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Mutations in the EF-Hand Motif Impair the Inactivation of Barium
Currents of the Cardiac a,c Channel

G. Bernatchez, D. Talwar, and L. Parent
Département de Physiologie, Membrane Transport Research Group, Université de Montréal, Montréal, Québec H3C 3J7, Canada

ABSTRACT Calcium-dependent inactivation has been described as a negative feedback mechanism for regulating voltage-
dependent calcium influx in cardiac cells. Most recent evidence points to the C-terminus of the a, ¢ subunit, with its EF-hand
binding motif, as being critical in this process. The EF-hand binding motif is mostly conserved between the C-termini of six
of the seven a4 subunit Ca®* channel genes. The role of E1537 in the C-terminus of the a4 calcium channel inactivation was
investigated here after expression in Xenopus laevis oocytes. Whole-cell currents were measured in the presence of 10 mM
Ba®* or 10 mM Ca®™" after intracellular injection of 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid. Against all
expectations, our results showed a significant reduction in the rate of voltage-dependent inactivation as measured in Ba®™"
solutions for all E1537 mutants, whereas calcium-dependent inactivation appeared unscathed. Replacing the negatively
charged glutamate residue by neutral glutamine, glycine, serine, or alanine significantly reduced the rate of Ba®* -dependent
inactivation by 1.5-fold (glutamine) to 3.5-fold (alanine). The overall rate of macroscopic inactivation measured in Ca®*
solutions was also reduced, although a careful examination of the distribution of the fast and slow time constants suggests
that only the slow time constant was significantly reduced in the mutant channels. The fast time constant, the hallmark of
Ca®*-dependent inactivation, remained remarkably constant among wild-type and mutant channels. Moreover, inactivation
of E1537A channels, in both Ca®* and Ba?* solutions, appeared to decrease with membrane depolarization, whereas
inactivation of wild-type channels became faster with positive voltages. All together, our results showed that E1537 mutations
impaired voltage-dependent inactivation and suggest that the proximal part of the C-terminus may play a role in voltage-
dependent inactivation in L-type a,c channels.

INTRODUCTION

Calcium ion influx through the voltage-dependent calciumchannel (Imredy and Yue, 1992) and in planar lipid bilayers
channel plays a major role in the excitation-contraction(Haack and Rosenberg, 1994). Calcium influx through one
coupling of cardiac myocytes. To date, molecular cloningL-type calcium channel can therefore selectively facilitate
has identified the primary structures for seven to nine disthe inactivation of another adjacent channel without a gen-
tinct calcium channed, subunits &, 5, a1, @1, @1p, 1, eralized elevation of bulk intracellular calcium concentra-
p g @y a19) (Hofmann et al., 1994; Perez-Reyes ettion (Imredy and Yue, 1992; Risso and DeFelice, 1993). For
al., 1998; Tsien, 1998). The, subunit of the cardiac L-type instance, in cardiac cells, local internal Cais elevated
calcium channel has been cloned (Perez-Reyes, 1990; Wgbm baseline values of 0.08M to peak values of uM

et al., 1991). Reminiscent of the native channel, #h¢  after opening of voltage-dependent calcium channels (Risso
subunit, whether expressedXenopusoocytes or in mam-  and DeFelice, 1993; Cannell et al., 1995'pea-Lopez et
malian HEK-293 cells, typically inactivates faster in the 3| 1995). A sharp decrease in the free intracellular concen-
presence of Cd than in the presence of Baions (Neely  tration of C&* could also slow and/or reduce calcium-
et al., 1994; Parent et al., 1995; DeLeon et al., 1995). Iyependent inactivation, prompting the suggestion that Ca
contrast,a; channels showed similar rates of inactivation 5.ts from the internal face of the channel (Kramer et al.,

in the presence_of Bd and C&" (Parent et al., 13297)' 1991). Furthermore, intracellular perfusion with trypsin was
Several mechanisms have been proposed to expldin-Ca ghoun to decrease &adependent inactivation in guinea

dependent inactivation. Single-channel data strongly S“%ig myocytes (You et al., 1995), suggesting the presence of

gesi t_hat cz:;llm_um—d_ependent ma_ctlvatlon is triggered bya intracellular “C&*-dependent inactivation particle” sim-
C&" ions binding directly to the intracellular face of the

h | (Imred d Yue. 1994). Inactivation | i diIar to the “ball-and-chain” inactivation particle @&haker
channe (mre 1y and Yue, _)‘ hactivation IS rapid anty + opannels (Hoshi et al., 1990). Thus®Cainding could
calcium sensitive in patches with a single L-type calcium

occur at a site with a high affinity (Johnson and Byerly,
1993) or a site with moderate affinity close enough to the
calcium channel pore, such as the channel inner mouth.
Received for publication 29 August 1997 and in final form 7 July 1998. Djrect binding of C&" to the channel protein would thus be
Address reprint requests to Df-h'-éCie Paﬁ;?é?::;nweonst?;nggiog’g)i(er consistent with most experimental results and has emerged
gﬂlezrgPr;l:v?/nge\:\?:g?gtisr?,slt\eﬂiﬁm (rgoul’Jgéc H3C 337, Canac’ia. .Te.l.: 514- as the most likely chemical initiation event f.or |na_ct|\_/at|0r_1.
343-6111, ext. 4354; Fax: 514-343-7146; E-mail: parentlu@alize. It has therefore been suggested that calcium binding sites
ere.umontreal.ca. in cytoplasmic domains are critical in calcium-dependent
© 1998 by the Biophysical Society inactivation, with a possible role for the C-terminuseqt.
0006-3495/98/10/1727/13  $2.00 C&" ions can interact with neutral oxygen donors such as
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carbonyl and alcohol groups with a coordination numberHowever, the ligand found at theé position, which corre-
varying between 6 and 8 (DaSilva and Williams, 1993). Thesponds to amino acid E1537 ia,, is replaced by a
major ligands in calcium-binding proteins are thus oxygen-hydrophobic alanine residue i, ,, o5, anda; channels
containing residues with either carboxylate groups (asparthat all lack faster calcium-dependent inactivation (DeW-
tate, glutamate) or carboxyl groups (asparagine, glutaminesard and Campbell, 1995; Parent et al., 1997). Herein the
serine, threonine), as in calmodulin and parvalbuminrole of the glutamate residue E1537 was tested with a series
(McPhalen et al., 1991; Nakayama et al., 1992). The calpf point mutations to document the nature ofCainding,
cium binding motif recurrent in these proteins is called anif any, at this site. Inactivation data reported herein most
EF-hand binding motif. Functional EF-hands occur in pairsnexpectedly suggest that the residues within the EF-hand
with the two handsd-helices) related by an approximate pinding motif may rather contribute to voltage-dependent
twofold axis of symmetry around a calcium-loop binding jnactivation ina. ~ channels.

site. EF-hand proteins bind €a with dissociation con- e
stants in the micromolarufM) range (Kretsinger, 1976;
Kohama, 1979), which is compatible with the reported
observation that intracellular €4 causes inactivation with MATERIALS AND METHODS

a Ky = 4 uM (Haack and Rosenberg, 1994). The C- . . .
: . : . Polymerase chain reaction mutagenesis for
terminus of all calcium channel, subunits has retained the
E1537 mutants

sequence of a EF-hand motif in a section located close t0

IVS6 (Babitch, 1990). It shows high sequence similarity toStandard methods of plasmid DNA preparation and DNA sequencing were
Cé&" binding sites in its central region, where{Tainding  used (Sambrook et al., 1989). A wild-type, full-length cardige subunit

is contributed by a hydrophilic residue (aspartate, aspareF—DNA (Genebank X15539) was cloned from rabbit (Wei et al., 1991).

. . . . Point mutations were prepared by overlap extension at the junctions of the
gine, g|Utamate’ gIUtamme’ SErine, threonme)' The prOpOSfr::alevantdomains, using sequential polymerase chain reaction (PCR) (Hoff-

tion that a EF'har_]d blndlng motif in the_ C-t.erm'lnus. May man-La Roche) (Ho et al., 1989) as described earlier (Parent et al., 1995;
play a active role in calcium-dependent inactivation is thuSparent and Gopalakrishnan, 1995). Briefly, 1.1-kbp DNA fragments were
quite attractive, as it meets the basic criteria of intracellulaiamplified between nucleotides 3752 and 5236 from the full-length
calcium binding site requirements. Indeed, a role for theemplate, using Gold Ampli-Tag polymerase (Perkin-Elmer Cetus) in re-

EF-hand binding motif in calcium-dependent inactivation actions performed with a DNA Thermal Cycler 2400 (Perkin-Elmer Cetus)

was first suggested by chimeric studies conducted by De? @ DNA engine PTC-200 (MJ Research). The final PCR product con-

. . . taining the overlapping region was ligated back into the laggtsubunit
Leon and Colleagues (1995)' Amino acid sequences In thEetween theEcaRV (4350) andBstEIl (4646) sites. Restriction enzymes

C-terminus are shown in Fig. 1 for,c a;p, aja, 1s, @8N yere obtained from New England Biolabs (Beverly, MA). Constructs were
a, g calcium channel subunits. The C-terminusQ@g is N0t verified by restriction mapping, and recombinant clones were screened by
shown, as it does not bear any homology to the other double-stranded sequence analysis of the entire ligated cassette. DNA
subunits (Perez-Reyes et al., 1998). The inferred calciurgenstructs were linearized at thé éd byHindlll digestion, and run-off
ligands are assigned to the vertices of an octahedrdf s  ranscripts were prepared using methylated cap analt@(5)ppp(5)G

7 —Y. —X. —Z and are provided by oxvden-containing side and T7 RNA polymerase included in the mMessage mMachine transcrip-
! ! ! P Yy OXyg 9 tion kit (Ambion, Austin, TX). The final cRNA products were resuspended

chains. Re_S|dueS that Comp')/ with the consensus Segue”fﬁeo.l M KCI at a concentration of 2g/ul and stored at-80°C. The
are underlined. As seen, residues K1539 and K1548,in  integrity of the final product and the absence of degraded RNA were
fail to comply with the classical model of an EF-hand motif. determined by denaturing agarose gel stained with ethidium bromide.

FIGURE 1 Predicted secondary
structure for the cardiaa, channel
with the four homologous repeats |,
I, 1, IV. The N- and C-termini are
predicted to be facing the cytoplasm.
The E1537 residue is located within
100 nucleotides (or 30 AA) of the
IVS6 transmembrane segment in a
short section of the C-terminus that
bears high homology to a €a-bind-
ing motif. The amino acid alignment
for ayc, @qp, aqp, @1, @anda,e cal-
cium channels is shown enlarged for
this section of the C-terminus. The

n G I A

EF-hand binding motif is absentin o .p y 3y L DEFKRIWAEYDPEAKGRIKHLDVVTLLRRI
.theE_e‘?’]b(;donew‘flﬁCharnel'bT:‘ere @,:PHHLDEFKRIWAE YDPEAKGRIKHLDVVTLLRRI
s ahigh degree othomoalogy between & @~ v U LDEYVRVYWAEYDPAAWGRMLYRDMYAMLREHEM
the calcium channet, subunits, with o i } e e o
a few notable exceptions, such as e: P HHLDEFTIR = . * i : =
0;:PHHLDEFVRVWAEYDRAACGRIHYTEMYEMLTLM

E1537.
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Functional expression of wild-type and E1537
mutant channels

Oocytes were obtained from fema¥enopus laeviglawed frog (Nasco,
Fort Atkinson, WI) as described previously (Parent et al., 1995, 1997
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; I(t) = Iactexp<—
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cell B&" current time constants were systematically measured between
timet = 0 s andt = 2 s with the following equation:

t
Tac> + Iinact ex;{—

t) +C (2

Tinac

Parent and Gopalakrishnan, 1995). Individual oocytes free of follicular
cells were obtained after 30—40 min of incubation in a calcium-free saline|(t) is the current at time; 7., and 7,,,., are the time constants of the

solution (in mM: 82.5 NaCl; 2.5 KCI; 1 MgG} 5 HEPES; pH 7.6)
containing 2 mg/ml collagenase (Sigma-Aldrich, St. Louis, MO). Forty-
seven nanoliters of cRNA coding for the wild-type or mutatgd subunit
was injected 16 h later at a concentration of 10Quhgd 0.1 M KCI (4.7

ng total cRNA) into stage V and VI oocytes. cRNA coding for rat brain
a,pd (Williams et al., 1992) and rat brain/cardifig, (Perez-Reyes et al.,
1992) was typically coinjected with,- at a 1:1:1 molar ratio. Oocytes
were incubated at 18°C in a Barth solution (in mM): 88 NaCl; 3 KCI; 0.82
MgCl,; 0.41 CaC}; 0.33 Ca(NQ),; 5 HEPES; pH 7.6, supplemented with
5% horse serum, 2.5 mM Na pyruvate, 100 units/ml penicillin; 0.1 mg/ml
streptomycin.

Electrophysiological recordings and
result analysis

Wild-type and mutanty, - channels were screened for macroscopic barium
current 4—7 days after RNA injection, with the Warner OC-725C amplifier

oocyte clamp as desribed earlier (Parent et al., 1995, 1997). Voltage arlf

current electrodes, filled wit3 M KCI, were broken slightly under the
microscope to decrease the electrode resistance to Q3ipresistance.

activation and inactivation processes, agdandl;,,. are the amplitudes

of these processes. For simplicity’s sake, the single inactivation time
constant measured in Ba is often referred to ag’™%, in the text.
Whole-cell C&" current time constants were measured between time

0 andt = 2 s with the following equation:

)+ theen{
- : exp ———
tac inact Ti]ﬁac

t
+12 exp(—) +C
inact Tﬁ\ac

I(t) is the current at timé T.c, Thace aNAT2 . are the time constants of the
activation, the fast inactivation, and the slow inactivation processes, re-
spectively;l e, 14,0 andl2 . are the amplitudes of the same processes.
For simplicity’s sake, the two inactivation time constants measuredin Ca
are referred to, respectively, d2%andn2%in the text. Experiments were
rformed at room temperature. Figures were drawn using Designer 4.1

(Micrografx Software).

I(t) =l €X

©)

Whole-cell currents were measured at room temperature in a 10 BaMeS

solution (in mM: 10 Ba(OH); 110 NaOH; 1 KOH; 0.5 niflumic acid; 10

HEPES titrated to pH 7.2 with methanesulfonic acid) or a 10 CaMeS

solution in which Ca(OH) replaced Ba(OH)equimolarly. Niflumic acid
was added to block endogenous’Calependent Cl currents (White and
Aylwin, 1990). To further palliate contamination by these Currents, a
volume of 100 nl of a 10 mM 1,2-bis(2-aminophenoxy)eth&hik N, N'-

RESULTS

Fig. 1 compares the primary sequences of the C-termini of
Qe 0p, Qqa, 0, @Nda, e subunits. The C-terminus of the
newly cloned T-type calcium channel s (Perez-Reyes et
al., 1998) does not exhibit a putative EF-hand binding

tetraacetic acid titrated with HEPES and KOH to pH 7.4 (BAPTA-HEPES) \tit  The rationale for targeting the putative EF-hand
stock solution was injected directly into oocytes 1-2 h before experiments . . . S . .
for a final concentration of 1 mM. Alternatively, oocytes were also prein- mOt!f in c_a_lcmm-depend_ent Inactivation p_ertglns t_O Its po-
cubated in a saline solution containing 1M 1,2-bis(2-aminophe-  t€ntial ability to form an intracellular ca binding site. In
noxy)ethaneN,N,N’,N'-tetraacetic acid tetra lacetoxymethyl) ester particular, we were interested in the & A mutation at
(BAPTA-AM) (Sigma-Aldrich, St. Louis, MO). Whole-cell current traces position 1537. Alanine is a small, neutral, relatively hydro-
were filtered at 1 kHz, using the built-in filter of the oocyte clamp, andét)hobic residue, whereas glutamate is a hydrophilic (acidic)

were acquired at 5 kHz through a Digidata 1200 analogue-to-digital boar . .
(Axon Instruments, CA). The pClamp programs Clampex and Clampfit,reSIdue with a pi value of 4.3 that would thus be nega-

version 6.04, were used to generate voltage protocols and to digitallfiv€ly charged under physiological conditions. Acidic resi-
acquire and analyze data. Capacitive transients and leak currents wedles are also known to be effective chelators of metal ions

digitally_ subtr_acted. Isochronic inactivation curves were gener_ated bysuch as C& and Cd+ (Creighton, 1993). Thus the respec-
measuring tail currents' obtained after 5-s yoltage pulses applied fro”ﬁive side chains of alanine and glutamate are expected to
—100 to +30 mV. Fractional currents were fitted to Eq. 1 (Parent et al., display Iarge differences in their é‘aaffinity regardless of
1995, 1997): ) : . L.

their role in the putative EF-hand. If position 1537 were

i 1-Y, critical in calcium-dependent inactivation, substitution at
max =1- —ZF(V,, — Eo2) @ this position by a less polar residue could significantly slow
1+ {eXD?} C& " -dependent inactivation while leaving Badependent

inactivation unaltered.

wherei is the peak current obtained after a 5-s pulse to vol¥agd,, .. IS
the peak current measured after a 5-s voltage pulsel@ mV; and/i .
is their ratio when normalized to X, is the fraction of noninactivating
current;E, s is the midpotential of inactivatiorzis the slope factor; ang,
T, F have their usual meanings. Pooled data paififs,, (mean= SEM)
were fitted to this modified Boltzmann equation using user-defined func-TO investigate the possible role of the negatively charged
tions and the fitting algorithms provided in Origin 5.0 (Microcal Software) E1537 residue in calcium-dependent inactivation, mutant
analysis software. Fit parameters were estimated with their correspondinghanne|S E1537D, E1537Q, E1537S, E1537G, and E1537A

errors. For the activation and inactivation time constants, leak subtracted d i t Fig. 2 sh tvpical
current traces recorded at 10 kHz were fitted with exponential functions ofVEre expressed Inenopusoocytes. Hg. -~ shows typica

the first order for B&" currents (Eq. 2) or the second order for’ca  Whole-cell current recordings, for_ the Wild-_type and mutant
currents (Eq. 3), using the Chebyshev algorithm in Clampfit 6.04. Whole-E1537Q, E1537S, E1537A cardiag calcium channels,

E1537 mutant channels displayed slower
inactivation kinetics in Ba?* and Ca?* solutions
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FIGURE 2 The whole-cell current OL1C Wt E1 537Q E1 537S E1 537A
a, ¢ kinetics are faster in the presence 10 Ba 10 Ba 10 Ba 10 Ba

of C&™" as the charge carrier. Wild-
type a,c and mutant E1537Q,
E1537S, E1537A were expressed in
Xenopusoocytes with auxiliaryo,,6
and 3,, subunits. The current traces
were recorded with the two-electrode
voltage-clamp techniguye h after in-

.
I
jection of 10 mM BAPTA, in the
presence of 10 mM B4 (top trace$ Lvi::____‘/:
and 10 mM C&" (bottom tracel 0.5 uA 0.5 A 0.1uA
0 ms

The holding potential was-80 mV 100 ms 0.1 uA
10 Ca 10 Ca'0ms

throughout. Voltage pulses (450 ms) 10 Ca
0.1 uA 0.1 pA
100 ms 100 ms

were applied from—40 to +50 mV i
in 10-mV steps at 0.2 Hz. In all chan-
nels, wild-type and mutants, calcium
traces were always faster than barium
traces. Leak currents were digitally

subtracted. Capacitive transients 0.1 uA

were erased for the first millisecond 100 ms

after the voltage step. The current

scale varies between 0.05 and p.A.

Time scales are 100 ms throughout.

obtained in the presence of 10 mM Ba(top) or 10 mM  sponding C&" traces, from the wild-type to the E1537A
Ca" (bottom) solutions, using 450 ms voltage steps. Inchannel. This observation also applied to E1537G whole-
these and the following experiments, dag- subunits (wild-  cell currents that are not shown in this figure. Six indepen-
type and mutants) were systematically coinjected with thelent series of channel expression in oocytes confirmed these
a,,® and theB,, auxiliary subunits. Except for the E1537D observations. The slower B& and C&"-dependent inac-
mutant, for which we never got expression, all E1537 mu-ivation in E1537A channels was also observed in the pres-
tant yielded measurable Baand C&" currents with bona ence of theB, subunit (Castellano et al., 1993) (results not
fide C&" channel characteristics (see also later in Fig. 4)shown), indicating that the reduced inactivation was inde-
Peak B&" currents ranged from 400 to 900 nA (see Tablependent of the nature of th@subunit. Based on the obser-
1). Although such current amplitudes are well above backvation that inactivation remained faster in the presence of
ground, E1537 mutant peak current amplitude was on av€a& ", one may reasonably conclude that calcium-dependent
erage twofold smaller than the wild-typg - peak current inactivation was not abolished by mutations at position
recorded under the same experimental conditions. In addE1537, a conclusion also reached by Zhou and colleagues
tion, macroscopic BA currents were at least twice as large (1997). A careful examination of the whole-cell recordings
as C&" currents in all mutants. This ratio likely represents nonetheless indicates that both ?Baand C&" current
aminimum value, as Ga currents were generally recorded traces inactivated faster for the wild-type than for the mu-
a few days later than Ba currents to improve the signal- tant channels in the following order: wt E1537Q >
to-noise ratio. Macroscopic Ba currents activated within E1537S>> E1537A, thus suggesting that overall macro-
3 ms. As expected for L-type cardiac calcium channels, thecopic inactivation was reduced for E1537 mutant channels.
macroscopic wild-typex, - currents typically inactivated Indeed, all mutant channels displayed significantly slower
faster in the presence of 10 mM €athan in the presence kinetics than the wild-typex, - calcium channel. To inves-

of Ba®* (left). In fact, all channels displayed a fasterCa  tigate and quantify the mutant channel kinetics, whole-cell
dependent than Ba-dependent inactivation, as Bacur- Ba®" and C&" currents were fitted to a sum of exponential
rents invariably inactivated more slowly than the corre-functions (see Table 2 and Fig. 3). Inactivation time con-

|
)
W

TABLE 1 Whole-cell peak currents for wild-type a;c/,6/Boas E1537A/ 0,8/ Bogy E1537G/ o, 8/ Boay E1537Q/ atny, 8/ B4,y and
E1537S/a,,,6/B,, channels in 10 mM Ba2* and 10 mM Ca?* solutions as the mean + SEM of n independent experiments

Wild-Type E1537A E1537G E1537Q E1537S
10 Ba 1.3+ 0.2 (11) 0.87+ 0.06 (15) 0.38+ 0.06 (7) 0.63+ 0.04 (24) 0.44+ 0.04 (8)
10 Ca 0.61+ 0.08 (14) 0.43+ 0.05 (14) 0.25+ 0.03 (5) 0.27+ 0.04 (11) 0.28+ 0.03 (7)

Whole-cell currents were typically larger for the wild-type channel. Moreovef, Baurrents were at least twice as large agCaurrents. The 2:1
Ba?*-to-C&" ratio was a minimum, because Laexperiments were usually performed 2—3 days later th&it Baperiments to work with the largest
possible C&" currents.
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TABLE 2 Inactivation time constants for wild-type a,c/a,,6/B5., E1537Q/ a6/ B, E1637G/ ayy, 6/ B,y E1637S/ sy, 6/ B5,, and
E1537A/a,,8/B,, channels recorded in 10 mM Ba2* or 10 mM Ca2* solutions

Channels 5%t (ms) Thaer C&* (Ms) Ast CE Thow C&* (Ms) Agion C&
Wt oty St Bon 672+ 43 (7) 49+ 2 (15) 59+ 4% 496= 33 (15) 41+ 4%
E1537Qty,0/Boa 780 = 26 (6)* 64+ 10 (6)* 45+ 6% 640+ 9 (6)** 55 + 6%
E1537Gh,0/B,, 876+ 40 (5)** 69 =+ 11 (5)* 40+ 3% 701+ 18 (5)*** 60 = 3%
E1537Sb008/ B 988+ 40 (5)** 55 = 9 (6)* 37+ 5% 712+ 41 (6)*** 63 = 5%
E1537Akiy,0/ 8o, 2501+ 740 (5)** 56 = 3 (12)* 35+ 7% 2372 659 (12)*** 65+ 7%

Whole-cell current traces recorded\a = +10 mV were fitted to single-exponential (B3 or double-exponential (G4) functions at timg = 2 s (see
Eq. 3). Time constants are shown as the m&aBEM, with the numben of independent measures. The relative amplitude of each exponential function

used to describe the €ainactivation time course is shown &g,,,, (1 2ac) and A, (I Lac). The fast C&" inactivation time constantsrf,.) are not
significant at the levep < 0.1 (*).

stants aV,, = +10 mV were estimated at time= 2 s for  time course of whole-cell Ca traces required, in contrast,
wild-type a;das,d/Bs, E1537Qk,10/B,, E1537Gh,,5/  at least a sum of two exponential functiofs and 75aok

Bosm E1537Sk,,0/B,, and E1537Ad.,.,0/B,, channels in  The faster inactivation time constarjf3 was not signifi-
the presence of 10 mM B4 (right pane) or 10 mM C&* cantly affected by mutations at E1537 2% ranged from
(left pane). As shown in the right panel of Fig. 3, the 49 = 2 ms i = 15) for the wild-type channel to 56 3 ms
inactivation time course of whole-cell Batraces could be (n = 12) for E1537A. On the other hand, the slowePta
fit well by a single exponential function. B& inactivation  inactivation time constant]2%increased from 496 33 ms
time constants increased from 67243 ms q = 7) for the  (n = 15) for the wild-typex, - channel to 712- 41 ms 6 =
wild-type o, channel to 988+ 40 ms @ = 5) for E1537S  6) for E1537S and to 2378 660 ms i = 12) for E1537A.
and to 2501+ 740 ms @ = 5) for E1537A. As seen, all The increase in}2%in the E1537A mutant was accompa-
E1537 mutant channels displayed significantly slowefBa nied by a parallel increase in its relative importance as the
inactivation than the wild-type channel. Indeef§2°'for the  relative amplitude of the slower €4 inactivation time
wild-type channel was different from the E1537Q channelconstant increased from 44 4% for the wild-type channel
time constant at the levgd < 0.1 (*), whereas they were to 65 = 7% for E1537A. The fit values, including the
significantly different at the levelp < 0.05 (**) for  relative amplitudes of{23and 772 are given in detail in

fast slows

E1537G, E1537S, and E1537A channels. The inactivatiofable 2. From our whole-cell recordings, it thus appears that

5000 - 10 Ba 2000 - 10 Ca
E1537A (5) E1537A (-1-02.
4000 00+ e o
T 30004 el 0 ,—"'§
£ g g 1207 5 o
£ 2000 e % 800+ o
£ Jeld N TT—— . wild-type (7)
S Y N . — _ e
1000+ §\ wild-type (7) w00l
= " =
ol — : : ; ol 2 £ £
-10 0 ymmv) 1 20 -10 0 Vm(mv) 1 20

FIGURE 3 Mutations at E1537 slowed . inactivation in B&" and C&™. In the presence of B4, two exponential functions can satisfactorily account
for the current time course, whereas the current time course in the presenc® afddid be best described by a sum of three exponential functiggs (
minact Jnach for all channels herein investigated. Only the inactivation time constants are reported here. Inactivation time constarts#d:0 mV were
estimated at timé= 2 s for wild-typea; J a0/ B EL1537Qb,,0/ Bog EL537Gliodl By E1537 Sk, 00/ 85, and E1537 Ad,,6/8,,channels in the presence
of 10 mM B&™* (right) or 10 mM C&™" (left). (Right) Inactivation time course of whole-cell Batraces could be well fitted by a single exponential time
constant. B&" inactivation time constants increased from 67243 ms @ = 7) for the wild-typea;, channel to 988+ 40 ms @ = 5) for E1537S and
to 2501+ 740 ms = 5) for E1537A. All mutant channel inactivated significantly more slowly irfBshan did the wild-type channel. The fit values
are given in detail in Table 2Léft) Inactivation time course of whole-cell €atraces could be best described by a sum of two exponential functions. The
faster inactivation time constamf2was not significantly affected by mutations at E1537:8%" ranged from 49+ 2 ms @ = 15) for the wild-type
channel to 56+ 3 ms f = 12) for E1537A. On the other hand, the slowerCénactivation time constant]2% increased from 496- 33 ms (1 = 15)

for the wild-typea, channel to 712+ 41 ms @ = 6) for E1537S and to 2378& 660 ms 6 = 12) for E1537A. Moreover, the relative amplitude of the
slower C&" inactivation time constant increased from #14% for the wild-type channel to 6% 7% for E1537A.712% was different from the wild-type
channel at the significance level< 0.01 (***) for all E1537 mutant channels, whered%was not significantly different at the levpl< 0.1. 72 for
E1537Q was different at the levek< 0.1 (¥), andrisatfor E1537G, E1537S, and E1537A was different at the Ipvel0.05 (**). The fit values, including
the relative amplitude of22%tand 752t are given in detail in Table 2.
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the increased fraction of noninactivating current in E1537Whole-cell B&" traces were recorded at the peak voltage
mutant channels was caused by a combination of factor®r the wild-type, E1537Q, and E1537A channels, normal-
such as the relative decrease in the amplitude of the fast arided and superimposed to magnify the differences in inac-
calcium-dependent inactivation time constant, and the intivation kinetics. As shown in Fig. 4, E1537A B&"
crease in the slower and Badependent inactivation time currents did not appreciably decay over the 450-ms voltage
constant. The mutant slow inactivation time constants meapulse to+10 mV, in contrast to wild-type Bd currents.
sured in C&" were all significantly p < 0.01) larger than Whole-cell traces shown in the inset suggests that the rate of
the wild-type 752! whereas7n2 was not significantly  current activation may also be reduced in E1537A channels
different at the levep < 0.1. Furthermoresj2%in C&*  with, on averager,, = 3.8+ 0.7 ms (i = 12) as compared
and 152" in Ba?* appeared remarkably similar for all cal- to 7, = 2.1 = 0.8 ms ( = 9) for the wild-type channel.
cium channel combinations and were found to increase ifThe permeation parameters were otherwise quite similar, as
parallel in E1537Q, E1537S, E1537G, and E1537A chanseen in the normalizettV curve (Fig. 4B) between the
nels. These observations suggest that mutations at positiamld-type and the E1537A channel, because both activated
1537 specifically affected the slow inactivation time con-around—25 mV and peaked at 0 mV. The E1537Q peaked
stant in B&" and C&" solutions. As the inactivation time at+10 mV in the presence of B4. Macroscopid-V curves
constant72¢ appeared to be independent of the chargewere also typically shifted to the right in the presence of
carrier, there is a strong possibility that mutations at positiorCa?* for all channels (Fig. 4E). For instance, the peak
1537 modified the rate of the voltage-dependent transitiorturrent shifted from 6= 2 mV (n = 11) in the presence of

to the inactivated state imy,c channels. Assuming that Ba?* to 14+ 1 mV (n = 14) in the presence of & for the
voltage-dependent inactivation could proceed more rapidlyild-type channel. This-8 mV shift was comparable to the
from the open than from the closed statexi/a,/B,,and  shifts experimentally recorded for E1537Q (£00.5 mV to
a,da,/B5 channels, in sharp contrast to neuronal channeld9 = 2 mV, n = 11) and E1537A (0 0.5 mV to 6+ 2
(Patil et al., 1998),772% in our experiments is likely to mV, n = 14) channels. The macroscopic current expression
reflect changes in the rate of transition from the open to thevas generally higher for the wild-type channel as whole-cell
inactivated state. It can always be argued that our whole-ceBa?" currents averaged 1.8 0.2 uA (n = 11), whereas
data could be explained as well by a faster open-to-closeB1537Q and E1537A generated smallef Baurrents (see
transition or by a slower closed-to-open transition rate inalso Table 1). As seen in Fig. A andD, Ba&" and C&"
E1537 mutant channels. However, any decrease in the chamactivation were not necessarily faster for larger currents.
nel open probability would also influence calcium-depen-Two lines of evidence indeed suggest that whole-cell cur-
dent inactivation unless Ga-dependent and voltage-de- rent amplitude was not the sole determinant in E1537 mu-
pendent inactivation proceeds from two distinct open stategant slower inactivation kinetics. The first argument is cir-
as could happen in a modal kinetic model. Such a model hasumstantial and pertains to the significant kinetic
already been proposed to explain’Calependent inactiva- differences between E1537Q and E1537A, despite similar
tion in L-type calcium channels (Imredy and Yue, 1994). Atexpression levels. Indeed, for aJ,, = 10 mV, whole-cell

this stage, it can in any event be safely concluded that thBa?* and C&" currents recorded for E1537Q were not
apparent or macroscopic rate ofBanactivation has been significantly different in size than E1537A currents (Fig. 4,
modified in E1537 mutant channels. C andF), despite its slightly faster rate of inactivation. To
circumvent the current density problem, we further de-
signed a series of experiments whereby the relative ratio of
the wild-type «,c to the auxiliary subunits was progres-
sively decreased such that wild-typg currents would
Our first series of experiments clearly demonstrated thamatch the expression level of E1537 mutants. Alternatively,
Ba®" inactivation was significantly reduced in E1537 mu- in a separate series of experiments?Caurrents for the
tants as compared to inactivation in the wild-type channelE1537 mutants were measured 4 days later than wild-type
Whether these slower inactivation kinetics were primarilycurrents, hence increasing the probability of finding a mu-
caused by an intrinsic change in the channel inactivatioiant channel with C& currents comparable in size to those
properties or rather were linked to a lower current densityof the wild-type channel. The two approaches yielded sim-
was further investigated in the following series of experi-ilar results. As shown in Fig. B, the superimposed yet not
ments. It is well established that calcium channel inactivanormalized whole-cell Cd current traces measured at
tion tends to process faster for larger currents. As whole-celV,, = +10 mV for the wild-type, the E1537Q, and the
currents for the E1537 mutants were generally smaller thaiE1537A channels yielded similar current amplitudes when
the wild-type currents recorded under the same conditiongecorded under the same experimental conditions. Despite
the role of current density (or under our particular recordinggenerating a identical peak current-00.66 wA, wild-type
conditions, current amplitude) plays in conferring slowerCa* traces nonetheless inactivated significantly faster than
inactivation kinetics to E1537 mutants had to be carefullyE1537A traces, as only 15% of the wild-type currents re-
reviewed. The influence of peak current amplitude onmained at the end of the 450-ms pulse compared to 70% of
E1537 channel inactivation was thus examined in Fig. 4the E1537A currents. Yet again, E1537Q currents displayed

Inactivation kinetics and whole-cell current
density in E1537 mutant channels
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FIGURE 4 Whole-cell currents for wild-type, J/a,,6/B,., E1537Ak,,6/8,,, and E1537Q¥,,6/8,, channels were recorded in the presence of 10 mM
Ba?* (upper panelsand 10 mM C&" (lower panel} by the pulse protocol previously described) Whole-cell current traces recorded in the presence
of 10 mM B&* at +10 mV were normalized to 1.0 and superimposed ‘Baactivation was faster for wild-type- E1537Q> E1537A channels. As
shown in the insert, the E1537A activation also appeared to be noticeably sl@y&he corresponding normalizéeV curves obtained in the presence

of 10 mM B&* are shown. The wild-type and E1537A current-voltage curves peaked at 0 mV, whereas the E1573Q channel pebked\atOn
average|-V curves peaked at the following voltages:62 mV (n = 11) for the wild-typea, Ja,,8/B,, 0 = 0.4 mV (n = 15) for E1537Ak,,0/B,, and

10 = 1 mV (n = 14) for E1537Qd,.,8/B,, channels.€) Ba?* whole-cell current amplitude was higher on average for the wild-type channel with a peak
current of 1.2+ 0.1 uA (n = 11) as compared to peak currents of 0810.06 nA (n = 15) for E1537Ak,,8/B,, and 0.63= 0.04 uA (n = 14) for
E1537Qé,,,8/B,, channels. For clarity, only the positive error bars are shown for the wild-type chabyé\VI{ole-cell currents obtained in 10 mM &a

are shown superimposed \dt, = 10 mV. Current traces were not normalized because in that particular case, wilatypg,8/B,, E1537Ak,,0/B5,

and E1537Q#,,,8/B8,,channels yielded whole-cell €acurrents in the same range. As seen, wild-typeCa" currents were typically faster than E1537A
C&" currents, independently of the whole-cell current amplitude. E1537Q channels yielded current traces with an intermediate inactivationetime cours
(E) Corresponding-V curves. As expected, whole-cell €al-V curves are shifted to the right. Wild-type and E1537@ Ceurrents peaked, respectively,
atV,, =14+ 1mV (n = 14) and 19+ 3 mV (n = 11), whereas E1537A €a currents peaked at,, = 5+ 1 mV (n = 14). F) Whole-cell C&" current
amplitude was higher on average for the wild-type channel with a peak current of-00608 nA (n = 14) as compared to peak currents of 0:43.05

LA (n = 14) for E1537Al,,0/B,,and 0.27= 0.04 wA (n = 11) for E1537Qd,,0/B,, Channels.

an intermediate rate of inactivation, with 38% noninactivat-ages transitions from the closed to the open state, and
ing currents. Results obtained in Fig.D4thus minimized  ultimately to the inactivated state. Thus in a traditional
the possible role of current-dependent inactivation in thenodel of voltage-dependent inactivation where inactivation
slower inactivation kinetics of E1537 mutants. From Fig. 4is strongly coupled to the open state, inactivation is ex-
it also appears that the current time course measured ipected to speed up with membrane depolarization (Arm-
Cc&" solutions was qualitatively similar for all channels. As strong and Bezanilla, 1977; Bean, 1981; Imredy and Yue,
the curve fitting analysis demonstrated, the major kinetic1994). Mutations at E1537 can lead to a slower inactivation
effect brought about by &4 is seen in an additional inac- by one of the following mechanisms, either by slowing the
tivation time constant that is relatively fasfaas, and was — macroscopic rate of transition to the inactivated state or by
absent in B&" traces. This faster inactivation time constantmaking the channel unresponsive to membrane depolariza-
mharemained present in all mutant channels, furthering theion. We thus investigated the influence of voltage on the
notion that calcium-dependent inactivation was not specifinactivation time constants for the E1537A mutant channel.
ically modified in E1537 mutant channels. Inactivation time constants for the wild-type o/ a,,0/B24

and E1537Ad,,8/B,, channels were estimated at tirhe

2 s and reported as a function of the applied membrane
potential betweer-10 and+20 mV (Fig. 5). As seen in the
left panel, 752 for the wild-type channel decreased from
In voltage-dependent ion channels, voltage controls kineti®18 = 43 ms to 627+ 46 ms ( = 7) between—10 and
transitions, and more specifically, positive voltage encour-+20 mV; hence membrane depolarization appeared to

Voltage dependence of the E1537A inactivation
time constants
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FIGURE 5 Inactivation time constants for the wild-typed/o,,6/8,, and E1537Ad.,,6/8,, channels were estimated between time 0 and timet =

2 s and reported as a function of the applied membrane potential betwk@and-+20 mV. (Lef) For the wild-type B&" traces, the inactivation time
constants decreased from 93843 ms to 627+ 46 ms @ = 7) between—10 and+20 mV; hence membrane depolarization appeared to speed up
inactivation in the presence of B& In contrast, the E1537A inactivation time constants increased at least threefold over the same voltage raf§ge with
= 1221+ 246 ms at-10 mV to 3609* 1329 ms f = 5) at+20 mV. Note that the inactivation time constants estimatedl mV are not significantly
different for the wild-type and the E1537A channd®igh) The C&" inactivation time course can best be fitted with two exponential functions. Again,
the fast C&* inactivation time constant is not significantly different between the wild-type and the E1537A channefi2§fittanging from 41+ 5 ms

to 73+ 5 ms @ = 7) for the wild-type channel and 49 3 ms to 69= 4 ms (1 = 10) for E1537A. In contrast, the slow €ainactivation time constant

inact

inact\yas consistently higher for E1537A than for wild-typg- channels at all membrane potentials. For the wild-type chamfi#l decreased from 732
7 msto 521+ 51 ms f = 7), whereasy,,,, actually increased from 998 99 ms to 1823+ 115 ms ( = 10) between-10 and+20 mV. Thus the E1537A
channel appeared to become slower in response to membrane depolarization inGon@&£&" solutions.

speed up inactivation in the presence ofBaThis obser- appeared to become slower with membrane depolarization
vation has previously been reported for native L-type calin both B&* and C&" solutions.

cium currents in isolated myocytes from adult rat (Imredy

and Yue, 1994) when it was shown that the decay of'Ba o o ] »

currents accelerates monotonically with depolarization. IrfSO¢hronic inactivation measurements in Ba N

contrast, the E1537A inactivation time constants increase@nd Ca*" for E1537 mutant channels

at least threefold over the same voltage range, wiff'  To provide a more quantitative picture of barium- and
increasing from 1221 246 ms at-10 mV to 3609+ 1329 ca|cium-dependent inactivation in E1537 mutant channels,
ms ( = 5) at +20 mV. Note that the inactivation time e performed a series of isochronic inactivation experi-
constants estimated at10 mV were not significantly dif- ments at timet = 5 s. In such experiments, the relative
ferent for the wild-type and the E1537A channel. Similargmplitude of the tail currents, measured at the test pulse of
results were obtained fat]5yin C&" solutions. Moreover, +10 mv, is proportional to the number of channels present
the slow inactivation time constants between’Baand  in the open state at that given time or inversely proportional
Ce" turn out to be remarkably similar betweenl0 and  to the number of channels present in the inactivated state.
+20 mV for wild-type and mutant channels. The apparentFrom the relationship between the current amplitude and the
similarity betweenrgs® and 74y, in C&* argues that the conditioning voltage, one can extract “steady-state” infor-
mutations are primarily affecting an inactivation path mation such as the voltage range where channels are expe-
present in both Ba and C&" solutions. As seen previ- riencing inactivation. Isochronic inactivation data thus pro-
ously in Fig. 3,me¢ was not significantly different between vide a snapshot picture of the channel inactivation properties
the wild-type and the E1537A channel, wit' ranging  unhampered by time-dependent factors. To achieve inactiva-
from 41 = 5 ms to 73 5 ms @ = 7) for the wild-type tion measurements in the absence of kinetic variations, condi-
channel and from 4% 3 ms to 69+ 4 ms i = 10) for  tioning pulses should be, in theory, many times longer than the
E1537A. In contrastyi2%'in C&* was consistently higher ~slower inactivation time constant. Fay - calcium channels,

for E1537A than for wild-typex,c channels at all mem- these considerations, however, must take into account the slow
brane potentials. For the wild-type channg)as decreased  but irreversible time-dependent rundown associated with
from 732 = 7 ms to 521+ 51 ms @ = 7), whereas in  whole-cell experiments. Hence, ourBasochronic inactiva-
E1537A channelsrias actually increased from 998 99  tion experiments with 5-s conditioning pulses are not true
ms to 1823+ 115 ms (1 = 10) between-10 and+20 mV.  “steady-state” experiments, but may provide valuable insight
Thus, not only was the E1537A channel slower at allinto the inactivation process. In the presence of'Bahe
membrane potentials than the wild-type channel; it alsovoltage dependence of 5-s isochronic inactivation was inves-
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tigated for the wild-typea;dasnd/Bsn E1537Qébun0/Bsq pletely inactivated under the same conditions. The E1537A
E1537St,,8/B,, E1537Gé,0/B,, and E1537Ad,0/B,, inactivation in B&" was so shallow that it could not be
channels. Fig. 6 shows the whole-cell current traces recordeapproximated by Boltzmann functions. The other mutant chan-
for wild-type o, Ja,0/B,, and E1537Ad,,8/B,, channels by  nels showed intermediate steady-state inactivation properties
the tripulse protocol shown, in the presence of 10 mM™Ba with a fractional inactivation of 42+ 3% ( = 11) for
(upper paneland 10 mM C4" (lower pane). The fraction of  E1537Q, 39+ 3% (n = 3) for E1537S, and 42 2% (n = 4)
noninactivated whole-cell current remaining at the end of thdor E1537S channels. The fitted Boltzmann parameters and the
5-s pulse was measured at the test pulse-d0 mV (peak corresponding estimated fit errors are given in the figure leg-
voltage), which was then plotted against the prepulse voltagend. In contrast to the Ba data, C&"-induced inactivation
Pooled fractional currents shown in the extreme right panelsppeared to proceed almost to completion for all channel
were fitted to a Boltzmann equation (Eg. 1). In the presence ofombinations. After a 5-s voltage pulse610 mV, whole-cell

10 mM B&*, 67 + 2% (n = 9) of the wild-type channels were wild-type currents were inactivated at 835% (0 = 11), as
completely inactivated by a 5-s pulse+d.0 mV. In contrast, compared to 75 2% (h = 4) of the E1537Q currents, 80

only 11 = 4% (h = 6) of the E1537A channels were com- 1% (h = 4) of the E1537G currents, and 815% (n = 4) of
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FIGURE 6 The voltage dependence of inactivation was investigated for the wildxtype,,8/8,, E1537Qk,,8/B,, E1537Sk,,6/B,, E1537Gé,,0/

B.a and E1537Ad,,6/8,, channels at the end of a 5-s prepulse. The inactivation protocol is shown on top of the whole-cell recordings. Holding potential
was —80 mV, the test voltage was the peak voltage (usually around 0 mV3h Bad +10 mV in C&™"), and 14 prepulses were applied frori00 to

+30 mV, by 10-mV steps at a frequency of 0.05 Hz. Acquisition frequency was 2 kHz. Inactivation was measured in the presence of 10 (tujd Ba
trace9 and in the presence of 10 mM €a(bottom trace}after BAPTA injection. The fraction of the noninactivating current was recorded at the end

of the 5-s pulse and reported on the steady-state inactivation curve shown at the right. Only the whole-cell current traces obtained with thanwdld-typ
the E1537A channels are showblpper righf In the presence of 10 mM B3, 67 = 2% (n = 9) of the wild-type ®) channels were completely inactivated

at the end of a 5-s pulse t810 mV. In contrast, only 11 4% (h = 6) of the E1537A channel§)) were completely inactivated under the same conditions.
Other mutant channels showed intermediate steady-state inactivation properties with fractional inactivatian3%4@ = 11) for E1537Q, 39+ 3%

(n = 3) for E1537S, and 42 2% (h = 4) for E1537S channels. Inactivation data were pooled from independent experiments performed on single oocytes
and fitted to Boltzmann functions, using the following fit parameters and the corresponding estimated fit errors{Eq2¥ =+ 0.2,E, s = —20 = 0.7

mV (wild-type); z = 1.4+ 0.1,Eg s = —18 + 2 mV (E1537Q)z = 1.2 + 0.2,E; 5 = —19 £ 1 mV (E1537S)z = 1.3+ 0.1,Eg 5 = —17 £ 2 mV
(E1537G). The E1537A inactivation data point could not be approximated by Boltzmann fundtiower (ighf Inactivation was almost complete at the

end of a 5-s prepulse in the presence of 10 mM'Cét +10 mV, whole-cell wild-type current#) were inactivated at 83 5% (n = 11), as compared

to the inactivation level of 75 2% (n = 4) for the E1537Q current$), 80 = 1% (n = 4) for E1537G {), 81 = 5% (n = 4) for E1537S ¢©). With

its inactivation level of 69+ 3% (h = 7), E1537A inactivation data points were almost indistinguishable from the wild-type and other E1537 mutants. In
the presence of G4, inactivation data points were typically bell shaped for the wild-type and mutant channels alike, but these points were omitted for the
sake of clarity. The fit parameters weze= 2.8 £ 0.2 andE, 5 = —22 = 1 mV (wild-type);z= 1.9+ 0.2 andE, ;= —18 = 2 mV (E1537G)z= 1.9+

0.2 andE, 5 = —16 = 1 mV (E1537S)z = 1.6 + 0.4 andEy, g = —22 = 3 mV (E1537Q);z = 3.0 = 0.3 andE, 5 = —17.0*= 0.7 mV (E1537A).
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the E1537S currents. With a inactivation level of 693%  C& " -dependent inactivation. The result that mutations at
(n = 7), E1537A yielded inactivation data points inCahat ~ E1537 could alter Ba -dependent inactivation was quite un-
were almost indistinguishable from the wild-type and otherexpected, as this region is known to be involved in calcium-
E1537 mutants. Isochronic inactivation experiments performedependent inactivation. Alanine substitution was most crucial
at a shorter timet = 2 s, proved to be qualitatively similar, in that regard, with a fourfold increase #§2°in Ba®" and
with the exception that inactivation was somewhat reduced i} in Ca#* as compared to the wild-type, - channel.
E1537A channels with 49 3% (n = 3) (results not shown). Over the years, Bd solutions have typically been used
Remarkably, inactivation in the presence ofCansued to a to assess voltage-dependent inactivation in L-type calcium
similar extent for all channels, despite the slowef Bmac-  channels (Kass and Sanguinetti, 1984; Campbell et al.,
tivation in E1537 mutant channels. This suggests again thet988). More recent observations, however, revealed that
E1537 mutations altered the slow voltage-dependent transiticion-dependent inactivation may subsist in the presence of
to the inactivated state without affecting the faster calciumBa?* in some L-type and non-L-type calcium channels
dependent inactivation. Hence voltage-dependent and calciunfFerreira et al., 1997; Parent et al., 1997; Forsythe et al.,
dependent inactivation could involve a series of seeminglyl998). By definition, pure voltage-dependent inactivation
independent transitions (Hadley and Lederer, 1991) from kishould proceed unimpaired in the complete absence of
netically similar closed and open states. Alternatively, voltagedivalent cations, with either Naor Li™ as the charge
dependent transitions could occur all together in a gating modearrier. Thus the BA data reported in this paper cannot be
parallel to calcium-facilitated ones, as has previously beemquated a priori with a true measure of voltage-dependent
suggested in the Ga-induced gating shift model (Imredy and inactivation in ;- channel and mutants. A few lines of
Yue, 1994). evidence suggest, however, that in this series of experi-
In summary, E1537 mutations significantly reducedments, B&" inactivation could represent a fair approxima-
Ba?*-dependent inactivation. Inactivation proceeded mordion of voltage-dependent inactivation. First, as seen in Fig.
completely for hydrophilic residues such as glutamate, buf, the slow inactivation time constants betweerf Band
was least complete for the hydrophobic residues such a8a* turned out to be remarkably similar between0 and
alanine. Five-second pulses to positive membrane potentials20 mV for wild-type and mutant channels. The apparent
in Ba®" failed to inactivate more than 15% of the E1537A similarity betweenrs2* and 752 in C&2™ solutions argues
channels, in contrast te-70% of the wild-type channels. that the mutations are probably primarily affecting a inac-
These huge differences collapsed in the presence of,Ca tivation path present in both Baand C&" solutions. Such
where inactivation proceeded almost to completion fora gating transition could thus be identified as the voltage-
wild-type and mutant channels alike, with 70—85% of cal-dependent transition to the inactivated state, because volt-
cium currents inactivated after a 5-s pulse. HencéCa age-dependent inactivation remains ifCaolutions. Our
preserved its dominant role in the inactivation kinetics ofkinetic analysis further suggests that the overalf B&i-
the cardiacy, - wild-type and E1537 mutant channels. netics probably result mostly from an impaired voltage-
dependent inactivation, as the voltage-dependent time con-
stants for E1537 mutants increased rather than decreased, in
DISCUSSION response to membrane depolarization (see Fig. 5). The
impaired voltage-dependent inactivation in E1537 mutant
channels could thus be said to be responsible for the overall
slower inactivation kinetics in Bd as well as in C&"
In cardiac L-type calcium channels, inactivation proceedssolutions. Hence, although E1537 mutant channels dis-
through the combined effect of voltage and calcium ionsplayed overall slower inactivation under the same condi-
(Kass and Sanguinetti, 1984; Lee et al., 1985; Campbell eions as the wild-typey,. channel, their fast Cd-depen-
al., 1988; Imredy and Yue, 1994), although’Cdacilitated  dent inactivation time constantj{2®) remained relatively
inactivation arises as the prominent inactivation mechanisnconstant. C&'-dependent inactivation remained typically
under physiological conditions. We have investigatedand significantly faster than B4 inactivation kinetics for
herein the role of E1537 located in the EF-hand bindingall channels, mutants and wild-type alike.?Canactivation
motif of the cardiaca, channel in calcium channel inac- that is faster than Bd inactivation remains the trademark
tivation kinetics. Mutant channels E1537Q, E1537S,of calcium-dependent inactivation, typically observed in
E1537G, and E1537A were found to display significantly genuine L-typew; calcium channels. The conclusion that
slower inactivation kinetics in Bd and C&" solutions. C&"-dependent inactivation was preserved in E1537 mu-
Whole-cell B&" and C&" currents were found to proceed tants was supported by isochronic inactivation measure-
more slowly as the E residue was replaced by hydrophobiments at time = 2 s andt = 5 s. Roughly 70—85% of the
residues in the following order: B Q > G ~ S > A. wild-type and mutant channels alike were inactivated by
Slower kinetics can indeed be readily observed irf'Ba sustained depolarization in €a solutions. Our observa-
solutions. Hence our results show that point mutations in théions that the E1537 mutations failed to abolish calcium-
proximal part of the C-terminus may additionally impairBa  dependent inactivation but yielded slower inactivating chan-
dependent inactivation rather than intrinsically modifying nels agree with the study of thg triple mutant D1535A+

E1537 mutations slow macroscopic inactivation
of Ca®* channels
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E1537A + D1546A (Zhou et al., 1997). The triple mutant hand binding motif and some surrounding residues were
failed to abolish calcium-dependent inactivation, althoughreplaced by the corresponding regionaf.. The calcium
the C&" current traces they recorded from the. triple  sensitivity factorf used in their study was estimated from
mutant (D1535A+ E1537A + D1546A) were actually the ratio of CA* to B&®" peak currents, as measured at time
twice as slow as the ones recorded for the wild-type chant = 300 ms. When a similar analysis was applied to our
nel. Point mutations in the EF-hand binding motif thus E1537 mutant data, we found that the calcium sensitivity
appear to impair, - calcium channel inactivation, but not factorf would decrease somewhat from the wild-type to the
solely C&"-dependent inactivation. E1537A channel from 0.68& 0.09 ( = 4) to the nonzero
The picture provided by the isochronic inactivation anal-value of 0.41+ 0.03 ( = 5). As the calcium sensitivity
ysis could be satisfactorily explained by the?Canduced  factor had decreased in our mutants, we first concluded that
modal gating mechanism proposed by Imredy and Yuealcium-dependent inactivation alone had been modified
(1994). Whereas in practice, voltage-gated channels ar@orter Moore et al., 1997). As it turned out, isochronic
represented by a linear activation scheme, L-type calciunmactivation data measured & s (see Fig. 6) indicate that
channels appear to activate through two parallel gatinde1537 mutations affected B inactivation to a greater
modes in the presence of €a Thus C&" entry through the  extent than C&"-dependent inactivation. As explained ear-
channel appears to promote a gating shift toward mode 0 drer, assuming that Ba -dependent inactivation reflects to
mode Ca, characterized by infrequent openings, whereasme extent voltage-dependent inactivatiorjg calcium
mode 1 would predominate in the presence of Bdn this  channels, reduced voltage-dependent inactivation would re-
gating model, C&' -sensitive inactivation could destabilize sult in slower inactivation in B& and C&" solutions.
the open state without appreciably interfering with voltageHowever, we cannot exclude a small effect on calcium-
dependence transitions. This gating model predicts a cleatependent inactivation, as the extent of “steady-state” cal-
separation between €4 and voltage-dependent inactiva- cium-dependent decreased slightly from 85% to 70% from
tion in C&" channels. Mechanistically, our results could bethe wild-type to the E1537A mutant.
explained by the presence of these two parallel activation Because there are in fact only a few nonconserved sub-
schemes, one €& modified and the other unmodified, stitutions in the respective EF-hand motifs of the cardiac
which would be in rapid equilibrium. In the presence of «;c and the brainy, ¢ subunits, Zhou and colleagues (1997)
ca*, transitions from the open to the inactivated state maynade triple point mutations in the, - backbone. Further-
proceed through a voltage-dependent pathway or a calciunmore, by carefully measuring inactivation time constants on
facilitated one. E1537 mutations appear to selectively mode; o, chimeric channels, Zhou and colleagues (1997)
ify the rate of voltage-dependent transitions in mode 1came to the conclusion that a segment-&f00 AA down-
leaving the C&"-dependent transitions in mode O relatively stream from the EF-hand binding motif was more critical
untouched. Hence, in the presence of Ganost channels than the sum of the D1535 E1537 + D1546 residues
(wild-type and mutants alike) would reach the inactivatedpresent in the EF-hand maotif itself. Last, the skeletgal
state after a long depolarization puldex 2 s), regardless subunit, which is identical tax,- in the EF-hand region,
of the rate of inactivation through voltage-dependent stepsdoes not experience typical calcium-dependent inactivation,
The structure-function data gathered in our study thus proat least in native membranes (Mejia-Alvarez et al., 1991).
vide additional support for the postulate that voltage-depenThus, in retrospect, it may not be too surprising to find that
dent inactivation and calcium-dependent inactivation occumutations in the EF-hand motif of the, - subunit failed to
independently, as suggested before (Hadley and Ledereabolish calcium-dependent inactivation (Zhou et al., 1997;
1991; Obejero-Paz et al., 1991; Imredy and Yue, 1994). our results). The current consensus in this matter raises the
possibility that calcium-dependent inactivation involves
many cytoplasmic sites of the,, with portions of the
C-terminus being major players (Zhou et al., 1997; Adams
and Tanabe, 1997; Alke and Reuter, 1998). Needless to
Structure-function studies on calcium-dependent inactivasay, the identification of the C-terminus as a possible locus
tion have recently attracted a lot of attention. Most groupdor calcium-dependent inactivation i, agrees satisfac-
have chosen the chimeric approach by studying the inactitorily with the autoinhibition model developed by Imredy
vation properties o, --a, ¢ chimeric constructs (DeLeon et and Yue (1992), whereby calcium influx through a given
al., 1995; Zhou et al., 1997) ang, ~-a, 5 chimera (Adams channel causes calcium-dependent inactivation of the same
and Tanabe, 1997), whereas another group opted for syshannel. Moreover, based on the observation that injection
tematic deletions of the human fibroblast L-typg-,, of BAPTA in Xenopusoocytes does not interfere with
isoform (Soldatov et al., 1997; hlke and Reuter, 1998). calcium-dependent inactivation, the inhibitory site foPCa
First in line, the group of David Yue suggested that theshould be very close to the channel inner mouth or even in
EF-hand binding motif located in the C-terminus @f-  the channel pore itself, according to a recent kinetic analysis
might be responsible for calcium-dependent inactivation inof «; J/B,,channels (Noceti et al., 1998). All together, these
a,c channels (Deleon et al., 1995). Indeed?Gaepen-  observations could be explained with a model whereby
dent inactivation appeared to be eliminated when the EF€&" binding to the distal part of the C-terminus produces
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a conformational change that would then enable it to blockivation ball in thea, - channel. Many conflicting observa-
the channel pore. The tertiary structure of voltage-depentions would remain unexplained by our working hypothesis,
dent calcium channels may be needed to definitively reconhowever. Intracellular application of trypsin was also found
cile the current structure-function data on calcium-depento disrupt calcium-dependent inactivation (You et al.,
dent inactivation. The ongoing speculation about thel995). Furthermore, the distal part of the C-terminus, en-
molecular determinants of €&induced inactivation high- compassing the same region recently implicated in calcium-
lights the intricate and complex nature of this mechanisndependent inactivation, was identified as carrying the effect
that may involve more than a single site. of trypsin on the voltage-dependent inactivation of calcium
channels (Klockner et al., 1995). Last, it would also be
difficult to generalize this working hypothesis to other cal-
cium channels. As it was pointed out in Fig. 1, thg,, oy,
anda, g calcium channels all display alanine residues at the
The mutations at position 1537 ia,; mutant channels corresponding position, yet there is no doubt that e
appeared to disrupt voltage-dependent inactivation, as meahannel at least undergoes fast?Banactivation kinetics
sured in B&" solutions. The suggestion that the C-terminus(Parent et al., 1997). These problems and discrepancies
may play a role in the voltage-dependent inactivation@f illustrate the difficulty of studying structure-function rela-
channels was quite unexpected. Previous work with chitionships with regard to calcium channel inactivation. From
meric channels led to the conclusion that voltage-dependetihat perspective, our results may serve as a reminder that
inactivation involves residues surrounding S6 in repeat klthough voltage-dependent inactivation and calcium-de-
(Zhang et al., 1994; Parent et al., 1995) or residues locategendent inactivation happen as kinetically distinct events,
in the intracellular linker connecting repeats | and Il (Her-their molecular identification has yet to be clearly estab-
litze et al., 1997). In the absence of a definitive molecularished in voltage-dependent calcium channels.

model, calcium channel inactivation could be analyzed in

terms of the mechanisms accounting for inactivation in
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