Biophysical Journal Volume 80 January 2001 215-228 215

Molecular Determinants of Inactivation within the I-ll Linker of «1E
(Cay2.3) Calcium Channels

L. Berrou, G. Bernatchez, and L. Parent
Department of Physiology, Membrane Transport Research Group, Université de Montréal, Montréal, Québec H3C 3J7 Canada

ABSTRACT Voltage-dependent inactivation of Ca,2.3 channels was investigated using point mutations in the B-subunit-
binding site (AID) of the I-Il linker. The quintuple mutant «1E N381K + R384L + A385D + D388T + K389Q (NRADK-KLDTQ)
inactivated like the wild-type a1E. In contrast, mutations of «1E at position R378 (position 5 of AID) into negatively charged
residues Glu (E) or Asp (D) significantly slowed inactivation kinetics and shifted the voltage dependence of inactivation to more
positive voltages. When co-injected with 83, R378E inactivated with 7,,,.; = 538 = 54 ms (n = 14) as compared with 74 *
4 ms (n = 21) for «1E (p < 0.001) with a mid-potential of inactivation E, 5 = —44 = 2 mV (n = 10) for R378E as compared
with Eg 5 = —64 = 3 mV (n = 9) for a1E. A series of mutations at position R378 suggest that positively charged residues could
promote voltage-dependent inactivation. R378K behaved like the wild-type a1E whereas R378Q displayed intermediate
inactivation kinetics. The reverse mutation E462R in the L-type a1C (Ca,1.2) produced channels with inactivation properties
comparable to «1E R378E. Hence, position 5 of the AID motif in the I-Il linker could play a significant role in the inactivation
of Ca,1.2 and Ca,2.3 channels.

INTRODUCTION

The influx of calcium through neuronal voltage-gatedCa tivation by C&"-dependent calmodulin binding to an 1Q-
channels regulates a wide range of cellular processes, itike motif situated on the carboxyl tail af1C (Peterson et
cluding neurotransmitter release, activation of Gdepen-  al., 2000).
dent enzymes and second messenger cascades, gene regurast and voltage-dependent inactivation appears to be a
lation, and proliferation. To this date, molecular cloning haskey mechanism by which other €a channels achieve
identified the primary structures for 10 distinct calcium regulation of internal calcium levels. The molecular mech-
channela; subunits:a1S (Cgl.1), a1C (Cgl.2), «lD  anisms for voltage-dependent inactivation ifCahannel
(Ca,1.3), andalF (Cg,1.4) encode L-type channelglA  proteins are incompletely understood. The importance of
(Ca,2.1) encodes both P- and Q-type channeidB the I-Il linker in C&" channel inactivation has, however,
(Ca,2.2) defines N-type channelsylG (Ca3.1), alH  recently emerged in various studies. Point mutations and
(Ca,3.2), andxll (Ca,3.3) form T-type channels (Cribbs et chimeras in that region were shown to modify inactivation
al., 1998, 2000; Lee et al., 1999a; Monteil et al., 2000; Ertekinetics in «lA (Herlitze et al., 1997) an&1C channels
et al., 2000) andv1E (Ca,2.3) probably encodes a compo- (Adams and Tanabe, 1997). Overexpression of mMRNA cod-
nent of the resistant current identified in some neuronalng for the I-Il linker froma1A, but not for the 1I-IV linker,
preparations (Randall and Tsien, 1997; Piedras-Renteri@as shown to speed up inactivation of wild-typ&A/B2a
and Tsien, 1998; Saegusa et al., 2000). in Xenopusocytes (Cens et al., 1999). A chimeric channel
Calcium channel inactivation is a critical determinant of containing the I-1I linker froma1E accelerated the inacti-
the temporal precision of calcium signals and serves twation kinetics ofa1C (Stotz et al., 2000). Conversely we
prevent long-term increases in intracellular calcium levelshave also recently observed that the I-1I linker frerhiC
In the L-typealC channel, inactivation proceeds mostly in conferred slower inactivation kinetics talE (unpublished
response to localized elevation of intracellulafCarovid- data). Hence, the I-Il linker of HVAx1 subunits appears a
ing negative C&" feedback (deLeon et al., 1995; Ber- likely candidate for an inactivating blocking particle in an
natchez et al., 1998). The dominant“Casensor for such updated version of the hinged-lid mechanism observed in
Ca "-dependent inactivation in1C andalA C&* chan-  Na' channels. In this model, mogtsubunits would regu-
nels has recently been identified as calmodulin, which aptate C&" channel inactivation kinetics by priming the I-II
pears to be constitutively tethered to the channel compleknker into a conformation more favorable to inactivation.
(Qin et al., 1999; Zuhlke et al., 1999; Peterson et al., 1999; The I-II linker contains many crucial regulatory sites in
Lee et al., 1999b). This G4 sensor induces channel inac- C2" channels. The I-Il linker contains the high-affinity
B-subunit-binding site AID (alpha-1 subunit interaction do-
main) that was first identified by protein overlay (Pragnell
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phens et al., 2000) andLA (Walker et al., 1999) and on the BioST (Lachine, Qliec, Canada). cDNA constructs for wild-type and
C-terminus forelE (Tareilus et al., 1997), but AID appears mutatedal-subunits were linearized at theé 8nd by Hindlll digestion

. . T _ - whereas the rat brai@3-subunit was digested hyotl. Run-off transcripts
to be universally present in all non-T-typel-subunits were prepared using methylated cap analdG (8 )ppp(5)G and T7 RNA

(Perez-Reyes et al., 1998). The AID binding site is COm'polymerr:lse with the mMessage mMachine transcription kit (Ambion,
posed of QQXEXXLXGYXXWIXXXE, and a single sub-  Austin, TX). The final cRNA products were resuspended in DEPC-treated
stitution at the conserved Y (Tyr) position could disrupt H,O and stored at-80°C. The integrity of the final product and the
plasma membrane targeting of th&-subunit without, how- ab;ence Qf deg_rgded RNA was determined by a denaturing agarose gel
ever, affecting the8-subunit-induced modulation of whole- Stained with ethidium bromide.

cell and single-channel currents (Gerster et al., 1999). The

I-1l linker of the al-subunit contains an endoplasmic retic-

ulum retention signal that is antagonized by @wsubunit  Functional expression of wild-type and
(Bichet et al., 2000). Last, the I-II linker was also shown to mutant channels

interact with G-proteindy-subunit (DeWaard et al., 1997; . .
Dolphin, 1998) in a competitive fashion witA-subunits Oocytes were obtained from fema¥enopus laeviglawed frog (Nasco,
phin, p Fort Atkinson, WI) as described previously (Parent et al., 1995, 1997,

(Campbell et a}l., 1995). - Parent and Gopalakrishnan, 1995; Bernatchez et al., 1998). Individual
Recent studies have strongly suggested a critical role fosocytes free of follicular cells were obtained after 30—40 min of incubation

the I-Il linker, and more precisely for th@subunit-binding  in a calcium-free solution (in mM: 82.5 NaCl, 2.5 KCI, 1 Mg(6 Hepes,
site (AlD) in the inactivation of voItage-dependentZCa pH 7.6) containing 2 mg/ml collagenase (Gibco, Burlington, Ontario,

. . Canada). Forty-six nanoliters of a solution containing between 35 and 50
channels (VDCCS) (Page etal.,, 1997; Herlitze et al., 1997)ng of cRNA coding for the wild-type or mutatesl-subunit was injected

Indeed, ConverSi_On O_f th_e AID motif from QQRE t0 16 h later into stage VV and VI oocytes. The cRNA concentration of the
QQIEEE slowed inactivation ofxl1A channels as well as «1-subunit was generally adjusted to yield whole-cell peak currents in the

shifting its voltage dependence of inactivation to morel-5uA range; hence RNA concentration coding for thEE wild-type and
positive potentials (HerIitze et al 1997) mutant channels was established at the lowest end of this range whereas

. . . . a1C wild-type andalC E462R channels were measured after injection
Point mutations E462R ia1C and its counterpart R387E with the highest concentration possible. When specified, cRNA coding for

in «lE Channel$ were herein shown to significantly inf_lu' rat braina2bd (Williams et al., 1992) and rat brajg3 (Castellano et al.,
ence both the kinetics and the voltage dependence of inaa993) were co-injected with thel-subunit at a 3:1:1 weight ratio. Oocytes
tivation. Furthermore, a quintuple mutant made in the samavere incubated at 19°C in a Barth's solution (in mM): 100 NaCl, 2KCl, 1.8
region, alE N381K + R384L + A385D + D388T + CaCl,, 1 MgCl,, 5 HEPES, 2.5 pyruvic acid, 100 U/ml penicillin, p@/ml

. . L gentamicin, pH 7.6. The inactivation properties of each mutant channel
K389Q, failed to affect either kinetics or voltage depen'herein described was studied in a minimum of three different oocyte

dence Qf inactivalltion.. Hence, along W?th C‘_)ntaining thepatches to account for the typical expression variability encountered from
G-protein regulation site and the retention signal, the I-llbatch to batch. Furthermore, the corresponding wild-type chand@ {n

loop in c&' channelal-subunits may thus underlie three most cases) was systematically injected under the same experimental

important modulatory influences in VDCCs conditions every time a new mutant was analyzed, thus insuring that the
' mutant behavior was not caused by some aberrant properties (such as

higher level of endogenoy3-subunits) (Lacerda et al., 1994; Tareilus et
al., 1997) of this particular batch of oocytes. Hence the properties of the

MATERIALS AND METHODS wild-type «1E channel were analyzed in seven different oocyte batches for
the current study.

Recombinant DNA techniques

Standard methods of plasmid DNA preparation were used (Sambrook et

B3 (Genbank M88751) were kindly donated by Dr. E. Perez-Reyes. The

wild-type humanx1E (GenBank L27745) was a gift from Dr. T. Schneider. Wild-type and mutant channels were screened at room temperature for
The rat braine2bs-subunit was provided by Dr. T. P. Snutch. For t1C macroscopic barium current 4 to 7 days after RNA injection using a
mutants, a sitXhol was first engineered by polymerase chain reaction into two-electrode voltage-clamp amplifier (OC-725C, Warner Instruments,
a1C at position 1530 nt in the I-1l linker, roughly 40 residues downstreamHamden, CT) as described earlier (Parent et al., 1995, 1997). Voltage and
to the B-subunit-binding site on thal-subunit (AID). This is a nonsilent  current electrodes were slightly broken under the microscope to decrease
mutation creating a Gly-to-Arg mutation at this position. The resulih@ the electrode resistance to 0.5-1.%5Mip resistance and were filled with
(Xhol) channel, however, displayed inactivation and activation kinetics3 M KCI, 1 mM EGTA, 10 mM HEPES (pH 7.4). Oocytes were first
similar to the wild-typex1C (see Figs. 2 and 7). For point mutations, repeat impaled in a modified Ringer solution (in mM): 96 NaOH, 2 KOH, 1.8

| of «lE andalC were respectively subcloned in Topo XL (Invitrogen, CaCl, 1 MgCl,, 10 HEPES titrated to pH 7.4 with methanesulfonic acid
Carlsbad, CA) for conveniently using the Unique Site Elimination method CH;SO;H (MeS). The bath was then perfused with the 10 mMf'Ba
(Pharmacia Biotech) developed by Deng and Nickoloff (1992) wital/ solution (in mM: 10 Ba(OH), 110 NaOH, 1 KOH, 20 Hepes titrated to pH
Hpal selection. Constructs were verified by restriction mapping, and re-7.3 with MeS). To minimize kinetic contamination by the endogenous
combinant clones were screened by double-stranded sequence analysis@# " -activated CI current, oocytes were injected with 18.4 nl of a 50 mM
the entire ligated cassette. The nucleotide sequence of the mutated regi&®GTA solution (Sigma, St. Louis, MO) 0.5-2 h before the experiments.
was determined by the dideoxy chain termination method using eitheOocytes were superfused by gravity flow at a rate of 2 ml/min, which was
single- or double-stranded plasmid DNA (T7 Sequenase v 2.0, Amersharfast enough to allow complete chamber fluid exchange within 30 s.
Pharmacia Biotech) in house or sent out for automatic sequencing b¥xperiments were performed at room temperature (20-22°C).
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Data acquisition and analysis an important determinant of voltage-dependent inactivation
. in «lE channels (unpublished data). As the AID motif is

PClamp software, Clampex 6.02 and Clampfit 6.02 (Axon Instruments, di I T-t 1-subunits. thi b ti

Foster City, CA), was used for on-line data acquisition and analysis. Unles§ONSErvea In all non-1-lypel-subunits, this observation

stated otherwise, data were sampled at 10 kHz and low pass filtered at 3U9geSts a r0|.e for nonconserved residues present- in the
kHz using the amplifier built-in filter. For all recordings, a series of voltage AID domain. It is composed of a short stretch of 18 residues

pulses were applied from a holding potential-o0B0 mV at a frequency of  |ocated in the 5end of the I-II linker. Fig. 1 shows the
0.2 Hz from—40 to+60 mV. Isochronal inactivation dath.( or h;,;) were consensus sequence QQXEXXLXGYXXWIXXXE for the

obtained from tail currents generated at the end of a 5-s prepulse (Parent et S Lo . .
al., 1995). Tail current amplitudes were estimated using the functiorﬁ'subun't'blndlng site in the six gene familied S, a1C,

Analyze in Clampfit 6.0 from the peak current arising during the first 10 ms @1D, o1A, @1B, and«lE. Identical residues are shown in
after the capacitive transient (20 data points). Each of these currents wdzold. Of the nine nonconserved residues, positions 3 and 6
then normalized to the maximum current obtained before the prepulsgf the AID motif involve conservative mutation from an Iso
yoltage (/imax) z_ind_ was plotted agair_]st the prepulse voltage. For the(|) to a Leu (L) and from a Glu (E) to an Asp (D); position
'SOCh?t?:C: '?Oaf:";'aéfl?;l?:;isl’zdatf_ points represent the mear=o8 and 17 is actually a conserved Ala (A) residue betwedit and

were 4= «1C. Position 5 is occupied by an Arg (R) that is strictly

i 1-Y, conserved in non-L-type and is replaced by a Glu (E) in
e =1- ZzF ) L-type. Hence we undertook a detailed mutagenesis study of
1+ {exp— ﬁ-(Vm - Eo.s)} the six nonconservative residues in the AID motif«fE

with R378, N381, R384, A385, D388, or K389 alone or in

Pooled data points (meah SEM) were fitted to Eq. 1 using user-defined combination.

functions and the fitting algorithms provided by Origin 6.0 (Microcal

Software, Northampton, MA) analysis software. Eq. 1 accounts for the

fraction of non-inactivating current witg, , mid-point potentialz, slope Residue R378 is critical for «1E (Ca,2.3) fast

parameter.Y,, fraction of non-inactivating current/,, the prepulse po-  jnactivation kinetics

tential; andRT/F with their usual meanings. The fitting process generated

values estimating errors on the given fit values. Fig. 2 shows a family of whole-cell current recordings
Activation parameters were estimated from the méadhcurves ob- obtained in the presence of 10 mM Bafor the Wild—type

tained for each channel combination. TR¥ relationships were normal- sl . _
ized to the maximum amplitude and were fitted to the Boltzmann Eq. 2: alE, trlple mutant N381k+ R384L + A385D, qumtuPle

mutant N381K+ R384L + A385D + D388T + K389Q,

i 1 and point mutations K389E and R378E expressexeno-
[ ZF @) pus oocytes on thex2bd and B3 auxiliary subunit back-
1+ {exp— R—T(Vm - Eo,s)} ground. Current traces recorded under the same conditions

for the modifieda1C (Xhol) channel (used to produce the
E, s is the potential for 50% activatiom,is slope paramete¥/,, is the test ~a«1C E462R mutant) are shown for comparison. &
potential, andRT/F have their usual meanings. The fitting process gener-subunit was the chosen subunit as it triggers inactivation

ated values estimating errors on the given fit values. mostly from the closed state in neuronal®Cahannels as
As the number of exponential functions needed to account for the . s
inactivation process varied betweeAC andalE channels, inactivation opposed tg82a that favors inactivation from the open state

kinetics were quantified using r300 values, that is, the ratio of the Whole—(Patil etal, 1998)' The qUimUple'mUtam NRADK-KLDTQ
cell current remaining at the end of a 300-ms pulse. As inactivation kineticdncludes five of the six nonconserved residues betweds
can vary with current density, comparisons between constructs and mutangnd «1C in the AID motif. As seen, the triple-mutant
were ge_nerally restricted to whole—cell currents Iower_ t_hanABas much - NRA-KLD (positions 8, 11, and 12 of AID) and the quin-
as possible. Furthermore, th|s_ range of current den§|t|es made |t_ easier {%ple-mutant NRADK-KLDTQ (positions 8,11, 12, 15, and
voltage clamp the oocyte uniformly, thus decreasing the possibility of . . ) .
series resistance artifacts contaminating the current kinetics data. 16 of AID) inactivated like the Wlld-typealE channel.
Capacitive transients were erased for clarity in the final figures. Statis-Similar data were obtained with the quadruple-mutant
tical analyses and Studentest were performed using the fitting routines NRAK-KLDQ (positions 8, 11, 12, and 16 of AID; results
provided by Origin 5.0 and 6.0 (Microcal Software). not shown). For instance, 95 1% (n = 21) of thealE
whole-cell currents were inactivated at the end of a 300-ms
RESULTS pulse to 0 mV, which is identical to 9& 1% (n = 3) for
NRA-KLD, 96 = 1% (n = 4) for NRAK-KLDQ, and 96+
Recent studies have strongly suggested a critical role for th2% (n = 5) for NRADK-KLDTQ. In contrast, a single point
I-1l linker and, more precisely, for th@-subunit-binding  mutation at position R378 (position 5 in AID) produced
site (AID) in the inactivation of voltage-dependent®Ca whole-cell currents with significantly slower inactivation
channels (VDCCs) (Page et al., 1997; Herlitze et al., 1997kinetics with only 72+ 4% (n = 13) of the R378E currents
Adams and Tanabe, 1997; Cens et al., 1999; Stotz et albeing inactivated under the same conditions. Mutation of
2000). Some unpublished results from our lab obtainedhe positively charged Lys residue at position 389 (position
usingalE/x1C chimeras also point toward the high-affinity 16 in AID) to a negatively charged Glu (K to E) produced
B-subunit-binding site in the I-1l of thel-subunit (AID) as  an intermediary inactivation phenotype with 852% (h =
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FIGURE 1 Predicted secondary structure for the
human brainalE (Cg2.3) channel with the four
homologous repeats and the N and the C termini a1E
facing the cytoplasm. Th@-subunit-binding site on

the a1 subunit (AID) is located within 20 residues of
the IS6 transmembrane segment. The consensus se-
quence for the AID motif (QQXEXXLXGYXXWIXXXE)

is shown with conserved residues in bold letters. Non-
conserved residues are represented by slashes (-) on
the figure. The amino acid alignment for L-typelS
(Ca,1.1),a1C (Cq/1.2), andalD (Ca,1.3)) and non-

L-type (@1A (Ca,2.1), alB (Cq,2.2), and alE QQ-E--L-GY--WI---E

(Ca,2.3)) C&" channels within this region is dis-

played enlarged. Of the nine “x” sites, positions 3 and

6 of the AID involve conservative mutation from an € QOQOLEEDLRGYMSWITOQGE

Iso (l) to a Leu (L) and from a Glu (E) to an Asp (D);

position 17 is actually a conserved Ala (A) residue L-type C QQLEEDLKGYLDWITOAE

betweenanlE andalC. Position 5 of AID is occupied D QQLEEDLKGYLDWITOQAE

by an Arg (R) that is strictly conserved in non-L-type

and is replaced by a Glu (E) in L-type. These residues A QQIERELNGYMEWTIGSZKAE

correspond to R378 inlE and E462 inx1C. OtherHVA B QQ I ERELNGYLEWIFEKAE
E QQIERELNGYRAWIDI KAE

15) of the currents inactivated at the end of a pulse to 0 mVmodulating inactivation kinetics in this series of experi-
It should be noted that the milder K389Q mutation achievednents (Table 1). Whole-cell current density was lower for
within the quadruple and the quintuple mutants produced nthe fast inactivating mutanklE NRA-KLD whereas the
significant effect on inactivation (Fig. 2). These rates oflargest currents were generally recorded daE R378E.
inactivation remained significantly faster than the rates ob- Inactivation kinetics were computed using r300 ratios
served foralC (Xhol), for only 29 + 3% (n = 6) of these (Peterson et al., 2000), i.e., the fraction of whole-cell cur-
currents were inactivated under the same conditions. Curents remaining at the end of a 300-ms pulse (Fi§).3As
rent density did not appear to play a significant role inseen, the rate of inactivation increased slightly with depo-

A oclE wt olE NRA-KLD o1E NRADK-KLDTQ

/

100 ms 109_m_sJ 100 ms

alE K389E olE R378E . alC (Xhol) wt
% ]
1 uA 0.5 pA
H
100&‘ 100 ms 0.5 pA
100 ms

FIGURE 2 ThealE wt, «1E N381K+ R384L + A385D (NRA), andalE N381K+ R384L + A385D + D388T + K389Q (NRADK) (A) and wlE

K389E, alE R378E, and1C (Xhol) (B) were expressed iKenopusocytes in the presence aRbs and 83 subunits. Whole-cell currents were recorded
using the two-electrode voltage-clamp technique in the presence of 10 iMa®@r injection of EGTA. Holding potential was80 mV. Oocytes were
pulsed from—40 mV to +60 mV using 10-mV steps for 450 ms. Capacitive transients were erased for the first millisecond after the voltage step. All
mutants tested expressed significant whole-cell currents. Inactivation kinetics were slower in mutants K389E and R378E. Mutant and wilddige chan
displayed similar activation properties (Table 1). Whole-cell currents peaked at 2 mV (n = 7) for «1E; =3 = 3 mV (n = 3) for NRA-KLD; -5 =

3 mV (n = 4) for NRAK-KLDQ; —3 + 3 mV (n = 3) for NRADK-KLDTQ; —3 £ 2 mV (n = 9) for alE R378E, and-4 = 2 mV (n = 9) for a1C
(Xhol).
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TABLE 1 Biophysical properties of «1E (Ca,2.3) and «1C (Ca,1.2) channels and mutants

Channels Inactivation (5 s) Activation
expressed with

a2bd/B3 Eys (MV) z Ey.5 (MV) z Peak g, (nA)
olE wt —64+ 3(9) 3.5+ 0.4 -18%2(9) 6.1+ 0.4 -3.7+1.3(21)
o1lE NRA-KLD —68+ 2 (7) 2.8+ 05 —15+2(7) 6.0+ 0.5 -1.9+0.4(7)
NRAK-KLDQ —64+ 3(4) 3.1+05 —11+ 2 (4) 5.7+ 0.4 —3.6+1.4(4)
NRADK-KLDTQ -60 = 2 (3) 2.8+ 0.6 -15+ 1 (3) 5.8+ 0.2 -2.4%1.2(5)
olE K389E —60* 3 (5) 2.2+ 0.7 —14+ 4 (9) 54+ 0.2 —4.1+ 1.1 (15)
«lE R378K —63% 2 (5) 3.2+ 0.3 —14+ 3 (5) 4.8+ 0.3 —27+15(7)
olE R378A —51 % 2 (6)* 3.3x0.2 —21+5(6) 51+ 0.3 -2.6% 0.6 (7)
«l1E R378Q —51+ 2 (8)* 3.1+02 —12+3(8) 48+0.3 ~3.1+05(8)
alE R378G —52+ 2 (10)* 2904 —-19=+ 4 (11) 6.1+ 0.2 —-3.8+x1.0(11)
«lE R378D —46 = 3 (11) 2.7+0.3 —16 % 3(9) 6.2+ 0.5 —-3.5% 0.7 (14)
olE R378E —44 + 2 (10) 2.3+ 05 —14+ 3 (14) 5.5+ 0.3 —4.6+ 1.7 (14)
alC E462R —31+2(12)f 42+0.2 —14+ 4 (8) 6.7+ 0.5 -2.0* 0.4 (12)
«1C (Xhol) —23+ 3 (8} 34x0.4 —13%5(8) 9+ 2 -3.3+0.3(9)
alC wt —20+ 4 (12 3.1+04 —-11+3(7) 10+ 2 —-3.9+0.5(17)

Biophysical parameters af1E andalC wild-type (wt) and mutant channels expressecK@nopusoocytes in the presence aRbd and 83 subunits.
Whole-cell currents were measured in 10 mMBghroughout. The voltage dependence of inactivation was determined after 5-s pulseslg@no +50
mV as shown on Fig. 6. Relative currents were fitted to Boltzmann Eq. 1. Activation data were estimated from tHevmelationships and fitted to
Boltzmann Eq. 2. Peaks, was determined frontV relationships for the corresponding experiments. The data are shown with themf@B&M and the
number of samplesf appears in parentheses. Significance of difference betw&Enand other channels is given bp ¥ 0.05,'p < 0.005, andp <
0.001.

larization for thealE wild-type and mutant channelglE  voltage dependence of the isochronal inactivation for the
NRA-KLD, NRAK-KLDQ (results not shown), and first four mutant channels were comparable, vith, vary-
NRADK-KLDTQ mutants behaved like the wild-typglE  ing from —60 mV (NRADK and K389E) to—68 mV
at all potentials tested. In contrast, the r300 ratios werdNRA). These values were not significantly different from
significantly higher foralE R378E p < 0.002) andalE  the Ej 5 of —64 mV for wild-type «lE channels (Table 1).
K389E (p < 0.05) as compared withlE. Altogether, these Hence, most mutants in the AID motif inactivated in the
results suggest that fast inactivationdfiE depends on the same voltage range as the wild-typdE channel. Only
nature of residues at positions 5 and 16 of the AID. mutant R378E experienced a significant shift in its voltage
The activation potentials were estimated from the meamdependence of inactivation toward more positive potentials
peak current-voltage relationships (FigBB Activation  as compared with the wild-typelE with aE, s = —44 mV.
potentials were similar for NRA-KLD, NRADK-KLDTQ This change in the voltage dependence of inactivation of
(results not shown), and1E wt with E, 5 values around «lE R378E occurred without any significant shift in the
—17 mV and slightly more positive for the quadruple- voltage dependence of activation (Table 1).
mutant NRAK-KLDQ withE, s = —11 mV (see Table 1 for
the exact values). Whereas inactivation kinetics were sig- . . L
nificantly slower foralE K389E and R378E, both mutants S_truc_tural requ_lr_ements for fast inactivation
were found to activate in a range of potentials not signifi—kmet'cs at position 378 of o1E (Cay2.3)
cantly different tham1E wt (Table 1). Of the six nonconserved residues in the AID motif, only
R378 was shown to affect both the kinetics and voltage
dependence of inactivation. A series of point mutations was
thus undertaken to evaluate the importance of the charge,
the volume, and the hydrophilicity of the residue 378 in the
If inactivation kinetics reflect the rate of transition to the «1E inactivation process. Fig. 4 shows the family of whole-
inactivated state(s), the isochronal inactivation data provideell B&™ current traces of mutants R378K, R378Q, R378A,
the voltage range where channels are most likely to inactiR378G, R378D, and R378E after expressionX@nopus
vate. The voltage dependence of inactivation was assessedcytes. MutantelE R378K displayed the fastest inactiva-
from the relative tail currents measured after a series of 5-8on kinetics closely followed by R378A and R378Q. At
depolarizations. Fig. 8 shows a family of isochronal in- —10 mV, the rate of inactivation ranked as follows (from
activation data for the wild-typelE channel, NRA-KLD, the fastest to the slowest)lE wt ~ R378K ~ R378A >
NRAK-KLDQ (results not shown), NRADK-KLDTQ, R378Q>> R378G~ R378D~ R378E as seen by the r300
K389E, R378E, and1C wt. Mid-potentials of inactivation analysis shown in Fig. &. This ranking remained true at
(Eo 5 were estimated from Boltzmann fits (Eg. 1). The voltages between-10 and+20 mV, although inactivation

Position 5 in the AID motif influences the voltage
dependence of a1E (Ca,2.3) inactivation
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FIGURE 3 () The mean r300 ratios (the fraction of the whole-cell current remaining at the end of a 300-ms pulse) are-sBBWnat four voltages
from —10 to +20 mV for «1E wt (ight gray), «1E N381K + R384L + A385D (NRA) (blacK), a1E N381K+ R384L + A385D + D388T + K389Q
(NRADK) (white), «1E K389E (lark gray), andalE R378E hatched from left to right as measured in 10 mM Ba The numbers on the columns refer
to the numbers of experiments) (used for statistical analysis. The r300 ratios varied from @:08.02 at—10 mV to 0.02+ 0 (n = 17) at+20 mV for
«1E and from 0.05- 0.02 at—10 mV to 0.03= 0.01 f = 14) at+20 mV for NRADK-KLDTQ, NRAK-KLDQ, and NRA-KLD mutants when the data
are pooled together. In contrast, r300 ratios were significantly different betmEenvt andalE K389E ¢ < 0.01) varying from 0.16+ 0.02 at—10 mV

to 0.10+ 0.01 f = 15) at+20 mV for «1E K389E. The r300 ratios were also significantly different betwe®B wt andalE R378E p < 0.002) with
values from 0.33t 0.04 at—10 mV to 0.27+ 0.03 ( = 14) at+20 mV for R378E. B) Activation potentials were estimated from the mean normalized
current-voltage relationships. The relative data points were plotted against the test voltage and were fitted to Boltzmann Eq. 2. The aaiviien pot
were comparable forlE wt, NRA-KLD, NRAK-KLDQ, NRADK-KLDTQ (results not shown)e1lE K389E, andx1E R378E. The fit values are given
in Table 1. C) The voltage dependence of inactivation was measured after a 5-s conditioning prepulse applied b&@@and+50 mV. The protocol

is shown in detail in Fig. 6. The voltage dependence of inactivation was not significantly differemiBowt, NRA-KLD, NRAK-KLDQ (results not
shown), NRADK-KLDTQ, andalE K389E withE, 5 varying from—68 to —60 mV. In contrast, the mid-potential of inactivation for R378E wa#4 +

2 mV (n = 10). Fit values are shown in Table 1.

kinetics tended to get faster with membrane depolarizatiomf the point mutations cause thd E channel to inactivate in
especially for mutants R378Q, R378G, R378D, and R378Ethe same voltage range as the wild-tykC.

The rate of R378K inactivation was comparableottE at The slower inactivation kinetics for R378 mutants were
—10 and 0 mV but differed slightly at higher membrane not correlated with any apparent change in their activation
potential as its inactivation kinetics remained relativelykinetics. Furthermore, the activation potentig}ss for mu-
insensitive to depolarization. For R378Q, the r300 ratio wagants R378E, R378D, R378G, R378A, and R378K were
significantly (p < 0.05) different from R378K at-10 mV,  comparable to th&, - for the wild-typealE channel. Only

but these differences were attenuated-20 mV. The r300 R378Q appeared to activate at membrane potentials slightly
ratios for the neutral residue R378A were noticeably similatmore positive than the wild-typaelE channel. Hence, the

to R378K and to the wild-typelE channel at all membrane reported shifts in the inactivation potentials for the R378
potentials. R378A, a small and neutral residue, behaved likenutants were probably not linked to changes in whole-cell
R378K, but R378G, which is also a small and neutralactivation properties.

residue, behaved like negatively charged mutants R378D
and R378E. Altogether, these results suggest that positively
charged residues at this position may stimulate faster inag:
tivation kinetics whereas negatively charged residues coulcgI
trigger slower rates of inactivation. However, the effects of
the neutral residues (A, Q, and G) cannot be simply exThe next series of experiments was undertaken to evaluate
plained in terms of either charge or size. Furthermore, nonghether the charge of the side-chain at position 378 played

utations at position 378 affect voltage-
ependent inactivation of the human a1E (Ca,2.3)
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A alER378K al1lE R378Q alE R378A
FIGURE 4 MutantselE R378K,alE R378Q,
and «lE R378A @) and alE R378G, alE
R378D, andalE R378E B) were expressed in
Xenopusocytes in the presence a2bs and 33 2 UA 0.5 pA
! e 1pA 100 ms
subunits. Current traces were obtained in the 100 ms 100 ms

presence of 10 mM B4 after injection of
EGTA. Holding potential was-80 mV. Oocytes

were pulsed from—40 mV to +60 mV using B olE R378G o1E R378D olE R378E

10-mV steps for 450 ms. Capacitive transients

were erased for the first millisecond after the = ‘YF ~
voltage step. All mutants tested expressed signif- /

icant whole-cell currents. Inactivation kinetics /

appeared slower in mutants R378G, R378D, and 2 YA 1pA 1062 m
RATEE. 1°°v—‘ms 100 ms e

a role in the voltage range wherd E channels inactivate. «1E and the slowelC channel at all voltages with r300
Fig. 6 shows the isochronal inactivation data measured aftaatios of~0.3 in both cases. In contrast, r300 ratios&diC

5-s pulses were applied from100 mV to voltages between wt anda1C (Xhol) are higher with values of0.7. As seen,
—100 and+50 mV. Typical current traces are shown for the the inactivation kinetics for the modified1C (Xhol) chan-
wild-type «lE and mutants R378K, R378Q, and R378Enel used for makingvlC E462R were compiled and were
with an example of the voltage protocol used. The inacti-found to be similar to the wild-typelC channel. Hence,
vation data forwlE R378K superimposed quite closely with neither point mutation inwlE or «1C could completely
the inactivation data points for the wild-type.E (Table 1). reverse the inactivation phenotype to the opposite wild-type
In contrast, inactivation data points are shifted to the rightthannel. As inactivation kinetics ok1C are exquisitely
for mutants «lE R378A, R378Q, R378G, R378D, and sensitive upon the current density, it should be pointed out
R378E and lay halfway betweerlC andalE. Mid-poten-  that the current density fonlC E462R was in average
tials of inactivation ranged frorB, s = —52 mV for R378G  smaller than fo1C (Xhol), ruling out current density as a
to Ep5 = —44 mV for R378E. As seen above, the shifts in critical factor for the faster inactivation kinetics (Table 1).
the voltage dependence of inactivation were not accompa- The voltage dependence of inactivation was next studied
nied by any significant shift in the activation potentials for mutanta1C E462R (5-s prepulses) and compared with
(Table 1). alE, olE R378E, and1C (Xhol) (Fig. 7 C). As compared
with the «1C (Xhol) channel, the inactivation data points for
«l1C E462R were shifted to the left by10 mV, but they
remained significantly more positive than the inactivation
curve foralE R378E. Furthermore, the slope of the fit was
The alignment shown in Fig. 1 pointed out that the posi-much steeper fonwlC E462R than for any other mutant
tively charged arginine (R) residue in non-L-type?Ca tested in this study.

channels is replaced by a glutamate (E) residue that is Given the fact that the I-II linker could also be involved
conserved in all L-type channels. Replacement of residué calcium-dependent inactivation (Adams and Tanabe,
378 with the corresponding residue @1 C was shown to 1997), the inactivation kinetics at1C E462R were also
slow inactivation kinetics and shift the voltage dependenceneasured in the presence of 10 mM?CalLike the wild-

of inactivation. The reverse mutation of E to R in the braintype «1C, «1C E462R was found to inactivate significantly
«1C channel has already been examined and was actualfgster in the presence of €aions. For instance, the r300
shown to speed up inactivation of the slowerC channel ratios went from 0.39+ 0.04 (1 = 6) in B&" to 0.14 =
(Herlitze et al., 1997). To compare the inactivation proper-0.01 (= 3) in C&* at—10 mV and from 0.26- 0.02 f =

ties of «lE R378E andv1C E462R under our experimental 6) in B&€* to 0.014+ 0.001 f = 3) in C&" at +20 mV.
conditions, we performed thelC E462R mutation and These numbers compare well with the r300 ratiosddC
expressed it irKenopusoocytes. Fig. 7A shows whole-cell under the same G4 conditions with 0.13+ 0.03 at—10
current traces fonlE, alC E462R,a1E R378E, andklC  mV and 0.14+ 0.01 at+20 mV (h = 8). This result
that were scaled and superimposed at membrane potentidfglicates that mutations in the AID motif that disrupt volt-
between—10 and +10 mV. As seen on Fig. B, «lC  age-dependent inactivation may not necessarily impair cal-
E462R andalE R378E inactivated with a similar time cium-dependent inactivation, and further suggests that AID
course that turned out to be intermediary between the faghay not be the blocking particle common to both voltage-

The reverse mutation E462R triggers faster
inactivation kinetics in a1C (Ca,1.2)
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FIGURE 5 @A). Whole-cell currents obtained in the presence of 10 mM

Berrou et al.

taken to examine the possibility that the altered inactivation
kinetics of a1lE R378E andvlC E462R were secondary to
a modification in the coupling betwegd8 anda1-subunits
as all previous experiments were performed in the presence
of a full complement of auxiliaryx2bsd- and 33-subunits.
The objectives were twofold: 1) to explore whether modi-
fications in nonconserved residues in AID could influence
B-subunit modulation of the inactivation kinetics and 2) to
evaluate whether the changes in the inactivation kinetics
were intrinsically determined by thel-subunit. Mutant
alE R378E andxlC E462R were expressed Kenopus
oocytes in the presencaZbd/33) and in the absence @8
with only a2bé as ancillary subunit (Fig. 8). Whole-cell
currents were recorded in the presence of 10 mM*Ba
under strictly paired conditions (same day of expression,
same oocyte batch) to minimize nonspecific effects. The
presence of33 induced a leftward shift of the peak voltage
by —10 mV for bothalC E462R andvlE R378E (results
not shown), which is similar to what has been reported
before for the wild-type channels (Parent et al., 1997). The
voltage dependence of inactivation estimated from isochro-
nal measurements at 5 s was shifted to the left in the
presence oB3 withEy s = —11*=2mV (n = 4) (—B3) and

5= —26*2mV (n=6) (+B3) foralC E462R andk, s

. X . i . Fo.
Ba?". The mean r300 ratios (the fraction of the whole-cell current remain = —26+1mV (n=3)(—p3) andEys = —44 = 1 mV

ing at the end of a 300-ms pulse) are shawiSEM at four voltages from
—10to+20 mV for alE wt (black), a1E R378K (ight gray), a1lE R378A
(dark gray), «lE R378Q white), «lE R378G ¢ray), alE R378D
(hatcheq, andalE R378E ¢ross-hatchepfrom left to right. At—10 mV,
the r300 ratios foralE R378K andalE R378A were not significantly
different fromalE wt whereas those farlE R378Q were different gt <
0.05 and those fowlE R378G,alE R378D, andalE R378E were
significantly different ap < 0.002. The r300 ratios went from 0.6¢40.01
at —10 mV and 0.05*+ 0.02 at+20 mV (h = 7) for R378K, from 0.05+
0.01 at—10 mV to 0.06*+ 0.02 at+20 mV (h = 4) for R378A, from
0.13+ 0.03 at—10 mV to 0.08+ 0.02 at+20 mV (h = 7) for R378Q,
from 0.27 = 0.03 at—10 mV and 0.21+ 0.01 at+ 20 mV (0 = 7) for
R378G, from 0.25+ 0.03 at—10 mV to 0.19* 0.02 at+20 mV (h = 14)
for R378D, and from 0.28 0.03 at—10 mV to 0.23*+ 0.03 at+20 mV
(n = 14) for R378E as compared with 0.850.02 at—10 mV and 0.02+
0.01 at+20 mV (n = 17) for alE. The numbern) of experiments is

(n = 3) (+B3) for «lE R378E (results not shown). It thus
appears that the mutants retained some modulation by the
B3-subunit despite structural rearrangements in the main
B-subunit-binding site.

The time courses of inactivation farlC E462R and1E
R378E remained comparable to each other whether it was
measured in the absence (left panel) or in the preseng@ of
(right panel) under all conditions except-atl0 mV in the
absence ofg3 as it can be inferred from the r300 ratio
analysis (lower left panel). Moreover, the inactivation ki-
netics of both mutants remained significantly slower than
o«lE (p < 0.005) under all conditions. The inactivation
kinetics ofa1Cla2bé were not reported as its expression in

shown in parenthesesB) Activation potentials were estimated from the oocytes never rose above background currents. Co-injection

mean normalized current-voltage relationships. The relative data point

2

were plotted against the test voltage and were fitted to Boltzmann Eq. 2., . . ) .
Jion kinetics for both mutants, which was confirmed by the

The activation potentials were comparable for all mutants although the

increased slightly fromwlE R378A~ oalE R378G~ «lE wt < «lE

With the B3-subunit led to an apparent increase in inactiva-

r300 analysis. Hence, the inactivation kinetics remained

R378K~ alE R378D~ «lE R378E< «lE R378Q. Table 1 contains the  similar for «lE R378E andv1C E462R in the absence 8.

actual fit values.

and calcium-dependent inactivation mechanisms (Cens

al., 1999).

B-Subunit regulation is preserved in a1E R378E
and «1C E462R channel mutants

DISCUSSION

gosition R378 in the AID motif is critical in a1E

(Cay2.3) inactivation

In this study, the molecular determinants of voltage-depen-
dent inactivation in the:lE C&* channel were investigated
following mutations within the high-affinity3-subunit-

As B-subunits are known to modulate the inactivation ki- binding site (AID) of the I-ll linker. The AID motif is
netics of theal-subunit and to bind to the AID site (Prag- composed of a stretch of 18 amino acids located about at the
nell et al., 1994), the next series of experiments was unde®’ end of the I-ll linker that reads QQXEXXLXGYX-
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A
FIGURE 6 () The voltage depen- alE wt olE R378K -~ ao1E R378Q

dence of inactivation was estimated
from the relative tail currents re-
corded after a 5-s pulse applied be-
tween —100 and +50 mV (10-mV
steps). Typical current traces fallE
wt, alE R378K, «lE R378Q, and
«1E R378E are shown from left to 1pA «d
right. (B) The relative currents were 1s 1pA
plotted against the prepulse voltage w 1s
and fitted to the Boltzmann Eq. 1. 1s
The estimated mid-potentials of inac- o1E R378E B

tivation (Ey ) were comparable for -
«1E wt @) and fora1E R378K (J) —5sec > iimax
whereas the mid-potentials of inacti- )
vation were shifted to the right for 0.8+
alE R378A (*); alE R378G (),
«lE R378Q A); alE R378D @), 0.6+
andalE R378E ¥). The voltage de-
pendence of inactivation of thelC

wt (@) channel is shown for compar- 11“"\ 0.24
ison. Fit values appear in Table 1. s

Sec > T R sec >

sec— >

® olCwt

¥ olE R378E
€ o1E R378D
A @l1E R378G
A
*

a

|

«1E R378Q
o1E R378A
alE R378K
o1E wt

XWIXXXE. Considering that the I-II linker has recently ified by the R378E mutation. The same observation was
emerged as an active participant in the inactivation of volt-made for the family of mutants analyzed in this study.
age-dependent calcium channels, we became interested owever this conclusion regarding the absence of change in
probing the role of the nonconserved residues in AlDthe activation potential, remains preliminary in the absence
through a detailed mutational analysis at this sitelfe. Of  of single-channel data. The relationship between activation
the nine nonconserved residues, six positions involvingand inactivation states cannot be simply overlooked as they
significant changes in charge and/or size, as compared witare often coupled in voltage-dependent cation channels (Pa-
the same sequence irlC, were more thoroughly studied: til et al., 1998).

R378E, N381K, R384L, A385D, D388T, K389Q, and The reverse mutation E to R i@lC was also shown to
K389E. All mutants tested expressed significant whole-cellspeed up inactivation and to shift the voltage dependence of
currents after expression Xenopusocytes in the presence inactivation to more negative membrane potentials (Fig. 7).
of a2bd and B3-subunits. Some of these mutations wereThe rates olx1C E462R andvlE R378E inactivation were
studied globally as they were included either in the tripleboth significantly altered and were almost indistinguishable
(NRA-KLD), quadruple (NRAK-KLDQ), or the quintuple at+20 mV.However, neither point mutation at this position
mutant (NRADK-KLDTQ). Neither multiple mutant dis- in «1E or«1C channels could completely reverse the inac-
played significant changes in their kinetics or voltage de-ivation phenotype. Similarly, a series of experiments have
pendence of inactivation as compared with the wild-typeshown that the I-1l loop from eithex1B or «1A produced
«lE. In contrast, single point mutations of positively intermediary inactivation kinetics when inserted irtbE
charged residues K to E at position K389 and the R to Echannels but could not completely reverse the inactivation
mutation at position R378 significantly slowed the rate ofkinetics of «lE (Page et al., 1997). The role of the AID
inactivation. Of the two mutants, only the voltage depen-motif in inactivation kinetics has been previously demon-
dence of inactivation ofwlE R378E was affected with strated inalA and «1C channels (Herlitze et al., 1997;
~+20-mV shift in its mid-potential of inactivation as com- Sokolov et al., 1999), but this is the first report that the
pared with «lE wt. A series of mutations at the R378 nonconserved R (Arg) residue in the AID motif may con-
position indicated that the net charge carried by the sidetribute to the inactivation phenotype @iE. Hence, the 5th
chain could play a role in the inactivation kinetics, althoughposition of the AID motif could be a universal determinant
the net charge carried by the residue could not explain byf inactivation in non-T-type G4 channels.

itself the effects of R378A, R378G, and R378Q (see below). The AID motif has been intensively studieddiA, «1B,
Alterations in the inactivation properties occurred withoutalC, and «lE channels mostly in terms of its role in
any significant difference in the activation properties, hences-protein modulation (Toth et al., 1996; Bourinet et al.,
suggesting that the inactivated state was intrinsically mod1996; Mehrke et al., 1997; Page et al., 1998). Interestingly,
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FIGURE 7 @) Whole-cell currents obtained in the presence of 10 mMBfor alE wt, «1C E462R,a1E R378E, anck1C wt were scaled and
superimposed at the voltages 6.0 (eft), 0 (middlg, and +10 mV (right). All o1 subunits were co-injected wii2bs and 83 subunits. Mutant1C

E462R andalE R378E inactivated following a time course intermediary betwetf andal1C at all membrane potentialB)(The mean r300 ratios
calculated for the same channels are shawS8EM at four voltages from-10 to +20 mV for «1E wt (ight gray), «1E R378E {ark gray), «1E E462R

(white), «1C (Xhol) (gray), anda1C wt (hatched from left to right. The r300 ratios went from 0.05 0.02 at—10 mV and 0.02+ 0 at+20 mV (h =

17) for alE, from 0.33% 0.04 at—10 mV to 0.27= 0.03 at+20 mV (0 = 14) for alE R378E, from 0.3%t 0.04 at—10 mV to 0.26= 0.02 at+20

mV (n = 6) for «1C E462R, from 0.68 0.03 at—10 mV to 0.69+ 0.04 at+20 mV (n = 6) for «1C (Xhol), and from 0.69+ 0.01 at—10 mV to 0.71=

0.02 at+20 mV (n = 9) for «1C wt. (C) The voltage dependence of inactivation was estimated from the relative tail currents recorded after 5-s pulses.
Normalized currents were fitted to the Boltzmann Eq. 1. The estimated mid-potential of inactii@jigriqr «1C E462R () was more negative than

for the «1C (Xhol) construct @) but more positive than foxlE R378E ¥) and «1E wt (@). The fit values are shown in detail in Table 1.

the R-to-E mutation at the same position of the AID motif neutral), R378Q (polar but neutral), and R378D (negative).
has also been shown to eliminate G-protein regulation irAt first glance, an electrostatic interaction appears to play a
alA (Herlitze et al., 1997). However, it failed to affect determinant role in the inactivation properties, asE
G-protein modulation irk1B channels (Zhang et al., 1996) R378K was the only mutant to reproduce the wild-type
as did the reverse mutation E to R fail to bestow G-proteininactivation kinetics and voltage dependence. In contrast,
modulation toalC channels (Zhang et al., 1996). Despite negatively charged mutants R378D and R378E showed the
these small discrepancies, these results suggest that the Islowest inactivation properties. However, such an interpre-
linker may be specialized to serve as a modulatory domaitation falls short of explaining the behavior of neutral mu-
for C&* channel gating with the Arg (R) at position 5 tants R378A, R378G, and R378Q. Mutant R378A inacti-
playing a determinant role in many overlapping processesated like R378K betweer 10 mV and+20 mV. R378Q
(Zamponi et al., 1997; DeWaard et al., 1997; Herlitze et al. displayed intermediary inactivation kinetics-a.0 mV but
1997). tended to inactivate like R378K at20 mV. R378G pro-
duced, on the other hand, slow inactivation kinetics com-
parable to R378D and R378E at all membrane potentials.
Hence, there was no simple correlation between the inacti-
vation kinetics of R378 mutants (R378E, R378D, R378K,
Only the mutation of the positively charged residue (R378)R378A, R378Q, and R378G) and any single physicochem-
to negatively charged ones (E or D) at the 5th position of thacal property (charge, polarity, hydropathicity, and hydro-
QOXXER motif affected both the kinetics and voltage philicity). The intermediary behavior of R378Q could be
dependence of inactivation. Experiments were undertakepartly explained by the relative polarity of its side-chain as
to investigate the role of electrostatic interaction in thecompared with R378A. However, R378G, which also bears
inactivation kinetics ofv1E with additional mutants R378K a neutral but slightly polar residue at the same position,
(positive), R378A (nonpolar and neutral), R378G (polar butdiverged from that prediction. Glycine residues are known

A positive residue in the QQXXER motif triggers
fast inactivation of «1E (Ca,2.3)
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C E462R/02bd + 3

FIGURE 8 B3-Subunit modulation
of mutants «alE R378E andalC
E462R. f) The alE R378E and1C
E462R mutants were expressedie-
nopusoocytes in the presence @2bd
(left) and «2bd/B3 subunits (ight).
Whole-cell currents were recorded
with 10 mM B&* using a series of

02 pa|
pulses from—40 mV to +60 mV

from a holding potential of~80 mV. . E R378Ela2b8 + ﬁ3

Whole-cell currents peaked at10 + - T —
1 mV (n = 4) for «1C E462RA2b5

and+1 = 1 mV (n = 7) for «lC %
E462Rh2b6/B3, at +10 = 1 mV

(n = 3) for «1E R378E&2bs, and at

0+0.2mV (= 3) for «lE R378E/ 0.4 pA
«2bd/B3. In both cases, co-injection 100 ms
with the B3-subunit led to a signifi- 0.6 pA

cant increase in their respective inac-

tivation kinetics. Time scale is 100 ms B
throughout. B) At +10 mV, r300
went from 0.21+ 0.02 for alE/x2bd
(n = 3) to 0.01 = 0.005 for alE/
a2bd/B3 (n = 6), from 0.54= 0.08
for alE R378E&2bS (n = 3) to
0.27 = 0.03 foralE R378E&2b8/33
(n = 9), and from 0.65= 0.05 for
alC E462R&2b5 (n = 4) to 0.27+
0.02 for a1C E462R&2b5/B3 (n =
6).

-10 0 Vm 1o 20

to confer flexibility to polypeptides (Creighton, 1993), dent inactivation, few groups have addressed the possibility
which could considerably lessen whatever interaction takethat a modification in3-subunit modulation could explain
place at this position. Although sometimes classified withthe altered inactivation properties as the mutation involved
alanine in terms of its physicochemical properties, glycinea residue considered noncritical f8rsubunit binding. By
mutants have been shown to behave distinctively fronminvestigating the inactivation properties @ E R378E and
alanine mutants when introduced into membrane proteinsx1C E462R in the presence and in the absencg3fwe

For instance, in an extensive mutagenesis study of thehowed that the R-to-E mutation at the nonconserved posi-
al-subunit of the human glycine receptor, Gly mutants ation 5 of the AID motif failed to prevenp-subunit modu-
position 288 were found to display Egsimilar to the Glu  lation. Both mutants displayed the typical hallmarks of
mutants and significantly lower than the wild-type channelB-subunit modulation in Gd channels, namely, the in-
with an Ala residue at this position (Yamakura et al., 1999).crease in peak currents, negative shifts in the voltage de-
pendence of activation and inactivation, and increases in the
inactivation kinetics (Fig. 8). These data hence confirmed
that the changes in the inactivation kinetics observedlia
R378E andalC E462R were intrinsically determined by
The AID motif appears to be cumulating critical determi- changes in the:1-subunit. We, however, cannot completely
nants for C&" channel gating (Herlitze et al., 1997; Dol- rule out the possibility that mutations within the AID motif
phin, 1998), namely, in the context of this work (Walker and could somewhat modify the protein-protein interaction be-
DeWaard, 1998), voltage-dependent inactivationgssdib-  tween the mutated1- and theB-subunits, for modulation
unit modulation. Although it had been previously reportedand protein interaction could be distinct processes. It is thus
that the QQXER motif could play a role in voltage-depen-possible thatB-subunits could modulate thel-subunit

Mutations at the fifth position of the AID motif
did not prevent B-subunit modulation

Biophysical Journal 80(1) 215-228



226 Berrou et al.

independently of their ability to bind to the main AID nels requires hydrophobic residues (Kellenberger et al.,
(Yamaguchi et al., 1998). This distinction appears con-1997). In other words, amino acids with aliphatic and aro-
firmed by a recent study that showed that mutations of thenatic side-chains stabilized the interaction with the putative
conserved Y (Tyr) residue inlC (Y467S) had no signifi- inactivation receptor activated state whereas hydrophilic
cant effect ong-subunit-induced modulation of whole-cell ones tended to disrupt it (Kellenberger et al., 1997). Our
currents (Gerster et al., 1999). data suggest that the inactivated statelff C&" channels
could be disrupted by the presence of a negatively charged
residue at position R378. Moreover, positively charged res-
idues at position R378 are required to yield the fastest
inactivation kinetics whereas nonpolar residues could
It is increasingly suggested that the I-1l linker of HVA mimic to a certain extent the normal inactivation kinetics.
al-subunits could behave as an inactivating blocking parAs the residues in the inactivation ball in the N-terminus of
ticle in channels (Bourinet et al., 1999; Cens et al., 1999the ShakeK ™ channels were mostly hydrophobic (Hoshi et
Stotz et al., 2000) by analogy to the hinged-lid mechanisn@l., 1991), it appears that the molecular mechanisms ex-
described in N&a channels. In this scheme, there could be aplaining inactivation inelE channels could differ substan-
role for R378 contributing to a conformational change thattially from the ones in N& and K" channels, especially
could eventually cause occlusion of the channel pore. Theegarding the nature of the interaction at the inactivation
proposition that inactivation im1E channels involves the site. Itis, in addition, too early to draw any parallel between
I-Il linker as the inactivation gate remains, however, pre-the observation that inactivation inlA, «1B, and alE
mature at this point in the absence of a three-dimensiondl& " channels could occur from intermediate closed states
structure. (Patil et al., 1998) and the general description of voltage-
Our data support a major contribution of R378 to thedependent inactivation in many voltage-gated sodium
inactivation properties (kinetics and voltage dependence) ofArmstrong and Bezanilla, 1977; Bean, 1981; Kuo and
«lE. The mutation of a neighboring positive residue inBean, 1994) and potassium channels (Hoshi et al., 1990;
K389E slowed the inactivation kinetics but failed to signif- Demo and Yellen, 1991) where inactivation rates accelerate
icantly influence the voltage dependence of inactivation. Itsharply and progressively in proximity to the open state.
remains to be seen, however, whether mutations at this site The ongoing debate regarding the molecular locus of
reverberate on other sites, critical for inactivation, that werevoltage-induced inactivation in &4 channels underscores
not studied in this work. Indeed, mutations at the R378the intricate and complex nature of this mechanism. Recent
position failed to completely eliminate voltage-dependentdata gathered from mutagenesis studies appear to converge
inactivation, indicating that other loci are required to fully toward residues within the I-1I linker im1E (Stotz et al.,
account for voltage-dependent inactivationdbE channels.  2000; our data)elC (Herlitze et al., 1997; our data), and
Some other contributing sites could include, but are nowlA channels (Ellinor et al., 1993; Herlitze et al., 1997,
restricted to, residues located downstream to the AID motiBourinet et al., 1999). As the I-Il linker of T-typelG,
or residues located in the C-terminus. Indeed, splice variants1H, andall does not display a high degree of homology
in the I-1l linker producedx1A channels with altered inac- Wwith otheral-subunits, transitions to the inactivated state in
tivation phenotypes (Bourinet et al., 1999), and mutations irthese channels probably involve other molecular determinants.
the C-terminus were shown to slow voltage-dependent in-
aCtIYatlo.n (B(imatCheZ etal, 199.8)_' By analogy \_Nlth Ir]aC_We thank Dr. Toni Schneider for the humadE-subunit, Dr. Ed Perez-
tivation in Na” and K" channels, it is highly possible that Reyes for theB,-subunit, and Dr. R. Sauvler critical reading. L.P. is a
sites responsible for voltage-dependent inactivation in th&enior scholar from the Fonds de la Recherche en’ Shn@udec.
«lE C&" channel are distributed along its primary structure.This work was completed with grants from the Medical Research Council
Our data on the molecular determinants of inactivation inef Canada (MT13390) and from the Canadian Heart and Stroke Foundation
«lE C&* channel inactivation highlight some critical dif- o L.P.
ferences with the mechanism of fast inactivation in brain
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