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In voltage-gated cation channels, it is thought that residues responsible for ion-selectivity are located within the pore-lining SS1-SS2 segments.

In this study, we compared the ion permeation properties of mutant calcium channels in which highly conserved glutamate residues, located at

analogous positions in the SS2 regions of all four motifs, were individually replaced. All of the mutants exhibited a loss of selectivity for divalent

over monovalent cations. However, the permeation properties of the individual mutants varied in a position dependent manner. The results provide

strong evidence that these glutamate residues, positioned at equivalent locations in the aligned sequences, play significantly different roles in forming
the selectivity barrier of the calcium channel, and are probably arranged in an asymmetrical manner inside the ion-conducting pore.

Calcium channel; Ion permeation; Site-directed mutagenesis; Pore structure; SS1-SS2 region

1. INTRODUCTION

Voltage-gated calcium channels form a unique class
in the structurally homologous superfamily of voltage-
gated ion channels, characterized by their high selectiv-
ity for calcium ions (Ca®*) [1]. Recently, it has been
shown that the highly conserved SS1-SS2 regions of the
connecting loop between the S5 and S6 transmembrane
helices of K™ and Na* channels harbor critical residues
that determine ion selectivity [2-4], conductance [5-7],
as well as sensitivity to certain toxins [5,8-10] and tran-
sition metal ions [9,10]. It is postulated that these re-
gions are able to fold to the membrane as a §-sheet to
form a pore-lining surface [11]. In our previous study
involving site-directed mutagenesis of the proposed ion-
permeation pathway of an L-type cardiac Ca** channel
{12], we determined that replacement of specific gluta-
mate (Glu) residues of the SS2 regions with noncharged
or oppositely charged residues resulted in a significant
loss of selectivity of the channel for divalent over mono-
valent cations. In another study, it was shown that neu-
tralization of the corresponding Glu residues in motifs
IIT and IV of the brain BI-2 calcium channel caused a
marked decrease in the Cd**-sensitivity of the channel
[13]. These Glu residues are among the most conserved
amino acids of the SS2 regions of Ca?* channels. How-
ever, in Na* channels a lysine in motif III and an alanine
in motif IV occupy the equivalent positions (Fig. 1). We
suggest that these four highly conserved glutamates
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may form a Ca®* binding site and may therefore con-
tribute to ion selectivity and/or ion binding within the
pore of Ca?* channels.

In order to determine whether these highly conserved
Glu residues, which occupy equivalent positions within
the optimally aligned SS1-SS2 regions of the four mo-
tifs, contribute equally to the formation of an ion-selec-
tivity site, we compared the permeation of Ba?* and Na*
ions through wild-type and mutant human cardiac Ca?*
channels. The glutamate residues in each of the four
motifs were individually replaced by either an oppos-
itely charged lysine, a noncharged glutamine or an alan-
ine.

2. MATERIALS AND METHODS

2.1. Construction of mutant calcium channels

The construction of plasmids carrying cDNAs encoding the wild
type (hHT-1) [14] and mutant calcium channels E334K, E1086K,
E1086Q, and E1387A has been described previously [12]. The other
mutants were synthesized using the polymerase chain reaction tech-
nique (PCR, Hoffman-LaRoche [21]). Mutants in motif I (E334Q),
motif II (E677K, Q or A) and motif IV (E1387K or Q) were made
within Ncol(246)/ BamHI(2498) or Sse83871(3061)/EcoRI(3448) or
BstBI(4664)/SphI(5598) cassettes, respectively. Oligonucleotides en-
coding the Ncol or EcoRI or Sphl recognition sites and carrying the
desired single or double base mismatches served as mutagenesis prim-
ers, and oligonucleotides covering the BamHI or Sse83871 or BstBI
sites served as primer-pairs. The PCR products were subcloned and
sequenced to verify the presence of the desired mutations and the
absence of unwanted random mutations. Verified cassettes were then
ligated into hHT-1 to replace the corresponding Ncol/BamHI,
Sse83871/EcoR1 or BstBl/Sphl segments. Double mutants were engi-
neered as described in [12]. cRNAs specific for the wild type calcium
channel @, subunit, mutant calcium channel o, subunits, skeletal mus-
cle a, subunit [16] and heart f, subunit [22] were synthesized as de-
scribed previously [12].
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2.2. Electrophysiology

Oocytes were injected with a total of 40 nl of cRNA from wild-type
human heart o;-subunit or mutant a,-subunit (0.1 ug/ul) together with
skeletal muscle a, subunit (0.1 zg/ul) and heart 8,-subunit (0.1 ug/ul)
and incubated in modified Barth’s solution for 3-7 days prior to
testing. Whole-cell currents were recorded with a two-microelectrode
voltage-clamp [14]. Voltage and current electrodes (1-2 M£2) were
filled with 3 M KCl The external solutions contained 40 mM
Ba(OH),, 50 mM N-methyl-p-glucamine, 2 mM KOH, and 5 mM
HEPES (pH 7.3 with methanesulfonic acid) for the Ba**-containing
solution and 120 mM Na(OH), 1 mM MgCl,, 2 mM KOH, 1 mM
EGTA, and 5 mM HEPES (pH 7.3 with methanesulfonic acid) for the
Na*-containing solution. Current records were sampled at 2 ms inter-
vals after low pass filtering at 0.2 kHz. Leakage and capacitative
currents were subtracted using a P/4 protocol. In control experiments,
voltage-activated Ba®* currents were seen in ~30% of uninjected
oocytes (less than 20 nA magnitude). We never observed inward cur-
rents in the Na*-containing external solution in uninjected oocytes. In
Na‘*-containing external solution, current responses to potentials
greater than +40 mV often showed biphasic or off-scale currents and
are omitted from data points. All electrophysiological experiments
were performed at room temperature (20-21°C). The data are pre-
sented as means * S.E.

3. RESULTS

We compared the permeation of Ba** and Na*
through wild-type and mutant Ca®>* channels. Fig. 2
shows families of whole-cell currents recorded from

S81-882 Motif it $81-882

Motif |

C FAFAMLTVFQCITMEGWTD (320 - 338}
D FAFAMLTVFQCITMEGWTD (350 - 368}
sk FGFSMLTVYQCITMEGWTD (278 - 296)
BI ILFAVLTVFQCITMEGWTD (304 - 322}
BII ILFAVLTVFQCITMEGWTT (295 - 313)
BIII ILFAILTVFQCITMEGWTD (300 - 318)
Na FAWAFLALFRIMTQDCWER (359 - 377)
Motif I

C QSLLTVFQILTGEDWNS (665 -~ 681)
D QALLTVFQILTGEDWNA (693 - 709)
Sk QALISVFQVLTGEDWNS (602 - 618)
BI AAIMTVFQILTGEDWNE (656 - 672)
BII AAIMTVFQILTGEDWNE (645 - 661}
BIII AATLTVFQILTGEDWNA (652 - 668)
Na HAFLIIFRILCGE-WIE (889 - 904)

FEBS LETTERS

December 1993

Xenopus oocytes injected with cRNA specific for the
wild-type human cardiac Ca** channel (Fig. 2A), the
mutant E334K (Fig. 2B), E677K (Fig. 2C) and E1387K
(Fig. 2D). All oocytes were coinjected with skeletal a,-
and cardiac fa-subunit specific cCRNAs in order to max-
imize current density.

Expression of the wild-type cardiac Ca®* channel, re-
sulted in large inward voltage-dependent currents with
40 mM Ba®* as the charge carrier. These currents
reached a peak value around +20 mV and reversed at
potentials greater than +60 mV (Table I). Replacement
of external Ba?* with Na* resulted in a marked decrease
in inward currents and the appearance of outward cur-
rents at positive potentials. The Ba?*-free external solu-
tion contained 1 mM Mg?* in order to prevent destabil-
ization of the oocyte membrane, which rapidly occurred
in the total absence of external divalent cations.

The mutants E334K and E1086K were ineffective in
permeating Ba?* ions. These mutants exhibited small
inward currents in the presence of external Ba®* which
reached a peak around 0 mV and then quickly reversed
to become outward at more positive test potentials. The
peak inward current amplitude in Ba**-containing ex-
ternal solution was 10-20 nA, comparable to the magni-
tude of endogenous oocyte Ca®* channel currents. Re-

Mofif Ill $81-882 Motif ¥ §81-852

Motif I

C VLAAMMALFTVSTFEGWPE (1072 - 1090)
D VLSAMMALFTVSTFEGWPA (1087 - 1105)
sk VLSAMMSLFTVSTFEGWPQ (1000 - 1018)
BI VLWALLTLFTVSTGEGWPQ (1455 - 1473)
BII IIWALLTLFTVSTGEGWPQ (1348 - 1363)
BIII VLWALLTLFTVSTGEGWPM (1356 - 1374)
Na VGAGYLALLQVATFKGWMD (1407 - 1425)
Motif IV

[of QAVLLLFRCATGEAWQD (1375 - 1391)
D QAVLLLFRCATGEAWQE (1394 - 1410)
sk QAVLLLFRCATGEAWQE (1311 - 1327)
BI QALMLLFRSATGEAWHN (1753 - 1769)
BII GSLMLLFRSATGEAWQE (1641 - 1657)
BII1 OALMLLFRSATGEAWHE (1646 - 1662}
Na NSMLCLFQITTSAGWDG (1701 - 1717)

Fig. 1. Comparison of the SS1-SS2 regions of all six types of cloned Ca?*-channels and a representative Na*-channel. (A) The four motifs of the
Ca?* channel are displayed linearly with six putative transmembrane a-helices (S1-S6) represented by cylinders, in each of the four motifs. The
SS1-SS2 region between putative transmembrane segments S5 and S6 has been placed in the membrane. (B) Amino acids (in single-letter code)
of the proposed S$1-SS2 regions, optimally aligned to the human cardiac Ca** channel sequence C; ref. [14]. The other channel sequences displayed
are: D, human neuroendocrine L-type Ca?* channel [15}; Sk, rabbit skeletal muscle L-type Ca** channel [16]; BI, rabbit brain BI-2 calcium channel
[17]; BIL, rabbit brain BII-2 calcium channel [18]; BIII, rabbit brain BIII (N-type) Ca?* channel [19]; Na, rat heart (HI) sodium channel [20]. The
numbers of the amino acid residues are indicated on the right-hand side of each sequence. The glutamate residues investigated are shown in boldface.
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Fig. 2. Mutation of glutamate residues in the putative pore region in each of the four motifs of the Ca** channel display different ion-selectivities.

Whole-cell currents were recorded from oocytes injected with cRNAs encoding wild-type (A), and mutant channels E334K (B), E677K (C), and

E1387K (D) in Ba**-(a) or Na*-(b) containing external solution. The representative whole-cell currents are shown above and the current-voltage

relationships are shown below. Data recorded in Ba*'-containing external solution are shown using open symbols, whereas those obtained in
Na*-containing external solution are shown with filled symbols,

placement of external Ba>* with Na* resulted in a dra-
matic increase in inward current.

Expression of mutant E677K also produced small
Ba’* currents with slightly different properties as com-
pared to those obtained from mutants in motifs I or ITI.
The small inward Ba®* current peaked at +8 mV and the
reversal potential was +12 mV. Mutant E677K exhib-
ited the largest ratio of peak Na* versus peak Ba®*
currents (~ 30:1). In addition, the peak of the current—
voltage relationship and the reversal potential were
both shifted to more positive potentials, compared to
those for the mutants E334K and E1086K.

Expression of the Ca** channel mutant E1387K pro-
duced channels with unique properties. With 40 mM
Ba®* as the charge carrier, large inward currents
(greater than 200 nA) were detected with a peak ampli-
tude around +20 mV. The reversal potential
(+32.4 £ 1.1 mV) was shifted to more negative poten-
tials (compared to the wild-type), indicating an in-
creased efflux of K* ions through the channel at more
positive potentials. Interestingly, changing to a Na*-
containing external solution caused only a shift in the
I-V curve to more negative potentials but did not signif-
icantly change the peak current amplitude. The reversal
potential measured in the Na*-containing solution was
not significantly different from that measured for the
analogous mutants in motif I or IIIL.

To gain further insight into the role of these gluta-
mate residues and to confirm the unique differences
obtained by substituting with lysine, we investigated the
effect of more conservative changes. When the gluta-
mates were neutralized by replacement with a non-
charged glutamine, mutant E1086Q (in motif III) exhib-
ited the greatest monovalent permeation. In addition,
E1086Q exhibited the largest leftward shift in the rever-
sal potential in its class measured with Ba®>* as the
charge carrier. When the glutamate residue in motifs II,

III and IV were replaced by alanine, the channel mutant
E1387A (in motif IV) stood out as the mutant exhibiting
the smallest difference of all the mutants in permeation
properties, compared to the wild-type.

Double mutants, involving motif III and IV, showed
a further increase in monovalent permeation compared
to the properties of either of the individual single mu-
tants. Quite interestingly, when the glutamates were
neutralized in both motifs (III and IV), a significant
Ba?* permeability was retained (Table I).

4. DISCUSSION

In the present study, we show that individually substi-
tuting glutamate residues with lysine, glutamine or alan-
ine in the SS2 segments of each of the four motifs of the
human cardiac L-type Ca®* channel differentially alters
the ion-permeation properties of the channel. This is in
agreement with a previous study [13], in which Gln
residues were substituted for Glu at the corresponding
positions of the brain BI-2 calcium channel, in motifs
IIT and IV, and it was shown that these residues were
not functionally identical.

Substitution of the negatively charged glutamates in
motifs I, II and III with positively charged lysine had
deleterious effects on divalent cation permeation. How-
ever, Na* readily passed through the channels in a volt-
age-dependent manner suggesting that there were no
gross structural changes in the channel structure. The
lack of any significant Ba®* permeation through mu-
tants E334K, E667K and E1086K indicates that these
three glutamate residues may be intimately involved in
the formation of high affinity divalent binding sites
within the Ca®* channel pore [23].

Substitution of Glu®”” with Lys in motif II exhibited
similar but not identical properties to the replacement
of the corresponding residues in motifs I and III. This
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residue is unique in its position in the SS2 regions since
in the primary structure its neighbor is a negatively
charged aspartate. Therefore, the change in the local
charge-distribution caused by the introduction of the
lysine residue might be smaller than in the case of motif
I or III mutants. Nevertheless, it is also possible that the
higher apparent Na* permeation is caused by a decrease
in the level of Mg** block [24] or a relative decrease in
outward K* permeation.

Clearly, a mutant with unique properties was ob-
tained by substitution of lysine for Glu"™*’, in motif IV.
The extra positive charge introduced into the putative
pore resulted in an increase in monovalent permeation
without abolishing the divalent permeability. It is likely
that this residue (Glu'®) is positioned differently from
the others investigated: possibly located near the ex-
tracellular mouth or within a vestibule which opens into
a narrow region of the pore.

The effects of more conservative substitutions for the
investigated glutamates provided further support to our
finding of motif-to-motif differences. In these experi-
ments, motif ITI (Glu'®¢) was found to be most sensitive
to replacement with glutamine. Motif IV (Glu'*") was
the least sensitive to substitution by either glutamine or
alanine. These data are consistent with an asymmetrical
arrangement of groups having outer sphere interactions
with the permeant divalent cations rather than with a
planar configuration of these residues. A similar conclu-
sion (for motifs III and IV) was drawn for the brain BI
Ca® channel, in which neutralization of Glu'*® (in

Table I
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motif IIT) caused a 200-fold decrease in Cd?* sensitivity
of the channel [13]. However, neutralization of the anal-
ogous residue in the L-type Ca®* channel resulted in
only a 15-fold decrease in Cd** sensitivity (ICs,’s for
wild type and E1086Q were 0.9 mM and 13.3 mM,
respectively). Nevertheless, a similar shift was observed
in the reversal potential (Table I). These data illustrate
possible differences in the ion permeation pathway be-
tween these two different Ca®* channel types.

In two recent abstracts [25,26], each of the four gluta-
mate residues in the pore-lining region was also found
to contribute unequally to divalent cation binding. In
the same reports, it is suggested that no other high
affinity binding site exists independently of the four
glutamates. Our results showing Ba®* permeation
through specific double mutant channels in which two
of the four glutamate residues were neutralized, indicate
that other residues (or groups of the peptide backbone)
in addition to the four glutamate residues may contrib-
ute to divalent cation binding within the pore.

It is tempting to compare the Na* and Ca”* channel
ion selectivity structures. In Na* channels, K'*** and
A" and to a smaller extent E*®’ were found to be
critical for determining the ion selectivity of the channel
[3]. Since the SS2 sequences are quite different among
the individual motifs, these findings represented the
asymmetry of the sodium channel pore structure. In
Ca®* channels, where a largely symmetrical pore struc-
ture may be predicted based on the sequence homology
in the SS2 regions, the pore model seems to develop into

Properties of wild-type and mutant Ca®* channels

Motif In 120 mM Na* In 40 mM Ba** Ratio

Amplitude  Peak I-V App E., n Amplitude  Peak -V App E.., n peak Iy,+/ n
(nA) (mV) (mV) (nA) (mV) (mV) peak Ig,2+

hHT* 3714211 -134+23 +27%23 6 447.0*136.0 +21.8*+1.1 +67.335 6 006001 5
I E334K* 1408 £28.1 -120+13 + 1.1+1.1 8 167% 65 - 01£48 + 34153 5 1410%3.60 5
II E677K 38821568 —46+12 +153+13 11 331+ 103 +79+25 +123+32 10 2880%x750 10
111 E1086K* 625+131 -108£10 + 06£0.7 6 119+ 24 -28+17 +42%10 6 825t240 6
v E1387K 2199+783 —-91+1.7 +19%18 8 2316+ 292 +195+14 +324%11 17 0.84%0.07 7
I E334Q 763+£269 —85%f14 + 2316 8 1657+ 158 +17.8£1.0 +433%x11 12 050%0.10 8
11 E677Q 9891196 -142%+22 + 03+23 13 3459+ 227 +17.7+£0.6 +423+09 15 0272004 13
114 E1086Q* 1641114 - 82+04 + 22103 4 1753% 250 +159+04 +369+0.6 7 1.15%0.11 8
v E1387Q 550+ 92 -202+22 -11.0+27 9 4774% 50.1 +21.5+£10 +416+20 10 0.12%0.01 9
II E677A 200.7+ 692 —95+21 +26%18 7 373.0% 906 +22.1+1.7 +434+18 11 0.33£0.10 5
111 E1086A 3054+1333 -154+19 - 50%32 7 667.6%148.5 +162+t1.6 +47.0+t43 11 0.33+0.18 4
v E1387A* 603+ 114 -133+12 - 40t1.1 9 579.6% 763 +27.1 0.8 +61.0*x15 11 0.10+£001 22
IIL, IV E1086K, E1387A*2432+ 634 -118+20 + 4.1%0.38 6 181+ 21 —-23x14 +31%17 8 1480+225 11
IIL, IV E1086Q, E1387A 4532+1953 -184+26 - 51123 7 1102+ 293 + 1.8%x1.1 +13.0%x1.0 9 360120 5
III, IV E1086A, E1387A 299+ 64 -158+26 - 65+38 4 1216% 372 +141+16 +244%16 7  0.57%0.04 4

Data are given as mean + S E.M. (n = number of experiments). The holding potential was between —80 and ~60 mV and the relative ratio was
calculated by dividing peak inward currents in the Na* solution by those obtained in the Ba?* solution. Apparent reversal potential (AppE,.,) was
extrapolated from the I-V relationships. *Values from [12].
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an unexpectedly complex and asymmetrical one. In fact,
our data are consistent with the idea that these gluta-
mate residues form an array of ligand groups within the
channel pore which interact with the permeating ion
and not a fixed or discrete high affinity binding site [23].
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