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Abstract lon selectivity of voltage-activated sodium
channelsis determined by amino-acid residuesin the pore
regions of all four homologous repeats. The major deter-
minants are the residues DEKA (for repeats I-1V) which
form aputative ring structure in the pore; the homologous
structure in Ca-channels consists of EEEE. By combining
site-directed mutagenesis of anon-inactivating form of the
rat brain sodium channel 1l with electrophysiological
methods, we attempted to quantify the importance of
charge, size, and side-chain position of the amino-acid res-
idues within thisring structure on channel properties such
as monovalent cation selectivity, single-channel conduc-
tance, permeation and selectivity of divalent cations, and
channel block by extracellular Ca®* and tetrodotoxin
(TTX). In al mutant channels tested, even those with the
same net charge in the ring structure as the wild type, the
selectivity for Na” and Li* over K, Rb", Cs*, and NH,*
was significantly reduced. The changes in charge did not
correlate in a simple fashion with the single-channel con-
ductances. Permeation of divalent ions (Ca2*, Ba®*, Sr?*,
Mg?*, Mn?*) wasintroduced by someof themutations. The
|Cy, values for the Ca?* block of Na' currents decreased
exponentially with increasing net negative charge of the
selectivity ring. The sensitivity towards channel block by
TTX was reduced in al investigated mutants. Mutations
inrepeat IV arean exception asthey caused smaller effects
on all investigated channel properties compared with the
other repeats.
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Introduction

Sodium channels (Na-channels) play a key role in gener-
ating action potentials in excitable cells. Thistask can be
accomplished by a fast activation and inactivation com-
bined with a strong ion selectivity for Na* with respect to
K* and Ca?*. Molecular cloning of several Na-channel a
subunits has provided structural information resultingin a
putative topological organization of the protein in the cell
membrane as four homol ogous domains with each domain
consisting of six transmembrane segments (for review see
Catterall 1988; Heinemann and Stihmer 1995). Several
studiesusing the approach of site-directed mutagenesisand
functional assays in host cells yielded valuable informa-
tion on structure-function relationships of Na-channel pro-
teins. While voltage-dependent activation of Na-channels
is at least in part associated with the positively charged
SA-segments (Stuhmer et al. 1989), the inactivation pro-
cess is strongly influenced by the linking region between
domains|ll and IV (Stihmer et al. 1989; West et al. 1992).
Protein regions which make the actual contact with per-
meating ions were determined by assaying single-point
mutants for their block by the specific toxins tetrodotoxin
(TTX) and saxitoxin (STX). The single-point mutation in
the first domain of the rat brain Na-channel 11 (NaRbll),
E387Q, resulted in a complete loss of the blocking
efficiency of TTX and STX (Noda et al. 1989). Neutral -
ization of the neighboring charged amino-acid residue
D384N not only impaired the block by TTX but also
strongly reduced the single-channel conductance (Pusch et
al. 1991). In asystematic study, Terlau et al. (1991) inves-
tigated the importance of the homologous sites of the re-
maining three domainsfor TTX block and ion permeation.
They concluded that the outer channel mouthisinpartlined
by amino-acid residues forming two putative ring struc-
tures in three-dimensional space (see vertical boxes in
Fig. 1A). While changes of residues in the “outer ring”
have marked effects on TTX block, aterations of the res-
iduesinthe*“inner ring” in addition strongly affect ion per-
meation.
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Fig. 1 A Alignment of amino-acid residues of the pore regions of
thefour homol ogousrepeats of rat brain Na-channel I1. Charged ami-
no-acid residues are shown in squares. The numbers at the right in-
dicate theresidue number of the last amino-acid residue per row. The
vertical shaded boxes indicate the residues which contribute to the
putativering structures, theleft oneisstrongly determining the chan-
nel selectivity. B Schematic presentation of atop view onto the “in-
ner ring” structure of the channel consisting of one residue per ho-
mologous repeat. The residues of interest are: D384, E942, K1422,
and A1714 yielding the abbreviation “DEKA" for the wild type.
C “eEee 3" represents the mutant D384E-K1422E-A1714E which
hasthe same*“inner ring” structure as Ca-channels, i.e. the net charge
of this structure is 3 electron charges more negative than the wild
type. The mutated residues are denoted by lower-case |etters

Evidently, the charged residues in the pore region of
voltage-activated Na-channels are of particular impor-
tance, but non-charged residues also participate in deter-
mining channel sensitivity to TTX. F385 plays akey role
for the major functional difference between the brain Na-
channels (F) and the heart (C) and skeletal muscle (Y) Na-
channels, by conferring the typical characteristics of chan-
nel block by TTX and divalent cations such as Cd** and
Zn** (Backx et al. 1992; Heinemann et al. 1992b; Satin et
al. 1992).

Although small effects on permeation and selectivity
are also observed by mutating residuesin the “ outer ring”,
the major importance resides in the inner ring. When
K1422inrepeat |11 ismutated to E, selectivity isabolished
and channel sbecomesignificantly permeableto Ca®*; sim-
ilar, but less pronounced effects are obtained by mutating
Al714 inrepeat |V to E (Heinemann et al. 1992a). Thisis
not too surprising since Ca-channels have amotif consist-
ing of four glutamates at the putative inner ring structure
(Fig. 1C, EEEE). Also in Ca-channels, mutation of one of
these residues to Q impairs the selectivity of the channel
for Ba®* over monovalent cations and reduces the block by
divalent cations such as Cd?* (Kim et al. 1993; Yang et al.

1993; Tang et al. 1993; Heinemann et al. 1994). Moreover,
the effect of the individual residues in the four homolo-
gous repeats is not identical indicating an asymmetric or-
ganization (Kim et al. 1993; Yang et al. 1993; Heinemann
et a. 1994).

In this study we concentrated on the properties of Na-
channels mutated at the putative inner ring structure, fo-
cusing on ion permeation, ion selectivity, block by TTX,
and block and permeation of divalent cations. We tried to
address the question of the importance of charge, side-
chain size and position of the amino-acid residues within
the ring structure on these pore properties. Since Na-chan-
nels undergo a very rapid inactivation, we generated all
pore mutants in the background of the point mutations
F1489Q or 11488Q-F1489Q-M1490Q which strongly re-
duce inactivation (West et al. 1992) without changing the
pore properties (Heinemann et al. 1994).

Materials and methods
Mutagenesis and mRNA synthesis

All mutant cDNAswere derived from the plasmid pRI1-2A
(Stihmer et al. 1989), encoding a wild-type rat brain Na-
channel 11. The plasmids are nhamed using a four-letter
code, indicating the amino-acid residues in the inner ring
positions of the selectivity filter region (384, 942, 1422,
1714; wildtypeisDEKA). All mutationsinthe DEK A ring
were analyzed in the background of a second mutation, in-
troduced to prevent rapid channel inactivation. This addi-
tional mutation was either 11488Q - F1489Q - M 1490Q (in
DEeA and DKKA) or F1489Q (all other mutants). Thein-
troduced nucleotide changes are as follows. CAG
(4465-4467) for F1489Q and CAGCAGCA (4462-4469)
for 11488Q - F1489Q - M 1490Q (substituted nucleotidesin
parentheses, numbers starting from the first ATG codon).
The following replacements in inner ring positions have
been described previously: D384E, D384N, E942Q,
K1422E, and A1714E (Terlau et a. 1991). Additiona
mutations are as follows: E942K, K1422D, K1422Q,
A1714D. Mutant plasmids were constructed by oligonu-
cleotide-directed mutagenesis (Terlau et al. 1991); the
mutationswere confirmed by sequencing subcloned cDNA
fragments. Combinations of mutations were achieved
by ligation of the relevant fragments. The mutation
114880Q - F1489Q -M1490Q was introduced by using a
two-step polymerase chain reaction. Thefirst reaction was
carried out with a mutagenic primer and a second primer
covering a unique BstEI site downstream of the mutation.
The product of this reaction was then used as a primer in
asecond polymerase chain reaction, combined with an up-
stream primer covering the unique Nsil site. The product
of thisreaction wasligated into pRII-2A, using therestric-
tion sites Nsil and BstEll. The SP6 mMessage mMachine
Kit (Ambion, Austin, TX, USA) was used for synthesis of
capped cRNA from Sall-digested plasmids.



Mutant nomenclature

Since the mutations F1489Q and 11488Q-F1489Q-
M 1490Q did not have effects on the pore propertiestested,
we refer to them as wild-type channels. All pore mutants
discussed here were generated by replacing amino-acid
residues of the “inner ring” structure, i.e. D384, E942,
K1422, and A1714. For identification of the mutants we
therefore only specify this quartet of residuesin single-let-
ter amino-acid code. Substituted residues are shown in
lower case. In addition, a subscript indicates the changein
net charge of the inner ring structure, Ag. Asindicated in
Fig. 1B, the name for the wild type is then DEKA; the
triple mutant which has the same inner ring structure as
Ca-channelsis eEee ; (see Fig. 1C).

Electrophysiology

Xenopus oocyteswere prepared and mRNAswereinjected
as described previously (Stiihmer et al. 1992). Whole-cell
currents were measured with a two-electrode voltage
clamp (Turbo TEC 1/2, npi electronic, Tamm, Germany).
Intracellular electrodes were filled with 2 M KCI and had
resistances between 0.5 and 0.8 MQ. Patch-clamp experi-
ments were performed with an EPC-7 electronic amplifier
(HEKA elektronik, Lambrecht, Germany). Pipettes for
macro-patch recordings were fabricated from aluminum
silicate glass and had resistances between 0.8 and 3.0 MQ.
Most single-channel recordings were performed with pi-
pettesfrom thick-walled borosilicate glasswith resistances
between 3 and 10 MQ. For those mutants which yielded a
low expression level, single-channel recordings were also
performed with aluminum glass pipettes. Data acquisition
for both two-el ectrode clamp and patch-clamp experiments
was controlled with the Pulse+PulseFit software package
(HEKA elektronik) running on a Macintosh Quadra 650
computer (Apple Computer Inc., Cupertino, CA, USA).
Data traces of macroscopic currents were corrected for
linear leak currents and capacitive transients using a P/4
method with a leak holding potential of —110 mV. Data
analysis was performed with PulseFit (HEKA elektronik)
and IgorPro (WaveMetricsInc., Lake Oswego, OR, USA).
Single-channel recordings were corrected for leak and ca-
pacitive currents and single-channel voltage ramp re-
sponses were accumulated using the PulseTools software
(HEKA elektronik).

All solutions with monovalent cations as the major
charge carriers were made such that they contained
115 mm of the monovalent cations, i.e. approximately
108 mm of the corresponding chloride salt (e.g., NaCl) and
7 mM of the hydroxide (e.g., NaOH) for pH adjustment.
In addition, these sol utions contained either 1.8 mM CaCl,
or alternatively 1.8 mm EGTA when Ca®* had to be che-
lated. Solutions with divalent cations as the major charge
carriers contained 75 mm of divalent cations (e.g., Ba?").
The pH was buffered in al cases with 10 mm HEPES to
7.2 with the corresponding hydroxides. In the following
we refer to the solutions as, e.g., Na-Ringer’s: 108 NaCl,
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1.8 CaCl,, 10HEPES, 7 NaOH; Na-EGTA: 108 NaCl, 1.8
EGTA, 10 HEPES, 7 NaOH; Ba75: 72 BaCl,, 10 HEPES,
3 Ba(OH),.

?* blocks Na-channels which are mutated in the se-
lectivity filter region to a different degree and it can con-
tribute significantly to permeation in the mutants DEeA _,
and DEee_; (Heinemann et al. 1992a, Heinemann et al.
1994). In addition, even small Ca?" influx through mutated
Na-channels causes asubstantial activation of endogenous
Ca?*-activated chloride channels which are avery serious
error source. Inasystematic study of ion selectivity of these
channels for monovalent cations, the presence of Ca®*
would, therefore, introduce asignificant bias of theresults.
For this reason, selectivity of Na-channel mutants was as-
sayed with extracellular solutions in which residual Ca?*
was chelated by 1.8 mm EGTA. This procedure poses a
substantial problem which arises from the activation of a
monovalent cationic conductance in the absence of Ca2*
(Arellano et al. 1995). These “leak” currentsin EGTA so-
lutions occur in almost all batches of oocytes and compli-
catetheleak correction of currentsflowing through the ex-
ogenously expressed voltage-dependent Na-channels.
Therefore, in determining the selectivity properties, data
often had to be determined in sandwiched experiments, i.e.
changing the bath solution back to the control solution
after each test solution in order to confirm reversibility.

Junction potentials

In cases where patch-clamp experiments are started with
different solutionsin the bath and in the pipette, the result-
ing liquid junction potential is canceled out with the pi-
pette potential offset correction of the patch-clamp ampli-
fier. After seal formation, thisliquid junction potential is,
therefore, overcompensated and has to be taken into ac-
count. We measured the junction potential shiftsfor all so-
lutions used in respect to Na-EGTA according to Neher
(1995). The values between -3.0 mV (Li-EGTA) and
+4.9 mV (Cs-EGTA) agreed well with the theoretical pre-
dictions by Barry and Lynch (1991). Correction was done
by shifting the single-channel ramps along the voltage axis
accordingly.

Relative permeabilities

Reversal potentials, E,,, were measured from single-chan-
nel current-voltage relationships under biionic conditions,
i.e. Na-EGTA on one side and X-EGTA on the other side
of the membrane (where X denotesthe other tested monov-
alent cations). Therelative permeabilities, Py /Py, arethen
obtained from

S

where R, T and F are the gas constant, absolute tempera-
ture, and Faraday’s constant, respectively. The relative
permeabilities can be also determined from two-electrode

RT In Q)
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voltage clamp recordings, without exact knowledge of the
intracellular ion composition, by measuring the difference
in reversal potential between the test solution (X-EGTA)
and thereference solution (Na-EGTA). In the case of equal
concentrationsthe following expressionis applicable (e.g.
Hille 1992):

AE;e, = Erey (X) = Erey (Na) =

RT
in @)

ORrR O
HPa O
Prolongation of channel open-time

NaRbll channels undergo rapid inactivation when ex-
pressed in Xenopus oocytes (e.g., Stihmer et al. 1989). In
order to remove fast inactivation we used the mutants
F1489Q or 11488Q-F1489Q-M1490Q (West et al. 1992).
With these mutants long single-channel events can be
measured above activation threshold which makes the
compilation of single-channel ramp current-voltage rela-
tionshipsfeasible. In addition, in particular for those chan-
nel mutants which did not express large currents, removal
of inactivation allows one to distinguish the exogenously
expressed channels from endogenous, inactivating Na-
channels which were present in some batches of oocytes.

The open times of the Na-channel mutants at potentials
below activation threshold are rather short; thus, the prob-
ability of finding an open channel in the negative part of a
voltagerampisvery small. Therefore, in someexperiments
we used deltamethrin (DMT) which considerably slows
down channel deactivation (Chinn and Narahashi 1986;
Bloomquist 1996). As we could not find an influence of
DMT on single-channel amplitudes in symmetrical Na-
EGTA solutions, we included data obtained with DMT in
our statistics for channel conductance as specified in the
text and Table 1.

Astothe effectsof DMT on Na-channel selectivity, dif-
ferent reportsexist. While Chinn & Narahashi (1986) found
no effect on Na-channels in mouse neuroblastoma cells,
Leibowitz et al. (1987) reported a change in the relative
permeability Py, /Py, from 0.11t0 0.26 of Na-channelsin
frog skeletal muscle. We tested this permeability ratio for
the wild type NaRbll channel and determined 0.24 + 0.04
(n=5) under control conditionsand 0.20 £ 0.02 (n=7) in
the presence of 10 mm DMT. Py /Py, Was tested for mutant
DEKe_;: control 0.30 + 0.02 (n=5); 0.28 £ 0.03(n =6) in
10 mm DMT. Thus, we did not find a significant influence
of DMT onion selectivity. However, asitisnot safeto trans-
fer this conclusion to all mutants tested, we tried to avoid
the use of DM T whenever possible.

Results
lon selectivity

In Fig. 2A two-electrode voltage-clamp experiments are
shown for the wild type and several mutants with single
amino-acid substitution in repeats I, 111, or V. Each col-

umn shows recordings from a single oocyte in the indi-
cated test ion solutionsin the absence of Ca?*. The experi-
mental protocol wastorecord current-voltagerel ationships
in steps of 5 mV from a holding potential of =100 mV in
solutions containing 115 NaCl in addition to 1.8 mm
EGTA and 10 mm HEPES (pH 7.2). The entire bath solu-
tion was then exchanged for solutions containing instead
of Na* thetest ions Li*, K*, Rb*, Cs*, or NH,". The cur-
rent was measured as mean between 9 and 10 ms after the
depolarization and the resulting current-voltage relation-
ships were plotted for Na* (open circles), K* (filled cir-
cles), and Cs" (open squares) in Fig. 2B, indicating the al-
terations of ion selectivity obtained with the investigated
mutations, namely changesinthereversal potential accom-
panied by increasing inward permeation of K* and Cs'.
The reversal potentials were estimated with alinear fit of
afew current values around zero; the permeability ratios
Py /Pyna Were calculated according to Eqg. (2) and are sum-
marized in Table 1 for all tested ions. Owing to large “-
leak” currents developing in the absence of extracellular
Ca’" the entire series of monovalent cations could not be
completed in all cases. Therefore, the data shown in Table
1 are based on experiments in which the various test ions
were always measured with respect to Na'.

An interesting observation in Fig. 2 is that the charge-
conserving mutation eEK A, has enhanced K* influx com-
pared to the wild type (DEKA,); however, no Cs" influx
could be detected. A similar result is obtained for the mu-
tant DEKe_;. Mutations of repeat 111 show marked effects
on K* and Cs* permeation evidenced by a greater inward
current and a positive shift of the reversal potential. Inter-
estingly, even substitution of a neutral residue at position
1422 (DEgA_,) is sufficient to impair selectivity of Na*
over K* and Cs', abeit to a somewhat smaller extent
(Heinemann et al. 1994).

For the same mutants as shown in Fig. 2 single-chan-
nel properties were measured in outside-out patchesin the
absence of Ca®* on both sides of the membrane. The bath
solutions contained 115 mm of the following test ions:
Na*, Li*, K", Rb*, Cs*, and NH,*. In Fig. 3A only exam-
ples for Na“, K*, and Cs" are shown. Voltage ramps
between +100 and —100 mV (within 200 ms) were applied
and superpositions of leak-corrected single-channel cur-
rent traceswereplottedin Fig. 3A asafunction of theramp
potential. The manually sel ected open-episodes of all com-
piled single-channel ramps (open circles) were then fitted
with a double-exponential function (continuous curve)
which was subsegquently used to calculate the reversal po-
tential. In addition, the fit results are shown in Fig. 3B for
all tested ions on an expanded current scale. The perme-
ability ratios were determined using Eq. (1) and are listed
in Table 1. Note not only the change in permeability ratios
but also the changesin single-channel conductance. While
the mutations in repeat 1V reduce the conductance, muta-
tions of the sitein repeat 111 caused, in al three cases, ap-
proximately adoubling of the single-channel conductance.
Remarkable is the strong increase in permeation of NH,*
in these mutants. Another interesting correlation isthe ob-
served increase of Py ;/Py, for those mutants with a small
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reduction of the single-channel conductance (DkeA,,
DEKe_,, and DEKd_,).

There are no charge altering mutants of repeats| and ||
shown in these panel s because they have avery small con-
ductance which is not suited for single-channel recordings

(Terlau et al. 1991).
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Potential (mV)

Fig. 4A-E Whole-cell current-
voltage relationships for the in-
dicated mutants. The experi-
mental protocol and the use of
symbols was the same as de-
scribed in Fig. 2. The data pan-
els are grouped according to the
net change in charge of the in-
ner ring relative to the wild
type: A: +1,B: 0, C: -1, D: -2,
E: -3. Note that DkeAyisa
swapping mutant of the wild
type DEKA, and DgeA_; isthe
swapping mutant of DEgA_;
(see Fig. 2)

In Fig. 4 further examples for current-voltage plots in

Na-, K-, and Cs-EGTA are shown, sorted according to the

net negative chargeintheinner ring structure. Herewealso
considered changesin repeats | and 11 which were in part
compensated by mutations in other repeats. It is interest-

ing to note that the wild type apparently has the maximal
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Table 1 Single-channel conductance and permeability ratios. For
the mutantslisted in the first column the range of the determined sin-
gle-channel conductances (y) in symmetrica Ca?*-free 115 mm
NaCl solutions is displayed in the second column. n specifies the
number of single-channel patches, n* the number of patchesin the
presence of 10 pMm deltamethrin. Py/Py, for theindicated test ionsis

shown in the remaining columns. The first row per mutant specifies
the values determined from whole-oocyte experiments (see
Eqg. (2)), the second row contains estimates based on single-channel
ramp recordings (see Eq. (1)). The numbers in parentheses indicate
the number of independent experiments.

Mutant y(pS) Px/Pna (Whole oocytes & single-channel ramp recordings)
(n; %)
Li* K* Rb* Cs* NH,;
DkKA,, «l (no ionic currents measurable)
DgKA,, «1 0.98 £ 0.05 (3) 0.17 £ 0.03 (5) 0.12+ 0.03 (3) 0.11+£0.03 (3) 0.28 £ 0.02 (4)
DEKA, 55-62 (12; 3) 0.96 £ 0.14 (4) 0.10 £ 0.03 (8) <0.05 (4) <0.05 (5) 0.20 £ 0.03 (3)
0.79 0.13 <0.05 <0.03 0.24
DkeA, 7-13 (6; 2) 1.59 + 0.06 (3) 0.37+£0.03 (3) 0.25+0.01 (3) 0.14+0.02 (3) 245+0.14 (3)
n.d. n.d. n.d. n.d. n.d.
eEKA, 45-55 (4;0) 0.90 + 0.06 (3) 0.22+0.03 (4) <0.10 (4) <0.10(3) 0.54+0.13 (3)
0.67 0.18 0.07 <0.03 0.27
DEKe_; 28-39 (4;0) 154+ 0.27 (4) 0.27 £ 0.04 (8) 0.13+0.04 (4) < 0.05 (6) 0.56 £ 0.08 (5)
1.13 0.29 0.05 <0.03 0.49
DEKd_; 17-24 (3;2) 1.74+£0.39 (5) 0.23+0.05 (5) 0.11+0.11 (5) 0.08 + 0.08 (5) 0.53+0.20 (5)
n.d. n.d. n.d. n.d. n.d.
DEQA_; 90-110 (7; 4) 1.10+ 0.16 (4) 0.76 £ 0.06 (6) 0.66 + 0.09 (5) 0.50 £ 0.05 (6) 1.51 + 0.59 (5)
0.89 0.86 0.82 0.59 1.45
DgeA_; 46-53 (4;1) 1.20+ 0.05 (4) 0.74 £ 0.02 (4) 0.53 +£ 0.02 (4) 0.32+0.01 (3) 1.69 £ 0.02 (4)
n.d. n.d. n.d. n.d. n.d.
nEeA_; 54-65 (3;2) 1.06 + 0.18 (4) 0.87 £ 0.02 (3) 0.65+ 0.01 (3) 0.42 £ 0.06 (3) 1.80+0.12 (5)
n.d. n.d. n.d. n.d. n.d.
DEeA_, 72-85 (8; 1) 0.97+£0.01 (3) 0.83 £ 0.03 (4) 0.66 + 0.02 (3) 0.42 £ 0.02 (3) 1.66 + 0.09 (3)
0.88 1.03 0.89 0.56 2.02
DEdA_, 88-100 (7; 2) 1.01+£0.03(3) 0.92 +0.02 (3) 0.83+0.05 (3) 0.61+0.03 (3) 155+ 0.34(3)
0.85 11 0.97 0.74 1.92
eEeA _, 90-100 (4; 3) 0.96 £ 0.26 (7) 0.84 £ 0.07 (8) 0.69+ 0.01 (4) 0.52 £ 0.07 (6) 1.48 + 0.25 (5)
n.d. n.d. n.d. n.d. n.d.
DEee 5 72-78 (4;4) 0.99 +0.03 (4) 0.95+ 0.05 (4) 0.83+0.04 (4) 0.65 + 0.07 (3) 1.37+£0.12 (3)
n.d. n.d. n.d. n.d. n.d.
eEee 5 70-90 (3;2) 1.04+0.16 (5) 1.03+ 0.08 (4) 0.94+0.14 (4) 0.48+0.11 (3) 1.14+0.24 (4)
n.d. n.d. n.d. n.d. n.d.

selectivity for Na" over K*; in the residue-swapping mu-
tant DkeA, and even in the mutant DgKA ,; with a more
positive ring structure, P/Py, is clearly greater than for
the wild type (see also Table 1).

Single-channel conductance

The single-channel currents of the mutants were deter-
mined in outside-out or inside-out patches with symmetri-
cal Na-EGTA solutions in order to avoid Ca?* block. For
most mutants the slope conductance was determined from
single-channel ramp recordings (see Fig. 3A, first row).
Owing to the small chance of channel opening at negative
potentialsthis approach failed for those mutants which did

not express well. Therefore, some of the conductance de-
terminations shown in Table 1 were complemented by
chord conductances based on measurements of single-
channel currentsat —100 mV and +100 mV inthe presence
of deltamethrin which considerably slows down channel
deactivation (Chinn and Narahashi 1986; Bloomquist
1996). In Table 1 the number of experimentsin which del-
tamethrin was used is specified as the second number in
parentheses (n*). While mutants with a positive inner ring
structure had very low conductances, net charge reduction
in repeat 111 resulted in conductances as high as about
100 pS, i.e. amost twice the value of the wild type. As
will be shown later (see e.g., Fig. 9), measurements in
Na-Ringer’s as extracellular solution yield quite different
estimates.



Permeation of divalent cations

Asnoted for mutant DEeA _, previously (Heinemann et al.
1992a), Ba®* can readily permeate through this mutated
Na-channel when the lysineresidue at position 1422 isre-
placed by a glutamate. For the mutants of the inner ring
structure we quantified the relative permesbility of Ba?*
versusNa" by measuring thereversal potential intwo-elec-
trode voltage-clamp experiments both in extracellular
Ba75 and in Na-EGTA. In Fig. 5A four examples of such
current-voltage plots are shown for mutants with changes
in the net charge between 0 and —3. The wild type is not
shown as we did not detect any sign of Ba?" permeation;
the criterion for the detection of Ba?" permeation was the
appearance of a negative-slope region in the current-volt-
age plots. The indicated reversal potentials for these ex-
periments clearly show the trend of a negative shift of the
reversal potential for Na-EGTA concomitant with a posi-
tive shift of the reversal potential for Ba?" when the net
charge is made more negative. Note that the activation is
shifted to more positive potentials in the presence of
75 mm BaCl, which resultsin only very small inward cur-
rentsin mutantswith alow reversal potential (e.g., DkeA,
DEQA_,). In Fig. 5B the mean reversal potentialsin Ba75
are plotted for various mutants versus Ag. The continuous
line is a linear fit indicating the strong correlation of
E..,(Ba) and Aqg.

Permeation of other divalent cationswas determined by
replacing 75 mm BaCl, by MgCl,, MnCl,, CaCl,, or SrCl,
and by measuring the maximum inward current obtained
in two-electrode voltage-clamp experiments. Such adeter-
mination of divalent permeation is complicated by three
major obstacles. (1) As already mentioned for the meas-
urements of Ba?* reversal potentials, divalent cations shift
the voltage dependence of channel activation to positive
potentialsyielding only small open probabilities below the
reversal potentials of the divalent cations. (2) Most mu-
tants do not conduct divalent cations very well. (3) In par-
ticular theinflux of Ca?" and Sr?* activates huge Ca?*-de-
pendent chloride currents which severely mask the actual
Ca?* or Sr?* influx. As an example it is shown in Fig. 6
how a substitution of K1422 in repeat |11 by an aspartate
(DEdA_,) results in permeation of the divalent cations
Mn?* and Mg?*; the influx of Ca®* and Sr?* activates
Cl-currentswhich greatly overwritethe small currentscar-
ried by the divalent cations. Because of the experimental
obstacles mentioned above, we only attempted to make a
gualitative classification of the mutants with respect to the
permeation of divalent cations. We distinguished between
mutants which permit clearly resolvable inward currents
(++) like those for mutant DEdA , in Ba?* and Mg?*
(Fig. 6), those with barely resolvable currents (+) (Mn?*,
Ca’*, Sr?* in Fig. 6), those which only show the activation
of chloride channels upon opening of the Na-channels
(“Cl-currents”), and mutants where no sign of inward cur-
rent or chloride current could be detected (-). Such a
classification of the investigated mutants is shown for
Ca?* permeation in Table 2. The permeation of both, Ba®*
and Sr?* was similar to that of Ca?*. Exceptions were
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Fig. 5 A Current-voltagerelationshipsof mutants DkeA, DEgA_,
DEdA_,, and eEee_5 determined in two-electrode voltage-clamp ex-
periments from one oocyte each. The extracellular medium was Na-
EGTA (open symbols) or Ba75 (filled symbols). The estimated re-
versal potentials are indicated by the arrows. B Ba®* reversal poten-
tials determined from experiments as shown in A plotted versus the
change in the net charge of the inner ring relative to the wild type
for the indicated mutants. The error bars indicate S.D. values based
on 3—7 experiments. The continuous line is the result of alinear fit
with a slope of =14 mV/e, and an intersect of 8.5 mV

the mutants DEgA_; (Ca®*>Ba?*, Sr**) and DEdA ,
(Ba?* > Ca?*, Sr?*) (n=3-12). In addition, no chloride cur-
rents could be detected for mutant DEKd_; in the presence
of external Sr?*.

Small Mg®* inward currentswere al so observed for mu-
tantsDEQA _; (n=5) and eEeA _, (n=4); Mn?* currentswere
detectable in mutants DEgA_; (n=5), DEeA_, (n=5), and
eEeA_, (n=4). It is interesting to note that no permeation
of Mg2* or Mn?" could be detected in mutants with
Ag=-3. In addition, substitution of glutamate by aspartate
inrepeat |11 yielded a strong increase in Mg?* permeation
(DEeA_, — DEdA_,) while a similar substitution in re-
peat | caused a reduction in Mg®* permeation (eEeA_,
- DEdA_,).
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Fig. 6 Permeation of divalent
cations through the mutant
channel DEdA _,. Whole-cell
currents from one oocyte in re-
sponse to step-depolarizations
of 10 ms duration from —20 to
+55 mV in steps of 5mV from
aholding potential of -80 mV.
The bath solutions contained
10 mm HEPES and 75 mm
chloride salt of the indicated di-
valent cations. Note the inward
current carried by Ba?*, Mg?*,
and Mn?*. Current traces ob-
tained in Ca®* and Sr?* solu-
tions are strongly affected by
Ca’*-activated chloride cur-
rents which can also be activat-
ed by Sr?*

Ba2+

Table 2 Ca®* permeation and inhibition of Na* currents by CaZ*
and TTX. A qualitativeestimate of the Ca?* permeation, and the half-
maximal block concentrations of Ca2* and TTX arelisted for thein-
dicated mutants. The permeation of Ca2* was assayed with Ca75 so-
lutionsin the bath; it was classified in four groups: “++": readily ob-
servable inward currents, “+”: small inward currents, “Cl-current”:
the influx of Ca?* or Sr?* could only be detected indirectly by the
activation of chloride channels; “~": no Ca?* permeation detected.
Ca2* block was measured in external solutions based on 115 mM
NaCl. TTX wasaddedto 115 mM NaCl, 2.5 mM KCI, 1.8 mM CaCl,
(pH 7.2). The numbers in parentheses indicate the number of inde-
pendent experiments.

Mutant Ca?* permeation  1Cgy (Ca2") ICgo (TTX)
(qualitatively) (um) (nM)

DkKA,, —-(3) (no Na* currents measurable)
DgKA,; -(3) 3,560 + 2,180 (3) > 10,000 (5)
DEKA, -(3) 8,400+ 1,000(4) 184 (6)
DkeA, +(6) 4,830+ 810 (3) > 10,000 (5)
eEKA, —(3) 10,600 + 2,650 (3) 55+ 39 (4)
DEKe_; Cl-currents(4) 119+18 (3) 990+ 220(7)
DEKd_; Cl-currents (6) 378+ 205 (5 123+61 (3)
DEgA_; ++ (5) 269+91 (6) > 10,000 (3)
DgeA_, ++ (4) 198+97 (2)  >10,000 (3)
nEeA_; ++(5) 335+89 (3 > 10,000 (3)
DEeA_, ++ (5) 72+12 (8  >10,000 (4)
DEJA_, +(5) 45+25 (4) > 10,000 (4)
eEeA , ++(5) 33+8 (4) > 10,000 (3)
DEee 3 ++ (4) 7.0+32 (10) > 10,000 (3)
eEee ; ++(5) 21+09 (8 > 10,000 (4)

Channel block by Ca2* and TTX

The investigated mutants differ strongly in their block by
extracellular divalent cations which complicates a system-
atic investigation. On the one hand, it would be niceto use
divalent cations which also strongly block Ca-channels

M92+ Mn2+

@@@

Ca2+ Sr2+
20 pA ‘
5ms

such as Cd** or Zn?*. These ions are quite useful for
determining block concentrations aslow as approximately
10 pm. Solutions with lower concentrations of these
blockers cannot be made without buffering the residual
Ca’?"; since Ca?* chelators also have high affinities for
other divalent cations there is no straightforward way of
generating a reasonable concentration series. On the other
hand, the use of Ca?" as blocking divalent cation has the
disadvantage of giving riseto Ca®*-activated chloride cur-
rents if Ca®* contributes to ion permeation as is the case
for most mutants investigated (see e.g., Fig. 6). Despite
these technical problems, we attempted to determine the
sensitivity of the mutants for extracellular Ca?* by meas-
uring maximum sodium inward current under two-elec-
trode voltage-clamp control in solutions where 115 mm
NaCl was gradually replaced by CaCl,. This experimental
protocol gives quite accurate resultsfor | C5, values bel ow
1 mm. At higher Ca?* concentrations (as needed for the
wild type, for example), the shift in the activation poten-
tial due to a considerable change in surface charge and a
concomitant reduction of the extracellular Na* concentra-
tion results in a systematic underestimation of the block
concentration.

InFig. 7A two Ca?* block experimentsfor thewild type
(DEKA,) and mutant eEee_5, i.e. the mutant whose inner
ring structureisidentical to those of Ca-channels, are com-
pared. While the wild type is only blocked by quite high
[Ca?*], (8.4 + 1.0 mm, n=4), the mutant is half-maximally
blocked by 2.1 + 0.9 um (n=8); theinward current, carried
by Ca?", increases again above 100 mm Ca*,. A similar
phenomenon, albeit occurring at higher [Ca?*],, was pre-
viously observed for the inactivating mutant DEeA_,
(Heinemann et al. 19924). In this respect the Na-channel
mutant eEee_5; shows properties very similar to Ca-chan-
nels; sodium currents through the Ca-channel Bl from rab-
bit brain, for example, are half-maximally blocked by
0.6 um CaZ* (Heinemann et al. 1994). A greater difference
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Fig. 7A, b Block and permeation of divalent cations. A Maximum
inward current of whole-cell current-voltage relationships where
115 mm extracellular Na* was gradually replaced by Ca?*. The cur-
rent was normalized to the values obtained in the absence of Ca?".
The wild type (filled circles) is only blocked at high [Ca?*], and
shows only marginal Ca®* permeability. The mutant eEee 5 (open
circles), however, is blocked at low [Ca?'],; at higher [Ca®*], the
current increases again as Ca?" itself becomes the dominant charge
carrier. The continuous curves correspond to dose-response plots
with aHill coefficient of 1.0 and IC5O(Ca§+2 valuesof 6.1 mm (wild
type) and 2.0 UM (eEee 3). Mean 1C5o(CaZ™) values of al mutants
are listed in Table 2. B Block of inward Ba2* currents through mu-
tant eEee ; by extracellular Cd?*. The indicated fit resulted in an
IC5o(Cd2*) value of 120 uM. The error bars indicate S.D. values
based on 3-9 experiments

exists for the Cd?* block of Ba?* inward currents; while
the Ca-channel Bl isblocked by 1.1 uM Cd?* (Heinemann
et al. 1994), the IC5o(Cd2*) value for the Na-channel mu-
tant eEee 5 is 120 uM (Fig. 7B).

InFig. 8 themean | C5o(Ca2") valuesfor all mutantsare
plotted versus Ag. The continuous line describes an expo-
nential functionindicating astrong correlation between the
block concentration and charge in the inner ring (see leg-
endto Fig. 8); only mutant DgKA , ; deviatesfromthiscor-
relation. The filled symbol represents data obtained from
mutant N388R (Heinemann et al. 1992b) which islocated
four residues downstream of theinner ring inrepeat |. The
values for CaZ* block concentrations are also listed in Ta-
ble 2.
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Fig. 8 Calcium block as a function of the change in net charge of
the inner ring relative to the wild type. For the indicated mutants
[Ca?"], necessary to block 50% of sodium inward current is plotted
asafunction of the net changein charge of theinner ring. Datapoints
aregivenasmeantS.D. for 3—7 independent experiments. For acom-
parison, mutant N388R which is located downstream of the inner
ring positioninrepeat | isshown asfilled circle. The continuousline
indicates an exponential function a - exp(b - Ag), with a= 4.0 mm
and b =2.29, which is the result of a least-squares fit to the data
between Aq of -3t0 0

TTX block of sodium inward current was measured in
two-electrode voltage-clamp experiments in the presence
of 1.8 mm CaCl, in the bath solution. The determined
IC5o(TTX) values are listed in Table 2. Most mutations
haveavery strongimpact on TTX block. Interestingly, mu-
tations of repeat 1V cause areduction of TTX affinity to a
smaller extent. Inrepeats| and IV it could be demonstrated
that the 1C5,(TTX) is greater with a glutamate residue in
theinner ring position compared with an aspartate. Theim-
portance of the position of the residues within the ring
structure is shown by the swapping mutant DkeA, which
isinsensitiveto TTX.

Voltage dependence of Ca2" block

So far the sensitivity of the mutants for extracellular Ca®*
was determined in two-electrode voltage-clamp experi-
ments by measuring the maximum inward sodium current.
Owing to the Ca?*-induced shift in the activation potential
and the expected voltage dependence of Ca2* block this
approach canonly giverough estimates. Therefore, we per-
formed several outside-out patch-clamp experiments with
symmetrical Na* on either side of the membrane, 1.8 mm
EGTA on the inside, and 1.8 mm Ca?* on the outside.
Superpositions of single-channel ramp recordings are
shown in Fig. 9 for the indicated mutants. For a compari-
son, the idealized single-channel current-voltage relation-
ships obtained in symmetrical Ca?*-free solutions (see
Fig. 3) are superimposed. The voltage dependence of Ca2*
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Fig. 9 Superpositionsof several outside-out single-channel record-
ingsin response to voltage ramps for the indicated mutants. The pi-
pette solution was Na-EGTA, while the bath contained Na-Ringer,
i.e. 115 mm NaCl and 1.8 mm CaCl,. Filter frequency: 2 kHz. For a
comparison, idealized current-voltage relationships determined in
symmetrical Na-EGTA (see Fig. 3, first row) were superimposed.
The current deflections at negative potentials of some data sweeps
recorded for mutants DEgA _; and DEeA _, presumably are theresult
of Ca?*-activated chloride currents

block is clearly apparent. For those mutants which signif-
icantly conduct Ca?*, a problem arises at negative poten-
tials where, even in excised membrane patches, the Ca?*
influx activates chloride channel s causing a downward de-
flection of the current-voltage relationship (e. g. DEeA_,).

Discussion

The effects of the replacement of one or more of the four
different amino-acid residues in the DEKA ring of the rat
brain sodium channel 11, i.e. D384-E942-K1422-A1714,
wereinvestigated. Thesingle-channel conductance, the se-
lectivity for monovalent as well as divalent cations, and
the block of the channel by TTX and divalent cations have

been determined. In particular for the determination of
monovalent cation selectivity and single-channel conduc-
tance we attempted to i sol ate these mechanismsfrom those
of Ca®* permeation and channel block by Ca2* which be-
comes very significant in channel mutants with negatively
charged inner ring structures. Therefore, we emphasized
recordings in Ca“*-free solutions despite the technical
complications involved.

As wild-type Na-channels undergo rapid inactivation
upon depolarization, we took advantage of channel muta-
tionswhich substantially slowed inactivation: thisenabled
us to measure reversal potentials much more accurately
than is possible for quickly inactivating channels.

Onefocus of interest wasto elucidate the structural and
functional differences as well as the similarities between
Na- and Ca-channels which possess four identical amino-
acid residues at the corresponding sites of the inner ring
structure (EEEE). The net charge of the inner ring struc-
ture of the Na-channel is —1, whereas the Ca-channel has
anet charge of 4. Therefore, we constructed several mu-
tantsin order to explore the contribution and the specific-
ity of the charge and the structure of the amino acids at the
four positions. When discussing the specificity of the four
residues in the Na-channel in respect to Ca-channels one
has to keep in mind that Na-channels exhibit a greater di-
versity among their four domains with regard to those res-
idues adjacent to the DEKA or EEEE ring, respectively
(e.g., Heinemann et al. 1992a, 1994).

Selectivity for monovalent cations

Unique to our study of the selectivity for monovalent cat-
ions are the ionic conditions because the solutions did not
contain free Ca2*. This has the advantage that no block or
permeation of Ca?" interferes with the measurement of
monovalent permeation. This is especially important for
those mutants which show a stronger binding of Ca?* of
several ordersof magnitude compared to thewild type (and
even exhibit divalent ion permeation at higher concentra-
tions). The disadvantages of this procedure consist of a
greater “leak” current (Arellano et al. 1995) in the two-
electrode voltage-clamp measurements and the difficulty
of getting high seal resistances in the patch-clamp config-
uration.

All investigated mutants show increased relative
permeabilities Py/Py, (Table 1). The values determined
from reversal potential measurementsin the two-electrode
voltage clamp (Fig. 2) and patch clamp (Fig. 3) are very
similar. Thissuggeststhat the various problemsintroduced
by using Ca?*-freesol utionsarenot too severe. Apparently,
all four residuesin the DEKA ring of NaRbl | contributeto
the ion selection process. Up to now this was only shown
for the residues K1422 and A1714 (Heinemann et al.
1992a). The contribution to ion selectivity is not the same
for the four residues although it is not possible to postu-
late an exact ranking for the different importance of the
four different residues. However, it is evident that among
the four domains position 1422 has the greatest influence



on selectivity. This is exemplified by comparing the mu-
tant DEgA_; on the one hand with the mutant DEKe_, (or
DEKd_,) on the other hand. These mutants have equal net
charge but the channel with the mutation at position 1422
has | ost its selectivity to amuch greater extent. This result
implies at the same time that the net charge of the selec-
tivity filter domain is not the only determinant of ion se-
lectivity. If this were the case, mutant DgKA , ; should not
exhibit reduced relative permeabilities either. Further sup-
port for the charge not being the only determinant comes
from a study of Favre et al. (1996) who found in the mu-
tant DErA, an almost complete loss of selectivity for Na*
over K™,

Comparing the effects of substituting glutamates for
aspartates (or vice versa) gives an indication of how im-
portant this small change in side-chain length (one CH.-
group) is for the channel properties. As can be seen from
Table 1, these substitutions do not have a strong influence
on the selectivity among monovalent cations.

In Fig. 3 it is demonstrated that not only the relative
permeabilites (as judged from the reversal potential) are
affected by the mutations; also the relative conductances
Yx!Yna (8 may be determined from comparing the single-
channel current amplitudes for the different ions at the
same voltages) are changed. These resultsindicate that en-
ergy profilesfor the permeating monovalent cations are af -
fected by the mutations in a complex way. However, al-
though the relative permeabilities Py/Py, are increased in
all mutants, the Eisenman sequences of these channels are
almost unaltered, i.e. they follow the sequences X or XI
(see e.q. Hille 1992). Therefore, according to the Eisen-
man formalism, the binding site remains a strong one
after mutation. The reduced selectivity in the mutants
could, therefore, indicate that the bigger alkali ions come
closer to the binding sites than in the wild type.

Recent studies employing the scanning cysteine muta-
tion method (Kurz et al. 1995) indicate a contribution to
the ion selection process of residues outside the selectiv-
ity filter. After substitution of cysteines for these residues
(located between theinner and the outer ring, or at the outer
ring), a reduction in selectivity was observed (Chiamvi-
monvat et al. 1996a, b, Pérez-Garciaet al. 1996, Tomaselli
et al. 1995, Tsushima et al. 1996). However, some of the
residues have been replaced by amino-acid residues other
than cysteine, resulting in no change in selectivity (Heine-
mann et al. 1992a). Consequently, afinal statement can not
be made at the moment about whether the introduced cys-
teines cause the reduction in selectivity because of their
specific nature (perhaps by forming disulfide bonds with
endogenous cysteines) or whether the residues at the posi-
tions outside the DEKA ring really contribute directly to
the ion selection.

Single-channel amplitude
Thesingle-channel conductancesare affected by mutations

at all four positionsin the DEKA ring (Table 1). As holds
for the selectivity discussed above, the net charge in this
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structureisnot the only determinant of y (seee.g. the swap-
ping mutants DEK A ,/DkeA,and DEgA_;/DgeA _;). How-
ever, an interesting statement can be made if one compares
the changes as a function of charge when only mutations
in one domain are considered. I n this pairwise comparison
the other residuesin thering structure remain the same (no
matter if they are native or mutated). AsshowninFig. 10A,
mutationswhich leave the net charge constant have no sig-
nificant influence on y. However, mutations which change
the net charge of the ring have a strong effect: the more
positive the net charge, the smaller is y. The opposite is
truefor mutationsat position 1714 indomain IV. Thisfind-
ing is a clear indication for the functional asymmetry of
the residues which constitute the selectivity filter. Con-
cerning the positionsin domains -1l it is easy to imagine
that the enhanced ion flux with more negative chargesin
the inner ring is a consegquence of the enhanced Coulomb
interactions.

The special role of position 1714 may be explained in
different ways. A simple steric hindrance via the longer
side chains of aspartate or glutamate in comparison to the
native alanine could be responsible for the reduction of .
However, aspartate has ashorter side chain than glutamate,
but DEKd_; has a smaller ythan DEKe_;. Additionally,
position 1714 may not be ‘in-line’ with the other residues
inthefilter region either pointing moreto the external side
or to theinternal. The latter possibility was also suggested
by Cd?*-blocking experiments with cysteine mutants
(Pérez-Garcia et al. 1996; Chiamvimonvat et al. 1996b)
and distance estimates between presumably adjacent pore-
lining residues (Bénitah et al. 1996). In addition, the abil-
ity of the amino-acid residues to coordinate water mole-
cules around the permeating Na™ may be hindered by in-
troducing a carboxyl group at position 1714. Although the
molecular details for the contribution of repeat IV to ion
permeation remain elusive, it is quite clear that it deviates
from the other repeats.

Channel block and Coulomb interaction

The block and permeation studies with divalent cations
show that theinteractions between theions and the charges
of the selectivity filter domain are mainly of electrostatic
nature. This result is remarkable when comparing it with
the complexity of the selectivity for monovalent cations.

With a more negative net charge in the inner ring, the
reversal potentials for Ba?* currents (measured in whole
cells) isincreased (Fig. 5B; in Fig. 10B a pairwise com-
parisonisshown). Thechannelsarebecomingincreasingly
more permeant to Ba?" relative to the internal K* and
Na" ions with more negative charges present.

Different binding strengths of divalent ions for three
mutants with different chargesin thefilter region were ob-
served before (Heinemann et al. 1992a). The results with
the mutants investigated in the present study fit very well
into this scheme (Fig. 8). After plotting the half-maximal
concentrations for CaZ* block as a function of the change
in charge (Fig. 10C, pairwise comparison asin Fig. 10A),
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Fig. 10 Effect of single mutations on A the single-channel conduc-
tance (see also Table 1), B the reversal potential for Ba2* (see also
Fig. 5B), and C the Ca* block of sodium inward current (see also
Table 2) for the inner ring positions of the four homol ogous repeats.
In all three sections the val ue of the corresponding measured param-
eter is plotted versus the net change in charge of the inner ring rela-
tive to the wild type. The data points are always plotted as pairs of
mutants, connected by a straight line, which only differ in asingle
position in the respective repeat, i.e. a line corresponds to a muta-
tion. An exampleis given for two pairs of mutantsin repeat I. With
this presentation the effect of charge-changing and charge-conserv-
ing mutations can be visualized. While charge alterationsin all four
repeats have similar effects on Ca2* block (C), this general tenden-
cy isnot valid for repeat 1V in respect to the single-channel conduc-
tance (A) and the whole-cell reversal potential measured in 75 mm
extracellular Ba2* (B). Thefilled circlesin A and C denote the wild
type. In part A the mutant nEKA ., which was reported to have a
very small single-channel conductance (Pusch et al. 1991), was
also included

the same tendency isfound for all four positionsin the dif-
ferent domains. With a more negative net chargein thein-
ner ring, a lower [Ca?*], is needed to block the channel
half-maximally.

Channel block by Ca2" is strongly voltage dependent
(Fig. 9). Therefore, in particular for mutants with a more
negativeinner ring structure than the wild type, the single-
channel conductance can only be reliably estimated in
Ca?*-free solutions.

Unlike the channel block by divalent cations, the chan-
nel sensitivity towards TTX doesnot correlate strictly with

Aq (leyl)

the charge in the inner ring. This is not unexpected, be-
cause the major determinantsfor TTX binding to the chan-
nel are apparently located more towards the extracellular
side of the channel like the putative outer ring and neigh-
boring residues (Terlau et al. 1991; Backx et al. 1992;
Heinemann et al. 1992b; Satin et al. 1992).

Parallels between Na- and Ca-channels

Studies with Ca-channels can be performed more system-
atically because of the presence of four glutamates in the
inner ring structure. Several groups studied monovalent
and divalent permeation in Ca-channel mutantsin a simi-
lar way as we did in this study with Na-channel mutants
(Yang etal. 1993; Tang et al. 1993; Heinemann et al. 1994;
Ellinor et al. 1995; Parent and Gopal akrishan 1995). Meas-
urements of the shift in reversal potential with high[Ba?*],,
in whole oocytes have revealed that the four positions do
not contribute equally to ion selection; as in the Na-chan-
nel, mutation of the glutamate in the third domain results
in a greater loss of selectivity of Ba?* versus the internal
cations than mutation of the equivalent glutamate in do-
main IV (Kim et al. 1993; Yang et al. 1993; Mikala et al.
1993; Heinemann et al. 1994). In the same studies it was
found that substitution of the glutamates in the first two
domainsalso affect thereversal potential to adegreewhich
issimilar to the effect of mutation of the glutamate in do-
main I11.



Another parallel between Na- and Ca-channelsis rep-
resented by the surprising finding that in the Ca-channel
mutant EKEE (in the absence of divalent ions) the channel
ismore selective for bath-applied Na* (Mikalaet al. 1993)
and even moreto Li* (Yang et al. 1993) in comparison to
the internal ions, i.e. mainly K*, while no comparable ef-
fects were found in Ca-channel single-site mutants with a
lysine at one of the other three positions. The Ca-channel
mutant EKEE may be compared to the Na-channel mutant
DkeA , which also exhibits the permeability sequence Li™
>Na" > K™ (Table 1). Thisfinding supports the notion that
residues at equivalent positions in the two channel types
determine similar channel properties. However, in the
Ca-channel mutant EEka no enhanced selectivity of Na"
over K™ was found (Tang et al. 1993) indicating that it is
not possible to confer Na-channel characteristics on the
Ca-channel in a straightforward way.

In mutants of both channel types the Ba®* reversal po-
tentials as measured in whole cells are decreased with a
more positive net charge of the inner ring (Fig. 5B for
Na-channel mutants; Mikala et al. (1993) for Ca-channel
mutants). This apparent resemblance is further supported
by the fact that in both channel types this effect is much
smaller for mutationsin domain IV compared to the other
domains. This presumably can be explained by the results
of Chiamvimonvat et al. (1996b) and Pérez-Garcia et al.
(1996) who showed that the residue A1714 is located
deeper in the channel pore than the other residues of the
putative inner ring.

Not only the Ba?* reversal potentials are affected to a
similar extent by mutations in both channel types but also
the ratio of maximum inward currents Ig /Iy In the Na-
channel mutant eEee ; (Fig. 5A) aswell asinthewild-type
Ca-channel (Mikalaet al. 1993) the maximum Ba?* inward
current is greater than the maximum Na* inward current.
Similarly, the Ba?" currents are smaller than the Na* cur-
rents in the Na-channel mutant DkeA, (Fig. 5A) and the
Ca-channel mutant EKEE (Mikala et al. 1993). Further-
more, almost no Ba2* currents could be measured through
the Na-channel mutant DEK e_; and the Ca-channel mutant
EEKE, whereasin both mutantsthe Na* currentsareclearly
measurable. In summary, in both channel types the per-
meation of Ba?* is governed to similar extents by equiva-
lent positions.

L-tyge Ca-channels exhibit permeation of Ca?*, Sr?*,
and Ba“" (e.g. Hess et al. 1986). Those Na-channel mu-
tants which clearly show Ca?" permeation are also per-
meant for Sr?* and Ba?* (e.g., Fig. 6). Asin many Ca-chan-
nels (e.g., Hille 1992), Mg®* and Mn?* did not permeate
detectably through the Na-channel mutants DEee 5 and
eEee_;, i.e.those mutantswhich closely resemble Ca-chan-
nels in terms of the inner ring structure. Interestingly,
Na-channel mutants with Aqg=—2 and even DEQA_; are
permeable for Mg?* and Mn?*. It remains unknown
whether Mg?* and Mn?* permeation is prevented in the
mutants DEee_; and eEee_; by the negative net charge (e.g.
due to a strong binding of these ions in the channel) or if
other steric constraintsplay arole aspermeation only could
be detected with an alanine residue in repeat V.
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As for the Na-channel mutants (Table 2, Fig. 8), the
half-maximal Ca®* block concentrations as a function of
net charge in the inner ring structure were also determined
for Ca-channel mutants (Ellinor et al. 1995). A compari-
son of the results from the two channel types shows par-
alelsin thisrespect, too. The detailed studies with substi-
tution of the glutamates with charged, polar and unpolar
residues in the Ca-channel also revealed that polarity of
the side chainsisinvolved in binding of Ca?* ions (Ellinor
et al. 1995; Parent and Gopal akrishan 1995). Overall it can
be stated that the | C5y's for Ca?* block are of the same or-
der of magnitude for mutants of both channel typesif they
have equal net charge in the inner ring structures. Thisis
especially remarkablefor the | C5y's of the Na-channel mu-
tants DEee_; and eEee_; which have valuesin the range of
UM (Table 2); thesameistruefor native Ca-channels(Kim
et al. 1993; Tang et al. 1993; Yang et al. 1993; Mikala et
al. 1993; Heinemann et al. 1994; Ellinor et a. 1995). Less
agreement is obtained with respect to the Cd?* block of
Ba®* currents which deviate by about one order of magni-
tude between the Bl Ca-channel and the Na-channel mu-
tant eEee_5. Neverthel ess, because of the low homology of
the adjacent amino-acid residues in the two channel types
it seems not very likely that other structural components
participate strongly in the coordination of divalent cations.

Predictions for non-expressing putative Na-channel
isoforms

While several Na-channel isoforms which could be ex-
pressed functionally in host cells share the common motif
of the inner ring structure “DEKA” (e.g., brain: Noda et
al. 1986; heart: Rogart et al. 1989; skeletal muscle: Trim-
mer et al. 1989), other isoformswhich could not yet be ex-
pressed functionally were classified as Na-channels by
means of sequence homology. Alignments of the pore re-
gions of all four repeats of such isoforms reveal that their
putative inner ring structures deviate strongly from the
Na-channels expressed thus far. The Na-channel cloned
fromjelly fish (Anderson et al. 1993) hasthe motif DkeA,,.
The corresponding mutant in NaRbl I, however, resulted in
channels with a significantly reduced selectivity for K*
over Na* in addition to a measurable Ba* influx. More
striking are the differences of the glial Na-channel withthe
inner ring motif DENs_; (Gautron et al. 1992, and personal
communication Dr. Berwald-Netter), the Na-channel from
squid: DEet_, (Sato and Matsumoto 1992), and from Dro-
sophila: DEeA_, (Salkoff et al. 1987). Also deviating from
the“typical” Na-channelsisthe motif DEnA_; of hNa,2.1
from human heart and uterus which is a member of the
Na-channel gene family 2 (George et a. 1992). Provided
that one can transfer the results obtained from the muta-
genesis of NaRbll to these channel isoforms, one would
haveto predict that all of these channelsarerelatively non-
sel ective among monovalent cations; the latter two would
even be predicted to be Ca?* permeable. Therefore, it can
be speculated that some of these channels have properties
of both Na- and Ca- channels. For example, Ca?* currents
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sensitive to TTX, as found recently in human atrial cells
(Lemaire et al. 1995), could be generated by such chan-
nels.
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