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Abstract
investigated the molecular basis for determining the voltage-dependence of inactivation for Ca3.1, focusing on domain [ and Il . We

The notable features for inactivation of Ca,3 channels are fast inactivating rate and strong voltage-dependence. We have

made chimeras between CaJ3.1 and Ca,1.2. Chimeras were expressed in oocytes and currents were recorded by voltage clamp. For
domain [, replacement of S1~ S4 or S5~ S6 shifted the steady state inactivation curve significantly. These changes were mainly or
partially caused by activation-inactivation coupling, rather than molecular modification. Replacement of domain [ shifted the
inactivation curve significantly and these changes refer to molecular modification, indicating that domain II contributed to the
voltage-dependence of inactivation for Ca,3.1. Furthermore, both voltage sensor region S1~ S4 and pore region S5~ S6 in domain [
were also involved, but [ - I linker has no contribution. In addition, we found that the I - II linker and S5~ S6 in domain [
contributed strongly to inactivation rate for Ca,3.1, while S1~ S4 in domain | and II was not involved. Taken collectively, our results
suggest that domain I plays a key role in determining the voltage-dependence of inactivation for Ca,3.1, which was different from the

molecular determinants for inactivating rate and for voltage-dependence of activation.
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Voltage-dependent  calcium

important roles in a range of cellular processes by

channels  play

regulating calcium influx. The molecular structure of
the pore-forming subunit (o) of calcium channels has
four homologous domains ( [ ~ IV ), each with 6
transmembrane segments (S1~ S6). Calcium channels
have been classified into three families (Ca,1 ~ Ca3)
according to their electrophysiological characteristic,
pharmacology and structure 2. The CaJ3 family
displays T-type current and includes three isoforms,
Ca3.1, Ca3.2 and Ca3.3, which are also known as
o oy and oy, respectively B4, The biophysical
properties of Ca,3 channels are markedly different
from those of Ca,l and Ca,2. Ca,3 channels activate at
much more negative potential and are therefore called
low-voltage-activated (LVA) channels, while Ca,1 and
Ca2 are high-voltage-activated (HVA) channels. The

inactivation of Ca,J3 channels is fast, strongly

voltage-dependent and Ca®-independent. In contrast,
the inactivation of Ca,l channels is Ca*-dependent,
rather than voltage-dependent!! ¥,

Calcium channel inactivation is an important
intrinsic process that prevents the overload of
intracellular calcium and ensures the precision of
calcium signals. A number of structure-function
studies have been devoted to identifying the molecular
basis for calcium channel inactivation. It is proposed,
though not fully demonstrated, that the inactivation of
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HVA ball-chain
mechanism, where the [ -1I linker acts as a hinged lid

calcium channels follows a
that docks to the S6 regions and occludes the
intracellular side of pore ®®. For the Ca3 family,
several molecular regions have been shown to affect
the inactivation rate, including the S4 segments in
domain I, II and IVP'% the S6 in domain [II ', the
selectivity filter!> ¥, the C-terminus !¢, intracellular
linkers between domain [ and II "™ or between
domain [l and Il % but not a specific part has been
found. The molecular mechanism concerning the
voltage-dependent inactivation of Ca,3 channels is not
fully understood.

The two notable features for inactivation of Ca,3
channels are the fast inactivating rate and strong
voltage-dependence. Most of the structure-function
studies for Ca,3 channels focuses on the rate of
inactivation,

while few reports investigated the

molecular basis for the voltage-dependence of
inactivation. In the previous work, we have studied the
molecular determinants for the voltage-dependence of
activation for Ca3.1 by creating chimeras between
Ca3.1 and Ca,1.2, where we found that domain [, Il
and IV play important roles in determining the
voltage-dependence of activation and the effects of
domain | was due to its S5~ S6 region; in contrast,
domain Il contributed to a lesser extent? 2!, In the
present study, we have investigated the molecular
determinants for the voltage-dependence  of
inactivation for Ca3.1 with a similar approach. We
focused on domain [ and II , because these two
domains contribute differently in determining
voltage-dependence of activation. Our data showed
that domain Il plays a critical role in determining the
voltage-dependence of inactivation, and both its S1~
S4 and S5~ S6 regions contributed. On the contrary,
the entire domain [ and the linker between domain
I and T ( I - [T linker) were not involved. In
addition, the T - II linker, S5 ~S6 in domain [
contributed strongly to inactivation rate, while S1~ S4

in domain [ and II were not involved.
1 Materials and methods

1.1 Materials

The following Ca, channel cDNA clones were
used: mouse brain CaJ3.1 (), accession AJ012569;
rabbit cardiac Ca,1.2 (ac), accession X15539. Unless
stated otherwise, restriction enzymes were purchased
from New England Biolabs and Promega. Chemical

reagents were obtained from Sigma (St. Louis, MO).
1.2 Construction of Ca* channel chimeras

All chimeras were made by replacing regions in
domains [ or II of Ca3.1 by the corresponding
regions in Ca,l.2 wusing standard PCR overlap
extension method as previously described™*. In brief,
for S1 to S4 region of domain [ chimera (named
I-S (1-4)C), residues 81~199 of Ca3.l1 were
replaced by residues 154~ 286 of Ca,l1.2; for S5 to S6
region of domain [ chimera (named [ -S (5-6)C),
residues 200~ 398 of Ca,3.1 were replaced by residues
287 ~ 438 of Ca,l.2. The whole domain [l chimera
(GCGQG) was made by replacing residues 399 to 967 of
Ca,3.1 with residues 439 to 786 of Ca,1.2; For S1~S4
region of domain [ chimera ( I -S(1-4)C), residues
742~ 856 of CaJ3.1 were replaced by residues 553 ~
672 of Ca,l.2; for S5 ~S6 region of domain [l
chimera ( [ -S(5-6)C) residues 857 ~967 of Ca,3.1
were replaced by residues 673~ 786 of Ca,1.2; for the
linker between domain [ and II chimera (I - I (L)C),
residues 399~ 741 of Ca,3.1 were replaced by residues
439~ 552 of Ca,1.2. Schematic structures for chimeras
are shown in the figures.

The sequences of the chimeras were verified by
DNA sequencing. For making RNA, all the chimeras
and wild type Ca3.1
expression vector pPGEM-HELP. Ca,3.1 and chimeric
cDNAs were linearized with Miu I , Capped cRNAs
were synthesised in witro using T7 MEGAscript
(Ambion).

1.3 Electrophysiological
analysis

Stage VI oocytes were prepared from Xenopus
laevis frogs, using standard techniques™!. Unless stated

were inserted into high-

recording and data

otherwise, each oocyte was injected with a volume of
50 nl containing 10 ~20 ng wild type or chimeric
c¢cRNA, and then incubated at 19°C for 2~4d in
modified Barth's solution (88 mmol/L NaCl, 1 mmol/L
KCIL, 2.4 mmol/L NaHCO,, 0.82 mmol/L MgSO,,
0.33 mmol/L Ca(NOs),, 0.4 mmol/L CaCl,, 7.5 mmol/L
Tris-HCI, pH 7.6, 10* U/L penicillin, and 10 mg/L
streptomysin)®.,

For electrophysiological recording, cells were
perfused with barium solution (40 mmol/L Ba(OH),,
50 mmol/L NaOH, 2 mmol/L KOH and 5 mmol/L
HEPES, adjusted to pH 7.4 with methanesulfonic
acid). The calcium channel currents (with Ba* as
abolish the
inactivation) were measured at 22°C ~25C by the

charge carrier to Ca*-dependent
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two-electrode  voltage-clamp technique with a Data are given as the mean + S.E.M., and
Geneclamp500 amplifier (Axon Instruments) as statistical significance was calculated according to

[9, 21]

described previously To determine the voltage Student's ¢ test with P < 0.05 as the significant level.

dependence of steady-state inactivation, the currents
e 2 Results

elicited by a 100 ms test pulse were recorded

immediately after a 5000 ms long-lasting pre-pulse at 2.1 The roles of molecular regions in domain I

various voltages from the holding potential (-90 mV)  on voltage dependence of inactivation for Ca,3.1

in 5 mV increments. The peak amplitude of current Wild type Ca3.1 channels have fast and
was measured and normalized to the maxim value. The voltage-dependent inactivation, while Ca,1.2 channels
normalized peak current ( 1/1,,) was plotted against the underwent little voltage-dependent inactivation. To

voltages of pre-pulse. The steady-state inactivation investigate the roles of molecular regions in domain [

curve was drawn by fitting mean values to Boltzman on voltage-dependence of inactivation for Ca,3.1, we

equation 1/(1+exp(V=Vos i)/ ki), Where Vosme is the constructed chimeras by replacing the molecular
half-inactivation potential and k. is the slope regions in domain [ of Ca,3.1 with the corresponding
parameter. For measuring time course of activation regions of Ca,l.2. The steady-state inactivation for
and inactivation, the currents were elicited by a chimeras and for wild type Ca3.1 were measured
series of 500 ms depolarizing pulses every 10 s, from ~ When expressed in oocytes, using two-electrode
~70 mV to +50 mV in a 10 mV step. The inactivation ~Vvoltage clamp recording with Ba* as charge carrier.

time courses were fit with a single exponential of time The current of wild type Ca,3.1 channel was fast
constant 7,,., and activation times were taken as the inactivating (Figure la), and its steady state
times from 20% to 80% of maximum current (_g). inactivation curve was shown in Figure 1b, with a

(a) -
Ca3.1 \ 7 ____105pA
(GGGG) 25 ms
e
[ -S(1-4)C MA
25 ms
- "
I -S(5-6)C ' 0.2 nA
(c) 25 ms
(b) 20} "
1.2+ E ol
\3—20
Az £-40}
= 0.8} =60t ’—T *
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=] *
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24 t
or = 21
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Fig. 1 The roles of S1~ S4 and S5~ S6 regions in domain I on the steady-state inactivation of Ca,3.1
(a) Schematic structures and sample current traces for wild type Ca,3.1 and chimeras. The replaced regions in the chimeras [ -S(1-4)C and [ -S(5-6)C
were depicted in black. For wild type Ca3.1, currents elicited by a 100 ms testing pulse of —10 mV, following a 5000 ms long-lasting pre-pulse at
various voltages from the holding potential of ~90 mV to —30 mV in the steps of 5 mV. Similar protocol of current recording was used in the subsequent
figures. Sample current trace at a pre-pulse of -85 mV for Ca,3.1 is shown. For chimera [ -S(1-4)C, the holding potential was —100 mV, and the testing
potential was =30 mV, sample current traces shown were at a pre-pulse of =95 mV. Because [ -S(5-6)C showed high voltage activated properties,
The currents elicited by a 100 ms testing pulse of +20 mV, following a 5000 ms long-lasting pre-pulse at various voltages from the holding potential of
—70 mV to +50 mV in the steps of 10 mV. Sample current trace at a pre-pulse of =40 mV for [ -S(5-6)C is shown. (b) Steady-state inactivation curve
for wild type Ca,3.1( e— e, n=8), | -S(1-4)C ( A—A, n=5) and [ -S(5-6)C ( m—m, n=5). For each individual cell, the peak amplitude of current was
measured and normalized to maximum current value. The mean values of normalized currents (//1,,) is plotted against the pre-pulse potential and fitted
by the Boltzmann curves. (¢) The Boltzmann parameters Vs o (upper) and k i, (lower). For this, Boltzmann curves were first fitted to each of the
steady-state inactivation curves for each individual cell, and then mean values were obtained by averaging Vs iu. and k i, over the number of cells. The
data are shown as mean + S.E.M. in this and all subsequent figures; Boltzmann fitting and analysis was also carried out similarly in subsequent figures.
*P<0.05 compared with wild type Ca3.1.
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value for its Boltzmann parameters, half-inactivation
potential (Vs i) and slope factor (k i) of =54 mV
and 3.7 respectively(Figure 1¢). For chimera [ -S(1-4)C,
which has the S1~ S4 region in domain [ of CaJ3.1
replaced by that of Ca,l.2, the calcium channel
currents were fast inactivating (Figure la), and the
steady state inactivation curve shifted negatively
(Figure 1b) with a Vs .y of =70 mV (Figure 1c). For
chimera [ -S(5-6)C, which has the S5~ S6 region in
domain [ replaced, the chimeric channel undergo
little voltage-dependent inactivation, where the
currents inactivated incompletely during test pulse
(Figure 1a); Its inactivation curve showed a massive
positive shift, (Figure 1b), with a Vs jq of 4 mV
(Figure 1c) .

It is known that inactivation can be coupled to
activation. Modification in molecular structure may
induce correlated changes in voltage-dependence of
activation and inactivation; therefore the shifts in
inactivation curve may be due to the change in
activation, rather than structure modification. In order
to exclude putative contamination by activation
influence, we calculated and compared the changes in
Vs e With that in half-activation potential (Vs .4). A
ratio value near 1 indicates that shifts in inactivation
and activation is parallel, a value near 0 indicates that
there is little contamination from activation effects,
and a negative value shows the structure modification

results in opposite shifts in inactivation and activation.
This analysis was carried out in these and the following
results, and the values of the changes in Vs and Vs
were collected and compared in Figure 4.

For chimera [ -S(1-4)C, the inactivation curve
showed a —16 mV shift, and its activation curve shifted
-7 mV (our previously data in reference ), so the
ratio value for the change in V., to that in Vs, 1S
2.2, indicating that the negative shift for inactivation
curve was partially due to replacement of S1~ S4. For
chimera [ -S(5-6)C, the inactivation shifted markedly
to the positive direction, however its activation also
showed a large positive shift 1, resulting in a ratio
value of 1.1 (Figure 1 and Figure 4). This indicated
that the shift of inactivation curve was mainly caused
by the changes of activation process, rather than
replacement of S5~ S6. Taken collectively, data shows
that the S5~ S6 region in domain [ was not involved
in the voltage-dependence of inactivation, and the S1
~ S4 region did not contribute to some extent.

2.2 The role of domain II on voltage dependence
of inactivation for Ca,3.1

To investigate the role of domain II on voltage-
dependent inactivation of Ca3.1, we replaced the
second domain (including the linker between domain
I and 1) in Ca3.1 with the corresponding region in
Ca,l.2, forming chimera GCGG (Figure 2a). The
calcium currents for chimera GCGG displayed much

o]
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of =)
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Fig. 2 The role of domain II on steady-state inactivation of Ca,3.1

(a) Schematic structures (left) and sample current traces (right) for chimera GCGG. The replaced region in the construction GCGG was depicted in

black. The holding potential was —90 mV and testing potential was —10 mV, sample current traces shown were at a pre-pulse of -85 mV. (b) Steady-

state inactivation curve for GCGG ( A—A , n=5). The mean values of normalized currents (I//,,) is plotted against the pre-pulse potential and fitted by

the Boltzmann curves shown, For comparison, steady-state inactivation curve of wild type Ca,3.1 (e— e ) is also shown. (¢) The Boltzmann parameters
Vosinet a0d k i 0f GCGG in comparison with that of Ca,3.1. * Significant difference (P < 0.05) compared with wild type Ca,3.1.
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slower inactivating (Figure 2a), and indeed the time
course of inactivation of GCGG was notably larger
than that of Ca,3.1. The steady state inactivation curve
of GCGG showed a negative shift (Figure 2b), with a
Vos i 0f =67 mV (Figure 2c). Considering activation-
inactivation coupling, we previously showed a positive
shift for the activation curve P, therefore chimera
GCGG displayed opposite shifting in inactivation
against activation (Figure 4). This indicated that the
shift of inactivation curve was entirely due to the
replacement of domain [I and that domain I

(@)

[-@c
11-S(1-4)C
11-S(5-6)C

(b)

Normalized /..

-100-90 -80 -70 —60 —-50 —40 -30 -20
V/mV

> ool
]
160 =
<701 |———|
-80
1

(including [ - II linker) strongly contributed to the
voltage-dependence of inactivation.
2.3 Roles of molecular regions in domain Il on
voltage-dependence of inactivation

To narrow down which molecular region in
domain [ is important in controlling voltage-
dependence of inactivation, we replaced the [ - II
linker, S1~S4 and S5~ S6 in domain I for CaJ3.1
with the corresponding regions for Ca,l.2, forming
chimeras [ -1 (L)C, II -S(1-4)C and II -S(5-6)C

respectively (Figure 3a).
1pA
25 ms

0.2 pA

25 ms

e U

0.5 pA

25 ms

ot Cadl  T-TMLC M-S1-4C 1-S(5-6)C

-

imm om

CaJ3.1 [-T(@L)C MI-S(14)C II-S(5-6)C

Fig. 3 The roles of I -1I linker, S1~ S4 and S5~ S6 regions of domain II on steady-state inactivation of Ca3.1
(a) Schematic structures (left) and sample current traces (right) for chimeras. The replaced regions in the constructions were depicted in black. For
current recording, the test potential was —=30 mV for [ -1 (L)C, =10 mV for [ -S(1-4)C and II -S(5-6)C, the holding potential was =100 mV for [ -1I
(L)C, =90 mV for I -S(1-4)C and II -S(5-6)C. Sample current traces shown here were at a pre-pulse of =95 mV for [ -1[ (L)C, -85mV for I -S(1-4)C

and Il -S(5-6)C. (b) Steady-state inactivation curves for [ -1 (L)C (A—A  ;=9), [ -S(1-4)C (m—m

, n=4), and [ -S(5-6)C (©—0, n=5). The mean

values of normalized currents (/1) is plotted against the pre-pulse potential and fitted by the Boltzmann curves shown, For comparison, steady-state
inactivation curve of wild type Ca,3.1 (®— @) is also shown. (¢) The Boltzmann parameters Vs and £ i for I -1 (L)C (n=9), Il -S(1-4)C (n=4) and

I -S(5-6)C (n=5) in comparing with that for wild type Ca,3.1. *P < 0.05.

For [ -1 (L)C, the calcium channel currents were
fast inactivating (Figure 3a current trace), and its
inactivation curve shift negatively, with a Vs i« Of
-70 mV (Figure 3b and c). We have showed that
the activation of [ - II (L)C had a negative shift of
-18 mV®2(Figure 4), thus the ratio for the changes in
Vos it tO that in Vs, was about 1. This suggests that
the shift in the inactivation was caused by the changes
in activation, rather than the replacement of [ - II
linker, therefore the [ - I linker in Ca,3.1 did not
contribute to the voltage-dependence of inactivation.

The calcium currents of chimera I -S(1-4)C and
Il -S (5-6)C showed voltage dependent inactivation,
but their inactivating rates were slower than that of
Ca3.1 (Figure 3a, current traces). The steady state
inactivation curves for both II -S(1-4)C and II -S(5-6)
C shifted negatively, and the Vs e Was —62 mV for
Il -S(1-4)C and -63 mV for [l -S(5-6)C (Figure 3c).
Considering voltage-dependence of activation, we
previously showed that activation curves for these two
chimeras shifted positively by +18 mV for [I -S(1-4)C
and +25 mV for I[ -S(5-6)CP". Thus the steady state
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inactivation curves shifted opposite to the activation
curves (Figure 4), indicating that the changes in the
inactivation curves were entirely due to molecular
structure modification. Therefore both S1 ~S4 and
S5~ S6 region in domain [ contributed strongly to
the voltage-dependence of inactivation.

60+ -
= 50} -
5 40t
;f 30_
=
s 20}
g
(7]
%0_10_ u —u \_'T‘
=
© o0t
GCGG D2L D2-S14 D2-S56 D1-S14 CGGG

Fig. 4 Comparison of the change of half-inactivation
potential (Vysi«) with that of half-activation
potential (V5. for each chimera
The data for Vs i are showing in the figures above, and the data for
Vs a are from our previous paper’ 2. The changes were obtained by
subtracting the mean values for wild type Ca,3.1 from that for chimeras.

O: Inactivation; [J: Activation.

2.4 Time course of inactivation

The inactivation time course for chimeras and
wild type Ca,3.1 were collected in Figure 5(a, b). To
the
coupling, we also measured the time course for

exclude influence of activation-inactivation
activation and presented it in Figure Sc. For each
chimera, the changing folds of times at a test potential
of 0 mV for inactivation and activation were shown in
Figure 5d.

Chimera [ -S(1-4)C was fast inactivating and the
inactivation time course was similar to that of Ca,3.1
(Figure 5b), while chimera [ -S(5-6)C showed little
voltage-dependent inactivation, notably different from
wild type Ca3.1. For activation time courses, these
two chimeras were similar to that of Ca,3.1(Figure 5c).
These data indicated that S5~ S6 region in domain [
strongly contributed to the inactivation kinetics of
Ca,3.1, but S1~ S4 region did not.

The inactivating rate of GCGG was greatly slower
than that for Ca,3.1 (Figure 5a and sample current
trace in Figure 2), and indeed the inactivating times of
GCGG at 0 mV were 50-fold larger than that of Ca,3.1;
however, the activation times at 0 mV of GCGG were
only 4-fold slower than that of CaJ3.1 (Figure 5d),
indicating that domain II (include the [ - II linker)

(@) b
1000 ®) 60
50F
v 40}
E
3301
=
20+
10+
0 L L L L L
-60 -40 -20 O 20 40
V/mV
(c)m 30l (d) 8_Value:49
E 251 — ¢t
52 < 26
S20¢ =
QT
£ 15t % &4l
210 = B -
< st =& I_] =
) . ] .

-60 -40 -20 0 20 40
V/mV

GCGG T-T(L)C N-S(1-4)C T-S(5-6)C T -S(1-4)C

Fig. 5 Time course of inactivation and activation for wild type Ca,3.1 and chimeras

(a) Time course of inactivation, 7y, for wild type Ca,3.1 ( e— e , n=6) and chimera GCGG ( A—A , n=06) is plotted against the test potential. (b) Time
course of inactivation is plotted against the test potential for chimeras [ -S(1-4)C ( A—aA, n=6), [ -1 (L)C (m—m , n=8), [[-S(1-4)C (0—o , n=4) and
I -S(5-6)C (A—A , n=5). The inactivation times for wild type Ca,3.1 ( e—e ) is also shown for comparison. (¢) Time course of activation, ¢, is
plotted against the test potential, for wild type Ca,3.1(e— e , n=6), for chimeras [ -S(1-4)C (A—a ,n=6), [ -1 (L)C (m—nm, n=8), GCGG (o0—o ,
n=6), 11 -S(1-4)C (A—A, n=4) and Il -S(5-6)C (I—0O , n=5). (d) Comparison of the changes of inactivation times with that of activation times. For
this, the mean value of times for inactivation (shade) and activation (open) at a test potential of 0 mV for each chimeras were divided by that for wild
type Ca,3.1, and the fold values are plotted. The dash line shows the value of wild type Ca,3.1. [ :%(Tin); T #2050 aa
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was involved in the fast inactivation rate of Ca,3.1.
Furthermore, the inactivation rate of chimera [ - I[ (L)C
was about 2- fold slower than that of CaJ3.1 and,
its activating time was slightly faster than Caj3.1
(Figure 5b, c¢), meaning that the [ - II linker played an
important role in determining inactivation rate of
Ca,3.1. For chimera Il -S(1-4)C, both the inactivation
and activation times were slower than those of Ca,3.1
with a similar extent (Figure 5d). This indicates the
changes in inactivation rate were mostly caused by
activation-inactivation coupling, thus the S1 ~S4
region in domain [I did not contribute to inactivation
rate. For chimera I -S (5-6)C, the inactivating and
activating times were both larger than those of Ca3.1;
however, the changes of inactivation were somewhat
bigger than that of activation, indicating that S5~ S6
region in domain [l contributed to the inactivating
kinetics, but to a relatively small extent. Taken
together, our data showed that S5 ~S6 region in
domain [ andthe [ -1I linker contributed notably to
the inactivation rate of CaJ3.l1; S5 ~S6 region in
domain ][I had a relatively small contribution; S1~ S4
regions in domain | and Il were not involved.

3 Discussion

In the present study, we have investigated the
molecular determinants for the voltage-dependence of
inactivation of Ca,3.1, focusing on domain [ and
domain II, because these two domains play different
roles in channel opening. Domain [ of Ca3.1 plays a
critical role in determining voltage-dependence of
activation, and this is due to its S5~ S6, rather than
S1~ 84 region®?!. One may expect that domain [, in
particular S5~ S6 region, might also contribute to the
voltage-dependence of inactivation. Surprisingly, our
data showed that the replacement of S1~S4 or S5~
shifted steady state
inactivation curve significantly, however these changes

S6 region in domain |
were mainly (for S5~ S6) or partially (for S1 ~S4)
caused by activation-inactivation coupling, rather than
molecular structure modification. We also tested
chimera CGGG, in which the whole domain [ was
replaced, and the case for CGGG was similar to that
for chimera [ -S(5-6)C (data not show). These results
indicated that domain [ was not involved in the
voltage-dependence of inactivation of Ca,3.1, though
S1 ~S4 region contributed to some extent. Unlike
domain [ , domain II is less important for voltage-
dependence of activation®. We showed in the present

work that replacement of domain I (including [ -II
linker) in Ca,3.1 shifted the
significantly in a direction opposite to that of

inactivation curve

activation, indicating that domain II contributed
notably to the voltage-dependence of inactivation. We
further investigated which molecular region was
responsible for this contribution, and found that the
transmembrane region S1 ~ S6 in domain II , rather
than [ - II linker was involved. These results above
suggest that the molecular determinants for
voltage-dependence of inactivation of CaJ3.1 were
different from those for activation: domain [ play a
key role in inactivation, although it was less important
for activation; On the contrary, domain [ , which
contributed strongly to activation, did not guide the
voltage-dependence of inactivation.

There are some structure-function studies for
T-type channel inactivation. However, most of these
studies are focused on the fast inactivating rate. With
respect to the inactivation of CaJ3 family, several
molecular regions have been shown to affect the
inactivation rate, including the S4 segments in domain
I, II and IV P9 the S6 in domain II " the
selectivity filter™ ", the C-terminus"™%, intracellular
linkers between domain | and II "™ or between
domain II and I ®, but no specific part has been
found. Although these molecular regions have been
implicated in the inactivation mechanism of Ca3
channels, to our knowledge, there are few reports
investigating the detailed molecular basis for the
voltage-dependent inactivation of Ca,3 channels. Staes
et al. ™ (2001) have found that replacement of
C-terminus or Il - IV linker in CaJ3.1 with the
corresponding region in CaJ3.1 shifted the Vs
significantly, however they did not examine the
changes in Vs, therefore it can not exclude the
probability that the shift in V5.« was due to
activation-inactivation coupling, rather than structure
modification. Lee ®*?! group has investigated the
structural elements for inactivating rate for Ca,3.3 by
making chimera between Ca,3.1 and Cav3.3. Although
these chimeras showed some shifts in steady state
inactivation curves, these changes were mostly due to
activation-inactivation coupling, rather than molecular
modification. It is interesting to compare the results for
Ca,3.1 with other types of voltage-gated ion channels.
For HVA calcium channels Ca2.2 (a 1E), each four
domain in Ca,2.2 contributed differently in controlling
the voltage-dependence of inactivation, where domain
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I and Il were more important *. For the sodium
channel, which has a similar molecular structure
formed from four homologous domains [ to IV, each
four domain did not contribute equally to
voltage-dependent properties: domain [ , I and II
involved in activation, domain [V strongly contributed
to inactivation %), Our results in the present study
suggest that T-type calcium channel may have some
similarities with sodium channel. We did not test the
contributions of domain [ll and [V in the present work.
Since effects of these two domains on activation were
similar to domain [ , their roles on inactivation may
have some similarities. Further work is needed to test
this deduction.

In the present study, we also examined the
inactivation rate for chimeric channels, and more
excluded the

inactivation coupling by comparing the changes in

precisely, influence of activation-
activating and inactivating times. Our data showed that
S5~ S6 in domain [ and the [ -1I linker contributed
strongly to the inactivating rate of Ca,3.1, despite their
unimportant  roles in  voltage-dependence  of
inactivation. In contrast, the S1~ S6 region in domain
Il had slight effects on inactivating rate, although this
region was critical for voltage-dependence. These
results suggest that the voltage-dependence and rate of
inactivation for Ca,J3.1 were determined by different
molecular structures. It has been reported that, for
HVA calcium channel, the key regions for inactivation
rate were | - Il linker, S6 in domain I and III .
However these regions do not control the
voltage-dependence of inactivation®. Our results for
Ca,3.1 were consistent with their observations.

The linker between domain | and domain II is
one of the key elements controlling inactivation rate
for both HVA and T-type calcium channels. Moreover,
in all three Ca,3 channels, [ - Il linker serves as a

[17-19, 30-31] For

gating brake governing channel opening
the voltage-dependence of inactivation, our data in the
present work and other reports ' showed that
structure modifications in [ - II linker shifted the
voltage-dependence of inactivation to the same
direction with a similar extent as that for activation,
suggesting that [ - [I linker did not contribute to the
voltage-dependence of inactivation. The pore region,
in particular S6 segment, is important for inactivation
rate of both T-Type ** and HVA calcium channels®”.
Here we showed that the pore region in domain [ did
indeed

strongly contribute to inactivation rate,

however the pore region in domain [ was not
involved. One possible explanation for this may be that
the S5 ~S6
determining the voltage-dependence,

in domain [I is responsible for
rather than
kinetics of inactivation, once again confirming the
conclusion that different molecular regions have
distinct roles in determining channel functional
process.

In summary, our present work shows that the S1
~ S6 region in domain Il play an important role in
determining voltage-dependence of inactivation for
Ca3.1, whereas domain | and I - II linker are not
involved. The contributions of these regions to
voltage-dependence of inactivation are different from
those of activation. This suggests that the voltage-
dependence of activation and inactivation is governed
by different molecular structures. In addition, the [ -
Il linker, S5~ S6 in domain [ contributed strongly to
inactivation rate, while S1~S4 in domain [ and II
was not involved. This data suggests that molecular
determinants for voltage-dependence and rate of

1nactivation are distinct.
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