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Mutations in distal S6 were shown to significantly alter the
stability of the open state of Ca, 2.3 (Raybaud, A., Baspinar, E. E.,
Dionne, F., Dodier, Y., Sauvé, R., and Parent, L. (2007) J. Biol.
Chem. 282, 27944-27952). By analogy with K, channels, we
tested the hypothesis that channel activation involves electro-
mechanical coupling between S6 and the S4S5 linker in Ca,2.3.
Among the 11 positions tested in the S4S5 linker of domain II,
mutations of the leucine residue at position 596 were found to
destabilize significantly the closed state with a —50 mV shift in
the activation potential and a —20 mV shift in its charge-voltage
relationship as compared with Ca, 2.3 wt. A double mutant cycle
analysis was performed by introducing pairs of glycine residues
between S$4S5 and S6 of Domain II. Strong coupling energies
(AAG; teract > 2 kcal mol™!) were measured for the activation
gating of 12 of 39 pairs of mutants. Leu-596 (IIS4S5) was
strongly coupled with distal residues in IIS6 from Leu-699 to
Asp-704. In particular, the double mutant L596G/1701G
showed strong cooperativity with a AAG;,erace =6 kcal mol ™!
suggesting that both positions contribute to the activation gat-
ing of the channel. Altogether, our results highlight the role of a
leucine residue in S4S5 and provide the first series of evidence
that the IIS4S5 and IIS6 regions are energetically coupled dur-
ing the activation of a voltage-gated Ca,, channel.

Voltage-dependent Ca>* channels are membrane proteins
that play a critical role in promoting Ca*>* influx in response to
membrane depolarization in excitable cells (1-6). The Ca,al
subunits of voltage-dependent Ca”>* channels are evolution-
arily related to the « subunit of K, channels with a single poly-
peptidic chain carrying four domains of six transmembrane
segments (S1-5S6). Although the overall identity at the primary
sequence level is quite low between Ca,, and K,, channels,
it improves significantly for transmembrane segments. By
homology with the three-dimensional structures of KcsA,
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MthK, K,,AP, KirBac, and K,,1.2 channels (7-11), the four S4
transmembrane segments are thus believed to act as the voltage
sensor, whereas the S6 helices line the channel pore of Ca,,al.

Both in K,, and Ca,, channels, the question as to how the S4
motion is transmitted to the S6 helix to open the gate upon
depolarization remains heavily studied. In the electromechan-
ical coupling model based upon the K,,1.2 crystal structure (12),
the S4S5 linker, which is located within atomic proximity (4-5
A) of the S6 helix, interacts with the latter in the closed state of
the channel. The movement of the S4 voltage sensor is likely to
induce a conformational change that pulls the S4S5 linker away
from the S6 inner helix ultimately resulting in ions flowing
through the pore. The closed conformation of the channel is
postulated to be stabilized by hydrophobic interactions at the
level of the “closed bundle” in S6 (13—15).

Experimental evidence supporting a role for the S4S5 linker
in the voltage dependence of activation of K,, channels is
steadily mounting. Introduction of the S4S5 linker from KcsA
disrupts the voltage-dependent activation of K,2.1 (16, 17). In
hERG, cross-linking studies have shown that residues located in
the S4S5 linker and in the S6 helix are in atomic proximity and
that gating currents were greatly affected as a result of disulfide
bridge formation (18). Furthermore, mutations of a unique gly-
cine residue (Gly-546) within the N-terminal end of the S4S5
linker were shown to stabilize the closed state by ~1.6-4.3
kcal/mol and restricted the voltage sensor movement (19).

The potential coupling mechanism between the S4S5 linker
and the S6 helix has yet to be explored in Ca,, channels. In
contrast to Ky, channels, Ca,, channels are structurally asym-
metrical with four distinct albeit homologous S4S5 linkers and
four distinct S6 helices. We have already shown that glycine
substitutions in the distal S6 regions of domains I, II, III, and IV
altered the relative stability between the open and closed states
(20). Mutations within IIS6 were found to impact most signifi-
cantly on the activation gating of Ca,2.3. In particular, I701G
shifted by —35 mV the voltage dependence of activation while
slowing down inactivation and deactivation kinetics (20). These
data indicated that IIS6 plays a unique role in the channel equi-
librium between the closed and the open state(s) in Ca,,2.3.

To determine whether the S4S5 linker of Domain II (IIS4S5)
is coupled with the S6 helix of the same domain (IIS6) during
activation of Ca,,2.3, we performed a double mutant cycle anal-
ysis (21) within domain II of Ca,,2.3. Double mutant cycle anal-
ysis has often been proven to be a powerful tool for studying
intra-protein interactions in Ca, 1.2 (22), K, (23, 24), and CNG
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(25) channels among others. Our assay, conducted by introduc-
ing pairs of glycine residues, one in the IIS4S5 linker and one in
the I1S6 helix, has identified crucial points of energy interaction
between these two regions. Notably Leu-596 in IIS4S5 appeared
to be strongly coupled with IIS6 distal residues from Leu-699 to
Asp-704 with AAG,, . .cc moOre negative than —2 kcal mol ™.
Altogether, our results provide the first series of evidence that
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FIGURE 1. A, predicted alignment of the four S6 segments of Ca, 2.3 with the
S6 segment from K,1.2. The top row shows the primary sequence of the S6
segment from Protein Data Bank 2A79 file for the atomic coordinates of K, 1.2.
The primary sequences of IS6, 11S6, 111S6, and IVS6 of Ca, 2.3 were aligned with
S6 of K 1.2 using the T-coffee algorithm (see supplemental “Experimental
Procedures” and Ref. 18). The II1S6 residues used in the double mutants are
underlined.The IS6, 111S6, and IVS6 residues used in additional experiments are
shaded (modified from Ref. 18). B, predicted alignment of the S4S5 linkers of
Ca,2.3 with the 54S5 linker from K, 1.2. All linkers are exactly the same length.
The top row shows the primary sequence of the S4S5 linker from Protein Data
Bank 2A79 file for the atomic coordinates of K,,1.2. The primary sequences of
the 15455, 1154S5, 11154S5, and 1VS4S5 linkers of the Ca,2.3 channel were
aligned with S4S5 of K, 1.2 (see “Experimental Procedures”).

TABLE 1
Biophysical properties of 15455 mutants in Ca, 2.3

the I1S4S5 and IIS6 regions are coupled during the activation of
Ca,2.3.

EXPERIMENTAL PROCEDURES

Recombinant DNA Techniques—The human Ca,,2.3 (Gen-
Bank L27745) (26), the rat Ca,,83 (GenBank M88751) (27), and
the rat brain Ca, a2bd (GenBank NM_000722) (28) were used.
Point mutations were produced with the QuikChange XL-mu-
tagenesis kit (Strategene, La Jolla, CA) using 39-mer primers on
the full-length Ca,,2.3 clone as described elsewhere (20). Con-
structs were verified by automated double-stranded sequence
analysis (Genomics Platform, IRIC, Université de Montréal,
QC, Canada). Run-off transcripts were prepared using the T7
RNA Polymerase mMessage mMachine® transcription kit
(Ambion, Austin, TX) and stored at —20 °C before use.

Functional Expression of Ca,2.3—Qocytes were obtained
from female Xenopus laevis clawed frogs as described previ-
ously (20, 29). Oocytes were injected with 46 or 4.6 nl of a
solution containing cRNA coding for the Ca, a1, Ca, a2bd, and
Ca, 33 subunits in a 6:2:3 weight ratio. Coexpression with the
ancillary Ca,, 83, which is predominant in the brain (30), pro-
motes strong functional expression (31, 32) and emphasizes
closed-state inactivation (33) of Ca,,2.3. Functional expression
of mutants was deemed significant with whole cell Ba*>" cur-
rents larger than —300 nA.

Whole Cell Recording and Data Acquisition in QOocytes—
Wild-type and mutant channels were screened at room tem-
perature for macroscopic Ba®>" currents, 2 to 4 days after RNA
injection, using a two-electrode voltage-clamp amplifier (OC-
725C, Warner Instruments) as described earlier (20, 29, 34).
Oocytes were routinely injected with 23 nl of a 50 mm EGTA
(Sigma) solution 0.5 to 2 h before the experiments. The
pCLAMP 10 software (Molecular Devices, Sunnyvale, CA) was
used for on-line data acquisition and analysis. A series of
500-ms voltage pulses (5 mV steps) was applied at a frequency
of 0.2 Hz from a holding potential of —120 mV in most cases.

Biophysical parameters of Ca, 2.3 wild-type and mutant channels were estimated with Ca,,a2b8 and Ca, 83 in the presence of a 10 mm Ba®" solution as described elsewhere
(29, 38, 41). The voltage dependence of inactivation was determined from the peak currents after 5-s depolarizing pulses from a holding potential of —120 mV (—140 mV
for L596G). Activation properties (E, ;... and z) were estimated from the mean I-V relationships and fitted to a Boltzmann equation where z is the slope factor. The data
are shown with the mean * S.E. of the individual experiments and the number of experiments appears in parentheses.

Ca,2.3/a28/B3 Activation Inactivation Deactivation,
10 mm Ba** Ej s ace AG,, Ej 5 inact AG e R50 at 10 mV max 7 deact
mV keal mol ™! mV keal mol ™! Ms
Ca,2.3 wt —6.7 = 0.4 (108) -1.0+0.1 —63.5 * 0.6 (74) —43+0.1 0.41 = 0.02 (41) 1.3 = 0.2 (10)
L592G —11+1(5) -12+0.1 —63+1(5) -3.6*+0.1 0.54 = 0.01 (5) 1.0 = 0.1 (5)
V593G —5+1(5) —0.5+0.2 —68 +1(5) -38+06 0.47 *+ 0.03 (5) 0.60 * 0.02 (5)
V594G —11*+1(5) -13+0.1 —55 * 2 (4)* —2.5+0.1° 0.73 = 0.02 (5)° 1.0 = 0.1 (5)
$595G —17 = 2(9)® -1.7+03 -39 =1 (5 —25+0.1° 0.73 = 0.03 (5)° 0.7 = 0.1(5)
L596G —53 +1(6)" —6.5+0.7° —108 + 3 (6)” —4.7 0.2 0.87 = 0.03 (6)° 21 + 2 (6)”
L596D —20 = 1(5)” —2.5+02° —43 =1 (5)” -3.0£0.1° 0.78 = 0.03 (5)° 2.5+ 0.5 (5)
L596P —20 =1 (5 —2.7 +02° —58 = 1(5) —3.4 + 03" 0.70 = 0.02 (5)° 11 =2 (5)°
M597G —14 =1 (4)* -15+02 —82 +1(4) —3.6 0.2 0.26 = 0.07 (4) 0.8 +0.1(5)
S598G -4+ 2(5) —0.5+0.2 —59 + 1(5) —34 +0.1° 0.41 * 0.02 (5) 0.7 + 0.2 (5)
$599G —2+1(9)" -03+02 —55 = 1(7)" —4.1+0.1 0.49 = 0.02 (9) 0.8 +0.1(8)
M600G —16 = 1 (5)* —2.1+0.2° —65*+1(5) —43+0.1 0.33 = 0.03 (5) 0.8 +0.1(4)
K601G —5+1(5) —0.6 02 —51 = 1(5)” -3.1*01% 0.53 = 0.03 (5) 1.1 0.1 (5)
$602G —20 = 1(6) —3.1+ 04" —70 =1 (5)* —4.4+ 02 0.58 = 0.06 (6)* 1.7 = 0.4 (6)
1214G (IS4S5) -9+1(5) -0.7+0.1 —83.0 £ 0.2 (5)° —3.3+0.3" 0.19 = 0.05 (5)° 1.1 0.3 (5)
V1281G (I11S4S5) —4.6 = 0.8 (5) —0.5*0.1 —67 = 1(5) —4.0+0.1 0.29 *+ 0.01 (5) 1.1 +0.2(5)
F1599G (IVS4S5) —-1+1(5)" -0.1+0.1 —59 +2(5) -2.8+0.3° 0.49 = 0.03 (5) 4+2(5)"

“p < 0.01 as compared with Ca,2.3 wt.
? p < 0.001 as compared with Cay2.3 wt.
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FIGURE 2. Representative traces of whole cell currents obtained for the
single 115455 mutants in a 10 mm Ba?* solution. A series of 500-ms
voltage pulses were applied between —70 and +50 mV (5-mV steps) from
a holding potential of —120 mV (except for L596G where the holding
potential was —140 mV). Traces are shown from left to right, starting at the
top of the figure, for Ca,2.3 wild-type, L592G, V593G, V594G, S595G,
L596G, M597G, S598G, $599G, M600G, K601G, and S602G. Unless stated
otherwise, all channels were co-expressed with the Ca,a2bé and Ca, 33
auxiliary subunits. Scales are 0.2 uwA and 50 ms.

The holding potential was —140 mV for mutants that show a
strong negative shift in the voltage dependence of inactivation.

Cut-open Oocyte Recordings—Gating currents were recorded
using the cut-open oocyte voltage-clamp technique (35, 36)
with a CA-1B amplifier (Dagan Corp., Minneapolis, MN). The
membrane of the oocyte exposed to the bottom chamber was
permeabilized by a brief treatment with 0.1% saponin. The
external solution contained 2 mm CoCl,, 110 mm NaOH, and 10
mM Hepes, titrated to pH 7.0 with methanesulfonic acid (37).
The internal solution in contact with the oocyte cytoplasm was
either 120 mwm tetraethyl ammonium, 10 mm Hepes, 0.5 mm
EGTA, and 5 mm MgSO,, titrated to pH 7.0 with methanesul-
fonic acid; or 110 mm potassium glutamate and 10 mm Hepes,
titrated to pH 7.0 with KOH. Data acquisition and analysis were
performed using the Digidata 1322A 16-bit system (Molecular
Devices). Gating currents were filtered at 1 kHz and digitized at
10 kHz. Holding potential was —120 mV and 30-ms voltage
steps were evoked from —100 to 60 mV by 5-mV increments.
Linear components arising from charging the membrane and
leak currents were eliminated by a P/—-4 protocol. Gating
charge versus voltage (Q-V) relations were obtained by inte-
grating the OFF gating currents and then fitting single Boltz-
mann functions (Equation 1) according to
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FIGURE 3. A, histogram of the AG for activation and AG for inactivation gating
(respectively, AG,. and AG;,,.) of the glycine mutants between positions
592 and 602 in the S4S5 linker in domain Il (11S4S5) of Ca, 2. 3. AG, . and AG; ..,
were obtained as described under “Experimental Procedures.” The AG,, of
L596G, M600G, and S602G were significantly more negative than Ca, 2.3 wt at
p < 0.001 (one-way analysis of variance). In contrast, the AG,,,, of V594G,
S595G, S598G, K601G, and S602G were significantly more positive than
Ca,2.3 wt at p < 0.01 (one-way analysis of variance). B, gating currents were
measured with the cut-open oocyte technique. Normalized gating charge
was plotted against test voltages for Ca,2.3 wt and L596G. The voltage
dependence of the gating charge or V,, 5 5 values were obtained from fitting
the traces with a single Boltzmann equation as described under “Experimen-
tal Procedures.” V, 5 o values were 6 = 1 mV (n = 19) for Ca, 2.3 wtand —24 +
1mV (n = 10) for L596G. C, the mean time constants of deactivation (obtained
from fitting current traces from monoexponential functions) for Ca,2.3 wt
and the 11S4S5 glycine mutants (592-602) were plotted against the test
potential. Numerical values are found in Table 1. L596G yielded a significantly
longer deactivation time constant (p < 0.001) than the Ca,2.3 wt at all volt-
ages more positive than —80 mV. D, representative tail currents for Ca,2.3 wt
and L596G. Currents were activated during 8-ms conditioning depolarizing
voltage pulses at 0 mV for the wt and —40 mV for L596G. Deactivation was
recorded during subsequent repolarization to test potentials from —120to 0
mV (10-mV increments) as illustrated on the pulse protocol.

1
1+ exp[—ze(V — Vos,0)/kT]

Q/Quax = (Eg. 1)
where parameter e is the elementary electric charge; k is the
Boltzmann constant; z is the effective valence.

Data Analysis— Activation parameters were estimated from
the peak I-V curves obtained for each channel combination
and are reported as the mean of individual measurements =
S.E. Briefly, the I-V relationships were normalized to the max-
imum amplitude and fitted to a Boltzmann equation with
E, 5. being the midpotential of activation as described else-
where (20, 29, 38). The estimation of E ; ., using nonstation-
ary measurements rests upon the assumption that the transi-
tion to the open state is much faster than the transition to the
inactivated state.

The free energy of activation was calculated using the midac-
tivation potential by Equation 2.
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TABLE 2

Activation gating properties of the double mutants 1154-S5/11S6 in Ca, 2.3

Activation gating properties of Ca,,2.3 wild-type and double mutant channels were estimated with Ca, «2b8 and Ca, 83 in the presence of a 10 mm Ba®* solution as
described elsewhere (29, 38, 41). Activation properties (E, 5 . and z) were estimated from the mean I-V relationships and fitted to a Boltzmann equation where z is the slope
factor. The data are shown with the mean * S.E. of the individual experiments and the number of experiments appears in parentheses. The biophysical properties of the
L699G to A703G mutants were previously described (20) and are shown under “supplemental Table 1 along D704G. Ln () factor and AAG, ... were calculated for double
mutants as indicated under “Experimental Procedures” with AG,, values (in kcal mol ") for L699G = —2.3 = 0.2 (1 = 13), A700G = —1.8 £ 0.2 (n = 14),1701G = —4.7 +
0.3 (n = 24), A702G = —1.2 £ 0.1 (n = 20), V703G = —3.6 = 0.2 (n = 15). A In £} value of 0 indicates the absence of coupling.

Ca,2.3/a28/B3, Activation Deactivation,

10 mm Ba** Ejs et AG,., In(Q) AAG,eract max 7 deact

mV keal mol™* keal mol™! ms
L592G/1701G —49 =1 (4)* —4.6 £ 0.57 2+1 1*+1 11 =2 (4)°
V593G/L699G —30 + 2 (5)* —3.7 +05° —3+1 —2+1 6+ 1 (5"
V593G/A700G —25+ 1 (4) —35* 0.3 —4+1 —22+08 13 + 2 (4)*
V593G/1701G —53 =2 (5)* —6.6 £ 047 —-2*1 -1%1 9=*+1(5"
V593G/A702G —30 + 1 (5)* —3.6 + 0.4° —5+1 —29+08 6+ 1 (5
V593G/V703G —20 + 3 (5) —23+ 04 —1=1 0.8 = 0.9 4+2(6)
V594G/L699G —29 =1 (5)* —3.3£0.3° -1*1 —0.7 £ 0.7 4.0 £ 0.2 (5)"
V594G/A700G —19 + 1 (4)* —23+03" 0+1 —02+0.7 1.3+ 0.3 (4)
V594G/1701G —53 *1(5)* —6.6 = 0.6" -1*1 -1x1 11 £ 2(5)"
V594G/A702G —14 + 2 (6)* —1.9*04 -1*1 —0.4 *+0.7 1.2 0.2 (6)
V594G/V703G —24 + 1 (5)* 3.0+ 024 “1+1 0.9 + 0.6 15+ 0.2 (5)
V594G/D704G —18 = 1(5) —2.5+ 0.3 2+1 —03+03 1.6 + 0.3 (5)
S595G/L699G —25*1(5)* —3.8 £0.57 -1*1 -1%1 5+ 1(5)7
$595G/A700G —26 + 1 (6)* —3.8 + 04° —2+1 “1+1 2.6 + 0.6 (6)
$595G/1701G —61 =1 (5" 72+ 0.5 —1=1 —1=1 1.0 + 0.5 (5)
S595G/A702G —17 + 2 (5)" —27 + 0.6° “1+1 —1=+1 8+ 1 (51
$595G/V703G —25 + 1 (3)* —23+0.1° 4+1 2+1 13+ 0.1 (5)
L596G/L699G —24+2(5) —24+ 05 9+2 5+2 21*03(5)
L596G/A700G —22 = 1(5)* —3.0 £0.3° 7*2 4=*1 14 *0.2(5)
L596G/1701G —53 + 1 (5)* —56+ 03¢ 10+2 6+1 8 + 2 (5)
L596G/A702G —26+1(5)" 3.6 + 0.3 5+2 3+1 47 = 0.6 (5
L596G/V703G —25 + 1 (5)° —3.7 +0.2° 9+2 5+1 2.5 + 0.4 (5)
L596G/D704G —21+1(5)% —28+ 03" 8+2 5+1 2.8+ 0.2 (5
M597G/L699G —30 =1 (5)* —33*0.3" -1*1 —0.5*0.8 22+ 04 (5)
M597G/A700G —26 = 1(5)* —3.0 £0.1¢ -1*1 —0.7 = 0.6 0.9 +0.1(5)
M597G/1701G —13 + 1 (6)* —15+0.2 8+1 48+ 0.8 1.1+ 0.1 (4)
M597G/A702G —20 *1(5)* —2.2+0.1° -1*1 —0.5*05 2*+1(5)
M597G/V703G —27 £ 1(5)* —3.7 £0.37 -1*1 —0.3+09 2.0+ 0.3 (5"
M597G/D704G —22 + 1 (5)% —24 +0.1¢ 0+1 0.0 + 0.5 1.0+ 0.2 (5)
$598G/L699G —20*1(5)" —20+01° 0+1 —02+06 25+ 0.2 (5
S598G/A700G —20 =1 (5)* —24*0.17 —-2*1 —-1.1+0.7 14 *0.2(5)
$598G/1701G —51 + 2 (5)* —6.5 + 0.6 —2+2 “1+1 7 + 2 (5
S598G/A702G —17 =157 ~1.9+02 —2+1 ~12+06 3.6 =03 (5
S598G/V703G —27 £ 1(5)* —3.7 £0.37 -1*1 —0.6 = 0.8 22 *0.2(5)
S598G/D704G —14 + 1 (5)* ~1.6+0.2 0+1 —02+ 0.6 1.0 = 0.1 (5)
S$599G/1701G —42 *1(6)* —4.7 £ 0.3 1*+1 04 £0.9 13 £1(5)”
M600G/1701G —53 = 1(5)* —6.2 £0.57 1*+1 1*+1 25 =2 (5)*
K601G/1701G —40 + 1 (5)* —4.1 +02¢ 2+1 1+1 14 + 3 (4)
$602G/1701G 52+ 1(4) 6.0 = 0.1 3+1 1.9+ 09 20 + 2 (4)
“p < 0.001 as compared with Ca,2.3 wt.
? p <0.01 as compared with Cay2.3 wt.
AG, =2z F: Eys0n (Eq.2) AAG, (1o = 0 suggests that the activation energies are purely

Deactivation time constants and inactivation parameters were
calculated as described in detail under supplemental “Experi-
mental Procedures”. Statistical analyses were performed using
the one-way analysis of variance fitting routine for two inde-
pendent populations included in Origin 7.0. Data were consid-
ered statistically significant at p < 0.01.

Double Mutant Cycle Analysis—The coupling or interaction
energy AAG,, . ..cc Was calculated as,

AAGinteract = (AGact,WT + AGact,double) - (AGact,S4SS + AGact,Sé)
(Eq.3)

where AG,, ... is the free energy of activation of the wild-type
channel, AG, . 4oupe i8 the free energy of activation of the dou-
ble glycine mutant, AG,, s455 is the free energy of activation of
the single glycine mutant in the S4S5 linker, and AG,, g, is the
free energy of activation of the single glycine mutant in S6.
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additive hence that the residues are not functionally coupled. A
value of AAG, ... more positive than +1 kcal mol™" or more
negative than —1 kcal mol * (JAAG,,, ... = 1) Was considered
significantly different in similar studies (24, 25). However, given
the experimental variations associated with the measurements, we
used a threshold of [AAG, . o] = 2 kcal mol .

Homology Modeling of Ca,2.3—An analysis based on the
SAMTO2 algorithm (39) confirmed K,, 1.2 as a suitable tem-
plate to model the S4S5 linker and S6 segments of domain II of
Ca,,2.3. The computer-based molecular model of Ca,,2.3, going
from the IIS4 helix to the end of IIS6 was obtained with Modeler
9 version 4 using the molecular coordinates of K,,1.2 (Protein
Data Bank code 2A79). Details are provided under supplemen-
tal “Experimental Procedures”.

RESULTS

Single Point Glycine Mutations in IIS4S5—A glycine scan was
performed in the S4S5 linker of domain II to identify residues
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most likely to play a role during the activation of Ca,2.3.
Because of the absence of a side chain, glycine mutations most
likely minimize steric constraints, whereas generally decreasing
the degree of hydrophobicity of the S4S5 linker. We used the
predictive SAM-TO02 algorithm (39) to evaluate the structural
impact of introducing glycine residues in the S4S5 linker of
domain IT in Ca,,2.3 channels. As seen under supplemental Fig.
S1, single point mutations are not predicted to significantly
alter the predicted secondary structure of this region.

Glycine residues were thus introduced as single point muta-
tions between residues 592 and 602 in the S4S5 linker of
domain II (I1S4S5) (Fig. 1B). The AG, , and AG,,,. (AG for the
activation and inactivation, respectively) of these 11 consecu-
tive single point mutations are reported in Table 1. As shown in
Fig. 2, all mutant channels activated in response to membrane
depolarization. From the histogram in Fig. 34, it appears that
the AG,., and AG,,,. for most mutants (L592G, V593G,
V594G, S595G, S598G, S599G, and K601G) were not signifi-
cantly different from Ca,2.3 wt. In contrast, the AG,_, were
significantly altered by glycine residues introduced at positions
596, 600, and 602 with a clear leftward shift in the voltage
dependence of activation. It is noteworthy that no glycine
mutants shifted AG,_, toward positive voltages. L596G experi-
enced the most significant change in the AG,. value from
—1.0 = 0.1 kcal mol ™! (# = 108) for Ca, 2.3 wt to —6.5 * 0.7
kcal mol ™" (n = 6) for L596G yielding a AAG, , = —5.5 = 0.8
kcal mol™ . This singular effect was specific for the glycine
mutation. Other nonconservative mutations at this position,
L596D and L596P, were activated at significantly lower mem-
brane potentials with AG,., = —2.5 = 0.2 and —2.7 * 0.2 kcal
mol ', respectively.

The voltage dependence of the Q/Q,, ., curve for L596G was
also significantly shifted toward negative voltages with V;, 5 o =
—17 £ 1mV (n = 4) as compared with V, ; o =6 = 1mV (n =
19) for Ca,,2.3 wt (Fig. 3B). L596G displayed slower inactivation
kinetics with a R50 = 0.87 = 0.03 as compared with R50 =
0.41 = 0.02 for Ca,,2.3 wt (Table 1), a significantly slower deac-
tivation time constant (Fig. 3, C and D) but little change in the
AG,,....- These data are compatible with L596G either destabi-
lizing the closed state or stabilizing the open state of Ca,2.3.
Similar observations were reported after mutations of IIS6
(supplemental Table S1 and Ref. 20) raising the possibility that
the two regions contribute synergically to channel activation.

Leu-596 Is Coupled to Distal 1IS6—To investigate the
hypothesis that L596G in the S4S5 linker is specifically coupled
to the distal S6 region of domain II, we performed a double
mutant cycle analysis of these two regions. The double mutant
cycle analysis provides a way for isolating the energetics of spe-
cific pairwise interactions (21, 23). We opted to introduce pairs
of glycine residues in IIS4S5 and IIS6, which had been shown to
yield functional channels in our previous mutational analysis
(20). The biophysical properties of a total of 39 double muta-
tions produced between the distal IIS6 (699 to 704) (supple-
mental Table S1) and the 11 positions (592 to 602) in I1IS4S5
were characterized from whole cell current recordings (supple-
mental Fig. S2).

Using Equation 3, AAG;  ceract
mutants with the AG, ., and AG,;

inact

were calculated for the double
values reported in Table 2

S
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interact
FIGURE 4. Histogram of the interaction energies (AAG crace) in kcal
mol~" for the activation of double mutants produced between 11S4S5
and 11S6 in Ca,2.3. AAG,eracc Were calculated as described under “Experi-
mental Procedures” using the AG,, values for the wt channel and the indi-
vidual [1S4S5 mutants (see Table 1) as well as the AG,, values of the individual
11IS6 mutants (see supplemental Table S1). Numerical values for the gating
properties of the double mutants are shown in Table 2. In the histogram, the
double mutants are shown with the [1IS4S5 mutant to the left of the 11S6
mutant (going from the N- to the C-terminal). As shown, the pairs of residues
V593G/L699G, V593G/A700G, V593G/A702G, S595G/V703G L596G/L699G,
L596G/A700G, L596G/I1701G, L596G/A702G, L596G/V703G, L596G/D704G,
M597G/1701G, and S602G/I701G displayed significant coupling during the
activation gating of Ca,2.3.

and supplemental Table S2. Fig. 4 shows the histogram of
AAG; . oract Values for the activation of the 39 double mutants.
The double mutant cycle analysis revealed cooperativity
between L596G and 6 consecutive positions in the distal 11S6
(supplemental Fig. S3). Interaction was non-additive for the
L596G double mutants with AAG, ;... Values ranging from 3
to 6 kcal mol " (see Table 2 for exact values). AAG, ..., values
larger than 1 kcal mol ™" are usually suggestive of a significant
interaction (23, 24) and exceed the coupling energies calculated
between IS6 and I1S6 in Ca,,1.2 (22). Fig. 5 shows the whole cell

JOURNAL OF BIOLOGICAL CHEMISTRY 27201


http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1
http://www.jbc.org/cgi/content/full/M111.237412/DC1

Leucine Residues in the Gating of Ca, 2.3

A. Ca,2.3L596G Ca,2.31701G L596G/I701G

-Cav2.3 (23)
= L596G (6)
1701G (10)
L596G/1701G (5)

T imax

Cav2.3 wt (19)
L596G (10)
1701G (15) A
L596G/I701G (9) ¥

> % 00

90 -60 -30 0 30 e0omV

FIGURE 5. A, whole cell current traces are shown from left to right for Ca, 2.3 L596G, 1701G, and L596G/1701G in the presence of Ca,a2bd and Ca,33. Current
traces were obtained in 10 mm Ba®* from a holding potential of —140 mV. B, normalized current-voltage relationships for Ca,2.3 wt (dashed line), L596G
(squares), 1701G (circles), and L596G/1701G (diamonds) were obtained by fitting the experimental data to a modified Boltzmann equation (see “Experimental
Procedures” and Refs. 20, 29, and 34)). C, normalized gating charge versus voltage plot for Ca, 2.3 wt (circles), L596G (squares), 1701G (stars), and L596G/I701G
(triangles). V, 5 o values are 6 = 1 mV (n = 19) for Ca,2.3 wt, =20 = 1 mV (n = 15) for I701G, —24 = 1 mV (n = 10) for L596G, and —22 = 1 mV (n = 9) for

L596G/1701G.

current traces, the average I/V curves, and the voltage depen-
dence of the gating charge (Q/Q,,,) of the L596G/1701G
mutant. As seen, the gating charge curve for L596G/1701G was
indistinguishable from either point mutations but significantly
shifted to the left when compared with Ca,,2.3 wt. The absence
of additivity in some the L596G/I1S6 mutants could thus arise
in part from the dominant effect of L596G on the gating of
Ca,2.3. A similar observation can be made for I701G, the gating
of which was not significantly modulated by any mutation in
11S4S5, save for M597G. The negative shift in the Q/V curve of
1701G is reminiscent of the negative shift reported after muta-
tion of the equivalent residue in S6 of Shaker K, channels (36).
Altogether, these data suggest that Leu-596 and Ile-701 partic-
ipate in a concerted fashion to the activation gating of Ca,,2.3.

Introducing a glycine residue at position 593 in 1IS4S5 had
little impact on the AG,_, of Ca,2.3. Nonetheless, V593G was
significantly coupled with few distal IIS6 residues (L699G,
A700G, A702G) during channel activation with AAG, ... Val-
ues ranging from —2 to —3 kcal mol ' (see Table 2 for exact
values). V593G was not, however, coupled with 701G (supple-
mental Fig. S4). In addition to L596G, strong AAG,,, crace WETE
measured with M597G (supplemental Fig. S5) and S602G dur-
ing the transition from the closed to the open state.

Stabilizing the Open State Decreases Inactivation Kinetics—
Preferential closed-state inactivation of Ca,2.3 predicts that
fully activated channels will be slower to inactivate than those
in intermediate closed states (33). This prediction is tested in
Fig. 6 where the inactivation kinetics are plotted against the
AG,,, of the L596G/1S6 and 11S4S5/1701G double mutants. As
seen, double mutants with very negative AG,_, values tend to
inactivate more slowly (higher R, values). Coupling between
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S4S5 and S6 residues was also found to play a role in the
closed state inactivation of K,,4.2 channels (40). Hence, altering
the stability of the closed state relative to the stability of the
open state influences inactivation kinetics. This contrasts with
the minimal changes in the activation properties of the Ca,2.3
mutants reported after mutations in the I-1I linker (29, 38, 41,
42). The AAG, o ace Values for the inactivation of the L596G
double mutants (but not the V593G double mutants) were
smaller than the AAG,,.,... values for activation (Fig. 7 and
supplemental Table S2).

Leu-589 Is Not Coupled with the Distal IIS6—The pivotal role
played by a leucine residue in the gating of Ca,,2.3 is reminis-
cent of the situation in the Shaker channels where the heptad
leucine motif in the S4S5 linker has been suggested to be impor-
tant for its activation gating (43). The heptad motif being par-
tially preserved between the S4S5 linker of Shaker channels and
the I1S4S5 of Ca,,2.3, Leu-596 is predicted to be aligned with L3
in Shaker. In contrast, mutation of L2 to a valine (mutation V2)
greatly destabilized the open state with a large positive shift in the
activation potential (43). L2 of Shaker is predicted to be aligned
with Leu-589 in Ca,,2.3. We investigated the gating properties of
L589G and the double mutant L589G/I701G. In contrast to the
observations in Shaker (43) and in hERG (19) channels, the activa-
tion gating of L589G was not significantly different from Ca, 2.3 wt
(supplemental Table S3) and the double mutant L589G/1701G
failed to display negative interaction energy.

DISCUSSION

In this study we have analyzed the role of the S4S5 linker of
domain II in the activation gating of Ca,,2.3. Introducing gly-
cine residues significantly affected AG, . when inserted at posi-

act
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L596G / lIS6 mutants
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FIGURE 6. A, correlation between the values of AG, . and Rs, for double muta-
tions containing L596G. Values of Rs, for L596G double mutants were
obtained as described under “Experimental Procedures” and are reported as
a function of their associated AG, . The linear regression was calculated with
the routine included in Origin 7.0 and showed a strong negative correlation
between these two values, with a R factor of —0.95. B, correlation between the
values of AG,, and Rs, for double mutations containing I701G. Values of R,
for 1701G double mutants were obtained as described under “Experimental
Procedures” and are reported as a function of their associated AG,. The
L596G/1701G mutant is indicated by a asterisk. The double mutant S598G/
1701G is shown but not identified on the graph. The linear regression was
calculated with the routine included in Origin 7.0 and showed a strong neg-
ative correlation between these two values, with a R factor of —0.85.

tions 596, 600, and 602 with AAG,_, ranging from —2 to —6 kcal
mol ™', The negative shifts of AAG,_, observed with the glycine
mutants are compatible with either a destabilization of the
closed state or a stabilization of the open state, a distinction that
requires single-channel recordings and goes beyond the scope
of our current investigation.

Mutations in I1S4S5 brought changes in the activation poten-
tial of Ca,2.3 that were comparable with those reported in
homotetrameric K, channels (24) including mutations within
the heptad leucine motif of Shaker channels (43). In the latter,
mutations of L3 (aligned with Leu-596) to a valine (V3) or ala-
nine (A3) residue shifted the midpotential for activation by —6
and —20 mV, respectively (43). In contrast, the alanine muta-
tion of Leu-251, also predicted to be aligned with Leu-596,
introduced a +25 mV displacement in the activation potential
of the KCNQI1 channel (24). Located in a more distal position,
the E395A mutation (aligned with Ser-602), shifted by —20 mV
the voltage dependence of the Q/Q,,,,, curve of Shaker channels
(36).

None of the Ca,2.3 single mutations herein studied were
seen to completely uncouple the voltage sensor movement

S
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FIGURE 7. A, histogram of the AAG;,,.erac: fOr activation and inactivation of the
V593G/11S6 double mutants in Ca,2.3. Residues Leu-699, Ala-700, and Ala-702
were significantly coupled with Val-593 during channel activation. As seen,
AAG;, iorace fOr inactivation were not significantly different from AAG;  race fOr
activation but for A702G. B, histogram of the AAG; (... for activation and
inactivation of the L596G/I1S6 double mutants in Ca,2.3. Residues Leu-699,
Ala-700, lle-701, Ala-702, Val-703, and Asp-704 were significantly coupled
with Leu-596 during channel activation. As seen, AAG;,erac; fOr activation
were stronger than AAG;, .crac: fOr inactivation.

from pore openings, unlike 1384N and F484G in homotetra-
meric Shaker channels (44). This may not be surprising given
that our current investigation was limited to domain II. Despite
the inherently asymmetrical nature of the Ca,,2.3 pore, it can
only be surmised at this time that each domain contributes
equally to the coupling between voltage sensor and channel
opening as it has been demonstrated in Shaker channels (45).
A double mutant cycle analysis was carried out to identify
pairs of 1IS4S5 and IIS6 residues that could participate to the
channel activation as done previously in K, channels (12, 24,
46,47). We had already shown that mutations carried out in the
distal IIS6 impacted significantly on the relative stability of the
closed state with negative shifts in the activation potential up to
—40 mV (20). Our current analysis showed that Leu-596 in
11S4S5 and Ile-701 in IIS6 display significant energy coupling
during channel activation. It is important to note that muta-
tions of nearby residues in 1IS4S5 displayed milder if any cou-
pling with other residues in IIS6. The AAG, . .. Values mea-
sured between L596G and 1701G were found to be stronger
than the ones reported between conservative hydrophobic
mutations performed in KCNQ1 (24) and CNG (25) channels.
This interaction could be specific to Ca,,2.3. Double mutant
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FIGURE 8. Two different views (A, B) of the computer-based molecular
model of domain Il of Ca, 2.3 are shown in a schematic representation.
Modeling of domain Il was based upon the atomic coordinates of K, 1.2 (Pro-
tein Data Bank code 2A79) and was achieved with Modeler 9v4 from the S4 to
the end of S6. For sake of clarity, only the region going from the S4S5 linker to
the end of S6 is shown. The regions in yellow correspond to the regions stud-
ied in our double mutant cycle analysis, namely residues Val-593 to Ser-598 in
11S4S5 and Leu-699 to Asp-704 in 11S6. Val-593 and Leu-596 (11S4S5) are shown
in stick representation in magenta and in blue, respectively, whereas lle-701
(11S6) is shown in red. The shortest distance between Leu-596 and lle-701 was
estimated to be 9.4 A from the a-carbon of Leu-596 to the 3-carbon of lle-701.
S.F. stands for selectivity filter and P.H. stands for pore helix. The figure was
produced using PyMol (DeLano Scientific).

cycle experiments carried out in Ca, /1.2 and Ca, 2.1 with resi-
dues predicted to be aligned with Leu-596 and Ile-701 failed
to show any significant energy coupling (supplemental
Tables S4 and S5).

The molecular mechanism conveying Ca,,2.3 activation thus
appears to rely in part on the electrochemical coupling between
11S4S5 and IIS6. Five of the six residues in IIS6 herein studied
are hydrophobic suggesting that decreasing the hydrophobic
content in either S4S5 or S6 might destabilize the closed state of
the channel. Indeed, decreasing the hydrophobic content of
11S4S5 with L596D and L596P were also shown to alter the
relative stability of the closed state in Ca,2.3. The suggestion
that the interaction between S4S5 and S6 is mostly hydrophobic
(thus considered to be a weak interaction) is compatible with
results obtained in Shaker-like (12, 46) and KCNQI (24) chan-
nels and is further supported by the recent observation that
S4S5 peptides inhibit KCNQ1 in a state-dependent manner
(47).

The predictive locations of Leu-596 and Ile-701 are shown in
the homology model of Ca,,2.3 based upon the atomic coordi-
nates of K,,1.2 in the open state (Fig. 8). According to the model,
it is plausible that Leu-596 and Ile-701 face each other in the
protein. Nonetheless, the predicted distance of 10.6 A between
their C-a atoms (11.2 A between their C-B atoms) makes a
direct interaction unlikely. Leu-596 showed significant interac-
tion with five other residues in distal IIS6 during the process
that leads to Ca, 2.3 activation. This observation suggests that
IIS6 may rotate outwardly, whereas the four S6 helices move
away from one another. V593G, predicted to be facing away
from Leu-596 in the computer-based model of the IIS4S5
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linker, was also significantly coupled with a few positions in
1IS6. Given the relative precision of the homology model, the
possibility that Val-593 interacts with Ile-701 during channel
activation cannot be completely ruled out. Cooperativity thus
may reflect long range coupling of residues (21).

Nonetheless, many questions remain to be answered. Our
study did not address whether the four voltage sensors act in a
concerted or independent manner. It is thus impossible to
argue that the S4S5/S6 coupling within domain II constitutes
the obligatory rate-limiting voltage-dependent step for channel
activation in Ca,,2.3. More importantly, it remains to be seen
whether the cooperative mechanism in domain II requires
atomic proximity between S4S5 and S6. These questions go
beyond the scope of this current investigation and await further
structural studies of Ca,, channels.
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