of amino acids X pro-
tein molar concentration [19].

2.6. Intrinsic fluorescence spectroscopy

To monitor the changes in the fluorescence spec-
trum after binding of sodium channel amino- and
carboxy-termini, an aliquot of the solution contain-
ing MBP/CT fusion protein (7 uM) and FLAG/NT
fusion protein (20 uM), incubated for 2 h at room
temperature, was used to determine the change in
fluorescence (Aexcitation =280 nm, Aemission = 320-520
nm) with a LS-5 fluorescence spectrophotometer
(Perkin-Elmer Corp., Foster City, CA) following a

30-fold dilution immediately prior to scanning the
spectrum. The scanning speed was 60 nm/min. Spec-
tra of identical concentrations of MBP/CT fusion
protein and FLAG/NT fusion protein were also re-
corded individually and summed in order to compare
with the spectrum of the mixture.

3. Results

3.1. Bacterial expression of sodium channel
cytoplasmic segments as FLAG or MBP fusion
proteins

We used overexpressed, purified, recombinant
MBP fusion proteins and FLAG proteins as well as
synthetic peptides in this study (Fig. 1). Following
purification by affinity chromatography (amylose res-
in for MBP fusion proteins or anti-M2 antibody af-
finity gel for FLAG fusion proteins), each fusion
protein was identified on immunoblots developed
with antibodies specific for either the encoded so-
dium channel segment, the FLAG epitope, or the
MBP protein (Fig. 2). Anti-MBP antibody detects
each of the MBP/CT fusion proteins; the migration
distance of each band corresponds to that predicted
from the DNA sequence (Fig. 2A). Immunoblot
analysis using rSkM1 sodium channel specific poly-
clonal antibodies B-23 (epitope at residues 1598-
1611) and I-1771 (epitope at residues 1771-1791)
(Fig. 2A) demonstrates that specific immunolabeling
occurs only when the fusion proteins contain the
cognate epitopes, as determined from the known nu-
cleic acid sequence. When affinity-purified FLAG/
NT fusion protein was developed with anti-FLAG
M2 antibody or N-terminally directed sodium chan-
nel antibody L/D3 (epitope at residues 19-24), both
antibodies detected a specific protein with predicted
molecular weight (Fig. 2B). Removal of the FLAG
peptide from FLAG/NT fusion protein by enteroki-
nase digestion resulted in a decrease of the amino-
terminal protein size with a concomitant loss of the
FLAG antibody reactivity when immunoblots were
developed with sodium channel antibody L/D3 and
anti-FLAG M2 antibody respectively (Fig. 2B). This
demonstrates the complete removal of FLAG pep-
tide from FLAG/NT fusion protein by enterokinase
treatment. The purity of the fusion proteins was con-
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firmed with Coomassie blue staining and amino acid
analysis (data not shown). Each fusion protein from
the affinity purification column resulted in a single
major band estimated at ~90% purity.

With the exception of the fusion protein encoding
the ID3-4 region, fusion proteins encoding each cy-
toplasmic segment were found in the soluble fraction
following lysis of the transformed bacteria by soni-
cation in the absence of detergent. Efforts to express
the ID3-4 region as a FLAG fusion protein suc-
ceeded, as evidenced by a band of the expected mo-
lecular mass on Western blots of total cellular pro-
tein developed with anti-FLAG M2 antibody (not
shown). We were, however, unsuccessful in purifying
the protein by the standard protocol because it re-
sides in the insoluble fraction of the bacterial lysate.

A MBP Fusion Proteins
3 © I8 M~ In v
(=1 [r-] (3] - =
0 ® N~ M~ N~ o
- e e e = == B
= = = = = = 2
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3.2. Secondary structure determination of cytoplasmic
portions of sodium channel

The secondary structures of synthetic peptides and
overexpressed recombinant proteins were determined
by ellipticity measurements using far UV CD spec-
troscopy and a secondary structure analysis algo-
rithm ([19], Table 1). Our analysis assumes that pro-
tein structure is determined by local factors and not
by interactions with distant elements (i.e., secondary
structure is not determined by tertiary structure or
by interactions with the membrane phase). We were
concerned that either the FLAG epitope or the MBP
portion might alter the structure of the sodium chan-
nel segments in the fusion proteins and this was
tested by looking for a change in the CD spectra
of the MBP or FLAG fusion proteins before and
after factor X, or enterokinase cleavage and of the
amino-terminal protein before and after cleavage
(not shown). In both circumstances no change was
observed, an observation that gives us confidence
that neither the MBP protein nor the FLAG segment
affected the spectra obtained from each of the rSkM1
cytoplasmic segment fusion proteins. Furthermore,
we observed that the molar ellipticity of each of

-
Fig. 2. Immunoblots of MBP/CT and FLAG/NT fusion pro-
teins. MBP/CT fusion proteins encoding the full-length and
nested fragments of the rSkMI1 carboxy-terminus (A) and
FLAG/NT fusion proteins (B) were separated with SDS-PAGE
and transferred to nitrocellulose, and then incubated with the
indicated antibodies. The antibodies used to identify the car-
boxy-terminal deletion fusion proteins are: rabbit polyclonal
anti-MBP antibody (A, upper); rabbit polyclonal antibody B-23
directed against residues 15981611 in the rSkM1 sodium chan-
nel sequence (A, middle); and rabbit polyclonal antibody I-
1771 directed against residues 1771-1791 in the rSkM1 sodium
channel sequence (A, lower). The antibodies used to identify
the FLAG/NT fusion protein are: mouse monoclonal anti-
FLAG M2 antibody (B, upper); mouse monoclonal antibody
L/D3 directed against residues 19-24 in the rSkM1 amino-ter-
minal sequence (B, lower). Treatment with enterokinase cleaves
the FLAG epitope from the FLAG/NT fusion protein when
immunoblots are developed with anti-FLAG M2 antibody (B,
upper panel) and decreases the size of the amino-terminal pro-
tein when immunoblots are developed with L/D3 (B, lower pan-
el). The estimated molecular mass of each band corresponds to
that expected based on the DNA sequence. Specific immunolab-
eling occurs only when the fusion proteins contain the cognate
epitope.
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Fig. 3. CD spectra of proteins. CD spectra of MBP fusion pro-
teins, FLAG protein, and synthetic peptides were obtained. The
number of spectra which were averaged to produce these data
are indicated in parentheses. (A) Molar ellipticity of MBP or
MBP fusion proteins: O MBP (3), o MBP/ID1-2 (3), ® MBP/
ID2-3 (3), 0 MBP/CT (3) (without subtracting the molar ellip-
ticity of MBP). (B) Molar ellipticity of @ FLAG/NT (5), v
peptide NT1-30 (3), and O NT31-47 (3). (C) The mean residue
ellipticity of carboxy-terminal deletion proteins is calculated by
subtracting the molar ellipticity of MBP from the molar elliptic-
ity of MBP/CT fusion protein and then dividing by the number
of residues in each protein: m CT (3), v CT1800 (3), @
CT1765 (4), 0 CT1737 (4), X CT1715 (3).

-

the MBP sodium channel cytoplasmic fusion proteins
is larger than that of the MBP ‘carrier’ alone (Fig.
3A). This is possible only if the sodium channel seg-
ment of the fusion protein contains secondary struc-
tures that contribute to the overall CD signal. We
note that the original FLAG amino-terminal protein
(FLAG/NT) contained an additional 10 residues in
the end of the C-terminus. To ensure that this se-
quence did not significantly change the CD measure-
ments, we constructed a second FLAG amino-termi-
nal protein lacking this 10 residue sequence (FLAG/
NT’). No significant change in predicted secondary
structure was observed when the two FLAG amino-
terminal proteins were compared (data not shown),
consistent with the view that each of the sodium
channel segments is organized as a domain distinct
from the FLAG, MBP or extra flanking portions of
the fusion proteins.

Although CD is most precise in estimating o-hel-
ical content [20-22], estimates of B-strand, B-turn,
and random coil can be made ([19], Table 1). The
CD spectra obtained with each of the four cytoplas-
mic segments suggest that each segment contains a
significant amount of ordered structure. In these seg-
ments, between 62% and 72% of the residues are
calculated to be present either as an a-helix, B-
strand, or B-turn while only 28-37% of the residues
are predicted to be present as a random coil. Except
for the ID2-3 segment, the most dominant organized
structure in these cytoplasmic segments is computed
to be B-strand (55-69%) while o-helical content is
estimated at 3-10%.

Of the cytoplasmic segments, the amino-terminus
stands out from the three others by containing the
most PB-strand, the least o-helix, and no detectable
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(@)
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B-turn structure. Almost 70% of the amino-terminal
protein is predicted to be in a B-strand conformation
with only 28%, the lowest of all the segments, present
as a random coil. Synthetic amino-terminal peptides
encoding residues 1-30 and 31-47 also possess a sec-
ondary structure that appears to be mostly B-sheet
(Fig. 3B, Table 1).

The results for the ID2-3 region contrast strongly
with those for the amino-terminus (Table 1): it con-
tains the highest a-helical content (22%), the lowest
B-strand content (21%), and the highest B-turn con-
tent (19%). The ID1-2 segment resembles the amino-
terminus more than the other channel segments in its
secondary structure predictions: 7% o-helical con-
tent, 56% [-strand content, and 35% random coil.

Given our model of the carboxy-terminus as pos-
sessing the least compact structure, based on its
marked sensitivity to proteolysis [7], we were sur-
prised to find that the MBP carboxy-terminal fusion
protein had no unique attributes with regard to any
of the predicted structures: o-helical content was
midway between the values for amino-terminal and
ID2-3 proteins, and B-strand, B-turn, and random
coil contents were also intermediate (Table 1). We
were, however, able to determine the region contain-
ing o-helical secondary structure in the carboxy-ter-
minus using CD spectroscopy and the nested set of
carboxy-terminal deletion proteins (Fig. 3C). Both

Table 1
Secondary structure of cytoplasmic segments of rSkM1

-
[}

-
[=]
T

«
T

=]
T

&
T

Mean Residue Ellipticity (deg x em? x dmol” x 10'3]

-
[=}

180 190 200 210 220 230 240 250 260
Wavelength {nm)

Fig. 4. CD spectra of amino- and carboxy-terminal proteins.
CD spectra of the amino-terminal and carboxy-terminal pro-
teins alone and after complex formation. CD spectra of FLAG/
NT (2), MBP/CT (m), and mixture of FLAG/NT and MBP/
CT (O, measured), compared to the calculated sum of FLAG/
NT and MBP/CT (v). In this set of spectra, the contribution
of MBP to the CD spectra has not been subtracted.

percent o-helical content and the absolute number
of residues predicted to be present as o-helix
dropped to near zero when residues 1716-1737
were eliminated from the recombinant protein (Fig.
3C, Table 1). This region corresponds to the car-

Channel segment Size (number of residues) % a-Helix % B-Strand % B-Turn % Random coil
N-terminus?® 147 3+2° 69 0 28
NT1-30 30 2+3 50 5 43
NT31-47 17 2+1 57 4 37
ID1-2 137 75 56 2 35
ID2-3 224 22+2 21 19 37
C-terminus 248 103 55 2 33
CT1800 208 14+4 56 0 30
CT1765 173 213 23 22 35
CT1737 145 15+4 29 20 36
CT1715 123 1+1 55 6 37

Samples for CD analysis were prepared in a 10 mM potassium phosphate buffer, pH 7.4. Far UV CD spectra were collected using
wavelengths of 185-255 nm at 25°C and the spectra were averaged (three scans). Mean residue ellipticity ([6]) of synthetic peptides
and overexpressed recombinant proteins was calculated from ellipticity measurements, Gypserved- [6] (deg cm? dmol ™) = (Oypservea X 100)/
(mean residue concentration X path length), where the Gupservea Unit is degree, path length is in centimeters, and the mean residue con-
centration = number of amino acids X protein molar concentration [19]. The percentage of secondary structure was predicted using
mean residue ellipticity ([6]) and a secondary structure analysis algorithm [19].

*FLAG/NT (see Fig. 1).
"Mean = S.D.
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boxy-terminal segment found to specifically interact
with the rSkM1 amino-terminus in direct binding
experiments [9] (unpublished experiments).

3.3. Studies of the secondary structure involving the
interactions between amino- and carboxy-termini
with CD

We have modeled the amino-terminus as a rigid,
compact structure based on proteolysis [7] and anti-
body competition data [8]. While our results suggest
that the amino-terminus has significant B-strand con-
tent (~ 69%), which could achieve a compact struc-
ture, another possibility is that the amino-terminus
assumes a more highly ordered structure only upon
binding to the carboxy-terminus. Therefore, we ex-
amined whether any secondary structural changes
are associated with this binding reaction. CD spectra
from 185 to 255 nm, a region in which one can ob-
tain statistically significant estimates of changes in
secondary structure, were obtained from aliquots of
solutions containing FLAG/NT fusion protein,
MBP/CT fusion protein, or mixtures of the two pro-
teins under conditions that allow binding of these
two channel segments. Mixtures of these two pro-
teins gave rise to CD spectra that were identical to
those obtained by summing the individual spectra of
the amino-terminal and carboxy-terminal proteins
(Fig. 4), indicating that no detectable change in sec-
ondary structure occurs upon complex formation.

3.4. Fluorescence intensity studies reveal structural
changes involved in the interaction between the
amino- and carboxy-termini

A single tryptophan (Trp'®'7) in the carboxy-ter-
minal portion of the sodium channel is available to
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Fluorescence Intensity (Arbitrary Units)
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Fig. 5. Intrinsic fluorescence change due to complex formation.
Fluorescence intensity spectra of FLAG/NT (0.67 mM), MBP/
CT1800 (0.23 mM), and mixtures of the same concentration of
the two proteins were obtained. The fluorescence intensity of
carboxy-terminal Trp'®!” is decreased after mixing FLAG/NT
(dot-dashed line) with MBP/CT1800 (dashed line) compared to
the fluorescence intensity of MBP/CT1800 alone (dotted line),
or to the calculated sum (solid line) of fluorescence obtained in-
dividually with FLAG/NT and MBP/CT1800. FLAG/NT alone
does not contribute to the fluorescence intensity.

act as a unique intrinsic fluorophore, with a change
in fluorescence intensity reporting any changes in the
immediate environment of the fluorophore. The five
tyrosine residues (residue 2 in the FLAG epitope and
residues 68, 86, 87 and 112 in the rSkM1 amino-
terminus) in the FLAG amino-terminal protein,
which is devoid of tryptophan residues, would
make only a small contribution to intrinsic fluores-
cence (Fig. 5). Although there are eight tryptophan
residues in MBP protein, we first determined in a
control experiment that there are no changes in fluo-

Table 2

Decrement in relative fluorescence intensity at 342 nm after mixing MBP/CT fusion proteins with FLAG/NT

Protein MBP MBP/CT1800 MBP/CT1765 MBP/CT1737 MBP/CT1715
Fluorescence decrement (arbitrary units) 11.5 143.1 101.1 97.7 23.1

MBP/CT fusion protein (0.23 mM), FLAG/NT fusion protein (0.67 mM), or the mixture of identical concentration of MBP/CT and
FLAG/NT fusion proteins were prepared in a 10 mM potassium phosphate buffer, pH 7.4. The fluorescence spectra of the proteins
were recorded (Aexcitation = 280 nm, Aemission = 320-520 nm) with the scanning speed of 60 nm/min at room temperature. Fluorescence
spectra for the amino- or carboxy-terminal proteins separately were compared with spectra obtained with mixtures of these proteins.
The values are the sum of the individual spectra of amino- and carboxy-termini minus the spectrum of the solution that contains a
mixture of the same concentration of amino- and carboxy-terminal proteins.
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rescence intensity of the MBP tryptophan residues
upon mixing the N-terminal fusion protein with
MBP protein alone. Then, fluorescence spectra
from 320 to 520 nm for the amino- or carboxy-ter-
minal proteins, recorded separately and summed,
were compared with spectra obtained with mixtures
of these proteins under conditions that permit com-
plex formation (Fig. 5). Each representative of the
nested set of MBP/CT fusion proteins, when mixed
with the FLAG/NT fusion protein, produced a de-
crease in fluorescence intensity at 342 nm with the
exception of MBP/carboxy-terminal fusion protein
encoding residues 1593-1715 (Table 2). As noted,
the MBP protein devoid of rSkM1 sequence also
reveals no change in fluorescence intensity when
mixed with the FLAG/NT fusion protein. The lack
of fluorescence intensity change with MBP or MBP/
CT1715 fusion proteins indicates that a change in the
environment of the reporter Trp!¢!” in sodium chan-
nel carboxy-terminal occurs during binary complex
formation between the amino- and carboxy-terminal
proteins and that it is residues 1716-1737 in the car-
boxy-terminus that provide most of the binding site
for the amino-terminus.

4. Discussion

Because of difficulties in obtaining sufficient
amounts of purified native sodium channel protein
for crystallization and X-ray diffraction structural
studies, we and others have turned to biophysical
examination of recombinant proteins or synthetic
peptides to gain insight into the structure and func-
tion of specific sodium channel segments [7-
14,23,24]. CD measurements of various sodium chan-
nel segments other than cytoplasmic segments re-
ported in this study show organized secondary struc-
tures with random coil contents similar to those
measured in the present study (~ 30%). For example,
these prior studies have led to estimates of an o-
helical structure for the transmembrane segments in
various domains [10,23,24], predominantly o-helical
and B-sheet structures for the P regions [11,12,24], a
significant stretch of o-helical structure in the ID3-—4
region [5,13,25], and predominantly o-helical content
in the S4-S5 segments of each domain [10,14]. It is
quite reassuring that CD predictions in the case of

the ID3-4 region have been confirmed by 2D NMR
solution structures [5,13].

Cytoplasmic segments of voltage-dependent so-
dium channels comprise 40-50% of the total o-sub-
unit protein mass [2,4], contribute both conserved
and diverse regions among different isoforms that
account for both general (inactivation) and iso-
form-specific functions (ID1-2 loop-localized protein
kinase A (PKA) modulation of expressed neuronal
and cardiac sodium channels [26-33], which is not
seen in SkM1 channels [27,33]). Increases (cardiac
[31-33]) and decreases (neuronal [30]) in current am-
plitude have been reported in response to PKA stim-
ulation. These cytoplasmic regions also provide pos-
sible sites for interaction with other membrane or
cytoplasmic proteins that control the location of
channels in the cell (e.g., localization to the neuro-
muscular junction). Thus, the C-termini of rSkM1
and rSkM2 contain PDZ domains [34] that are
thought to interact with syntrophins (peripheral
membrane proteins of the dystrophin-associated pro-
tein complex located on the cytoplasmic face of plas-
ma membranes [35,36]). Although the removal of
most of each terminus of the rat brain II isoform
was associated with normal sodium currents, the
channel expression level was much lower than that
of the wild-type suggesting that maturation of the
protein or efficiency of insertion into the membrane
may be influenced by the presence and nature of
cytoplasmic segments [37]. In this regard it may be
relevant that K* channel subunit proteins are as-
sembled into functional tetramers, and that subunit
assembly is critically driven by a conserved, self-tet-
ramerizing sequence in the N-terminal cytoplasmic
region (tetramerization 1 domain) [38].

We report here the first secondary structure pre-
dictions performed on the amino-terminus, the car-
boxy-terminus, and the ID1-2 and 2-3 regions. To
probe the structure of each sodium channel cytoplas-
mic segment, we overexpressed these regions as fu-
sion proteins and studied their structures and inter-
actions by far UV CD and fluorescence spectroscopy.
With the exception of the ID3-4 protein, each of the
fusion proteins was found in the soluble fraction fol-
lowing lysis of transformed bacteria. This observa-
tion suggests that each cytoplasmic segment is capa-
ble of forming secondary structures in the absence of
either the membrane phase or other channel seg-
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ments [39]. On the other hand, the FLAG/ID3-4
fusion protein was insoluble despite the fact that it
contains 34 polar or charged residues out of a total
of 56 residues (amino acids 1290-1345)*. If the ID3—
4 segment is truly located in the cytoplasm in vivo,
there may be a requirement for association with an-
other part of the sodium channel in order for it to
attain its physiological location (e.g., an interaction
between the ID3-4 segment and the S4-S5 loop of
domain 4 [40]).

The CD data for each of the soluble channel cy-
toplasmic segments indicate that they possess signifi-
cant amounts of secondary structure (62-72%) (Ta-
ble 1). Except for the ID2-3 region, each segment
contains at least 50% B-strand content while the
ID2-3 region contains near equal amounts of both
o-helix and B-strand structures. Note that X-ray dif-
fraction studies of the 389 residue MBP have shown
it to be a compact protein with ~40% o-helix and
~20% PB-sheet structure, consistent with our CD
measurements [41]. Thus, we were able to simply
subtract the contribution of the MBP carrier from
the total signal obtained with the MBP fusion pro-
teins (Fig. 3C). The short length of the FLAG seg-
ment (eight residues) limited our ability to perform
the same type of correction with the FLAG/NT pro-
tein, but surely this contribution would be negligible,
commensurate with its size. A comparison of CD
spectra before and after factor X,-mediated cleavage
(for MBP fusion proteins, not shown) or enteroki-
nase treatment (for the FLAG amino-terminal pro-
tein, not shown) revealed no significant differences,
suggesting that the sodium channel segments do not
influence MBP and FLAG structures and, presum-
ably, vice versa. A second FLAG amino-terminal
protein in which the 10 residues at the end of
FLAG/NT were removed by recombinant DNA
techniques to resemble more accurately the channel
N-terminus yielded virtually identical secondary
structure estimates compared with the original
FLAG protein, increasing our confidence that any
differences in structure between the overexpressed
proteins and that portion of the native channel are
minor and likely to be unimportant. The most im-

4 ID3-4 is conventionally defined as amino acids 12921344 in
rSkM1.

portant observation is that the molar ellipticity of
each of the MBP sodium channel fusion proteins is
larger than that of the MBP ‘carrier’ alone (Fig. 3A),
indicating that sodium channel extramembranous
portions contained in the fusion proteins are organ-
ized into specific and discrete secondary structures.

Our previous proteolysis and antibody competition
studies led to a model of the structure of channel
cytoplasmic segments. Some of the general features
of this model are supported by the structural predic-
tions of the present study and some of the findings in
this paper advance specific aspects of this model. For
example, our present observation that the amino-ter-
minus is the most ordered of the cytoplasmic seg-
ments is consistent with the model of the amino-ter-
minus as a compact, rigid structure. The high B-
strand content (69%) and presence of multiple pro-
line residues in the amino-terminus suggests a more
detailed model in which this region contains multiple
antiparallel B-sheets that interact with one another,
giving rise to the compact, rigid, relatively protease-
resistant structure. While our CD spectra do not
provide evidence for any alteration of secondary
structure as the result of complex formation between
the N- and C-termini (see below), it could be the case
that the N-terminus interaction with the C-terminus
creates steric hindrance of the approach of protease
perhaps contributing another factor, besides the in-
trinsic secondary structure itself, to the protease re-
sistance of the amino-terminal segment.

The predicted secondary structures of the remain-
ing cytoplasmic segments are not as readily rational-
ized. While it is tempting to suggest that the high o-
helical content of the ID2-3 region is consistent with
our model of this segment as projecting away from
the plane of the membrane in an extended conforma-
tion, the near equal amounts of o-helical, B-sheet,
and random coil contents do not lead to a simple
structural model. Similarly, while our findings sug-
gest intermediate degrees of structure for the ID1-2
and carboxy-terminal regions, it is, once again, diffi-
cult to correlate these data with a specific overall
structural model. However, differences in protease
sensitivity, which is greatest for the carboxy-termi-
nus, may be due more to unencumbered cytoplasmic
segment availability to soluble protease rather than
to any specific secondary structural motifs.

Competition between antibodies directed against



H. Zhang et al. | Biochimica et Biophysica Acta 1467 (2000) 406418 417

the proximal amino-terminal and distal carboxy-ter-
minal segments led to the suggestion that these two
channel segments bind to one another [8]. Using a
soluble adsorption assay, expressed amino-terminal
and carboxy-terminal portions of the sodium channel
were shown to bind to each other at micromolar
concentrations in vitro [8]. The residues involved in
the interaction are now localized to amino acids
1716-1737 in the carboxy-terminus and 13-30 in
the amino-terminus (Tables 1 and 2) [9]. The fact
that there are no changes in CD spectra and only a
small decrease in intrinsic fluorescence upon binary
complex formation supports the view that no sub-
stantial structural change is associated with the ami-
no- and carboxy-terminus interaction.

Our studies with MBP fusion proteins containing a
nested set of deletions in the carboxy-terminus have
provided a tool to localize the o-helical segment in
the carboxy-terminus. All of the carboxy-terminal
fusion proteins, save one (CT1715) contained meas-
urable o-helical content. The most straightforward
explanation for the loss of a-helix upon deletion of
the 1716-1765 segment is that the o-helix is located
within this stretch of amino acids. Whether or not
the apparent increase in o-helical content seen for
MBP/CT1765 indicates some inhibition of o-helix
formation by the presence of the distal carboxy-ter-
minal segment (residues 1766-1800), it is clear from
these data that the 1766-1840 segment contributes
little, if any, o-helical content of its own.

We utilized the presence of the unique Trp in
the carboxy-terminus and the absence of tryptophan
residues in the amino-terminus to assess whether any
structural changes are associated with the binding
reaction. Upon excitation at 280 nm, 90% of protein
fluorescence is due to tryptophan (tyrosine contrib-
utes little or undetectable intrinsic fluorescence in
proteins) and the tryptophan fluorescence intensity
is highly sensitive to the surrounding environment
[18]. Upon binding of the amino-terminal and car-
boxy-terminal proteins, we observed a decrease in
fluorescence intensity. This decrease of fluorescence
intensity may be caused by the quenching of trypto-
phan fluorescence by other residues that are brought
into proximity with Trp'®!” due to the interaction of
the amino- and carboxy-termini. Cys'® in the amino-
terminal segment is a reasonable candidate for this
role due to its close proximity to the amino-terminal

1617

interaction surface (residues 13-30), although other
side chains in the carboxy-terminus might also in-
duce quenching if the tertiary structure of the car-
boxy-terminus were to change upon complex forma-
tion. However, as noted above, the observation that
the CD spectrum of mixtures of amino- and carboxy-
terminal proteins does not differ when compared
with the summed spectrum of amino-terminal and
carboxy-terminal proteins suggests that there are no
major changes in secondary structure upon binary
complex formation (Fig. 4). Because changes in in-
trinsic fluorescence were observed only when the o-
helical 1716-1737 segment was present, these data
provide experimental evidence that these residues
form the site in the carboxy-terminal segment that
interacts with the amino-terminus.

The co-localization of both binding and o-helix to
the 1716-1737 segment suggests that the o-helix may
contribute to the interaction surface responsible for
the amino- and carboxy-terminal association. Resi-
dues 1716-1737, when viewed using a Schiffer—Ed-
mundson helical wheel projection, present one face
with four positively charged residues that would be
ideally suited for interaction with amino-terminal
peptide 13-30, which itself possesses two negatively
charged residues separated by five residues. Thus, we
propose that the middle portion of the carboxy-ter-
minus (residues 1716-1737) interacts with the amino-
terminus through electrostatic forces. We further
postulate that this interaction brings Trp'®'7 and
Cys'® together, giving rise to intrinsic fluorescence
quenching. Such an interaction in the native channel
could contribute to higher-order interdomain organi-
zation, that is, whether the four domains are ar-
ranged clockwise or counter-clockwise when viewed
from the extracellular surface [42]. It also might de-
termine the rapidity with which the assembly of this
structure occurs.
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