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Origin of the Voltage Dependence of G-Protein Regulation of
P/Q-type Ca®" Channels
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G-protein (GBy)-mediated voltage-dependent inhibition of N- and P/Q-type Ca®" channels contributes to presynaptic inhibition and
short-term synaptic plasticity. The voltage dependence derives from the dissociation of GB7y from the inhibited channels, but the
underlying molecular and biophysical mechanisms remain largely unclear. In this study we investigated the role in this process of Ca**
channel 3 subunit (Ca,) and a rigid a-helical structure between the a-interacting domain (AID), the primary Ca, 8 docking site on the
channel o, subunit, and the pore-lining IS6 segment. G3-y inhibition of P/Q-type channels was reconstituted in giant inside-out mem-
brane patches from Xenopus oocytes. Large populations of channels devoid of Ca, 3 were produced by washing out a mutant Ca,3 with a
reduced affinity for the AID. These 3-less channels were still inhibited by GBv, but without any voltage dependence, indicating that Ca, 3
isindispensable for voltage-dependent G3-yinhibition. A truncated Ca, 3 containing only the AID-binding guanylate kinase (GK) domain
could fully confer voltage dependence to GBy inhibition. G3-y did not alter inactivation properties, and channels recovered from GBy
inhibition exhibited the same activation property as un-inhibited channels, indicating that G3-y does not dislodge Ca, 3 from the inhib-
ited channel. Furthermore, voltage-dependent Gf3-y inhibition was abolished when the rigid a-helix between the AID and IS6 was
disrupted by insertion of multiple glycines, which also eliminated Ca,[3 regulation of channel gating, revealing a pivotal role of this rigid
a-helix in both processes. These results suggest that depolarization-triggered movement of 1S6, coupled to the subsequent conforma-
tional change of the GB+y-binding pocket through a rigid a-helix induced partly by the Ca, 3 GK domain, causes the dissociation of Gy

and is fundamental to voltage-dependent GB37 inhibition.
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Introduction

Voltage-gated Ca** channels (VGCCs) shape electrical signals in
excitable cells and generate a ubiquitous and essential chemical
signal, Ca®" ion. The activity of VGCCs is subject to dynamic
regulation by numerous signaling pathways and molecules (for
review, see Catterall, 2000). A prevalent and versatile form of
regulation is inhibition by G-protein-coupled receptors (GPCRs)
of the Ca, 2 family of high voltage-activated (HVA) N-, P/Q- and
R-type Ca** channels (Dunlap and Fischbach, 1978). In partic-
ular, the G-protein-mediated, membrane-delimited and voltage-
dependent inhibition has received the most attention because it is
likely involved in presynaptic inhibition (for review, see Hille,
1994; Dolphin, 2003a; Tedford and Zamponi, 2006). This inhi-
bition exhibits three major biophysical characteristics (Bean,
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1989; Elmslie et al., 1990): it slows down the activation kinetics of
the inhibited channels; shifts the activation voltage to a more
depolarized potential; and can be relieved by a strong condition-
ing depolarizing potential, resulting in the so-called prepulse fa-
cilitation (for review, see Dolphin, 2003a; Tedford and Zamponi,
2006). These voltage-dependent features contribute to short-
term synaptic plasticity by virtue of relieving G-protein inhibi-
tion during high-frequency action potential firing (Brody et al.,
1997; Williams et al., 1997; Bertram et al., 2003).

The voltage-dependent inhibition is mediated by the
G-protein By subunits (GBy) (Herlitze et al., 1996; Ikeda, 1996).
The GBy-bound channels are in a “reluctant” gating mode, re-
quiring stronger depolarizations to open (Bean, 1989; Elmslie et
al., 1990), and activation of these channels results in the dissoci-
ation of GBy from the channel (Boland and Bean, 1993). The
voltage dependence of GB7y inhibition thus stems mainly from
the voltage-dependent unbinding of GB7y. The molecular and
biophysical mechanisms underlying this dissociation remain
largely unclear.

Some functional effects of GBy are the opposites of those of
Ca** channel B subunits (Ca,3), raising the possibility that GBy
and Ca, 3 compete with each other (Campbell et al., 1995; Bou-
rinet et al., 1996). However, some key issues have not been fully
resolved (for review, see Dolphin, 2003a; Tedford and Zamponi,
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2006). One question is whether Ca,f3 is required for voltage-
dependent GByinhibition. On the one hand, it was reported that
knockdown of endogenous Ca,f3s in neurons enhanced receptor-
induced inhibition (Campbell et al., 1995), and that coexpression
of Ca,Bs reduced G-protein inhibition in oocytes (Bourinet et al.,
1996; Qin et al., 1997). On the other hand, Ca, 3 was shown to be
necessary for GBy-induced voltage-dependent inhibition in COS
cells (Meir et al, 2000). Another controversial question is
whether Ca,f is dislodged from Gp+y-inhibited channels. One
view is that there is a competitive interaction between G-y and
Ca, binding to the Ca** channel «, subunit (Bourinet et al.,
1996; Qin et al., 1997). An opposing view is that Ca,3 remains
associated during G-protein inhibition (Canti et al., 2000; Meir et
al., 2000; Feng et al., 2001). Further unanswered questions are, if
Ca,f is required for voltage-dependent Gf3+y inhibition, which
regions are needed and what is the underlying molecular mech-
anism for its mandatory role.

We addressed these questions by investigating GBy and Ca,3
regulation of P/Q-type Ca*" channels expressed in Xenopus oo-
cytes. Purified GBvywas applied directly to the cytoplasmic side in
inside-out membrane patches. Large populations of surface
channels devoid of Ca, (B-less channels) were obtained by
washing out a mutant Ca, 3, allowing us to directly compare the
effect of GBy on channels with or without Ca,. We also inves-
tigated the importance in GBy inhibition of a rigid linker be-
tween the IS6 segment and the a-interacting domain (AID) of the
channel «; subunit. The AID is located in the cytoplasmic loop
(I-II loop) connecting the first two homologous repeats of the o,
subunit and constitutes the high-affinity Ca,B-binding site
(Pragnell et al., 1994; Chen et al., 2004; Opatowsky et al., 2004;
Van Petegem et al., 2004). Our results highlight an essential role
of Ca, 3 and a rigid coupling between IS6 and the AID in voltage-
dependent GB7 inhibition.

Materials and Methods

Purification of GBy from Sf9 insect cells. As described by Kozasa (2004),
S19 insect cells (Novagen) were coinfected with recombinant baculovi-
ruses encoding bovine G3; (NM_175777) and hexahistidine-tagged bo-
vine Gvy, (BC112789). Cells were cultured in suspension at 27°C for 48 h,
then collected and sonicated. Membranes were isolated by ultracentrif-
ugation and resuspension in a solution containing 1% sodium cholate.
After a 10 h incubation with stirring at 4°C, the mixture was centrifuged,
and the supernatant containing the membrane extract was collected.
Recombinant GBy protein was purified from the membrane extract with
BD TALON metal affinity resin (BD Biosciences). The elution from the
resin was concentrated and exchanged into another solution containing
(in mm) 20 HEPES, 0.5 EDTA, 2 MgCl,, 1 DTT, 11 CHAPS, and 100
NaCl, pH7.8 with NaOH, after a further purification with a Superdex 200
gel-filtration column (Pharmacia).

Protein synthesis in E. coli. BARK_PH domain protein was obtained by
expressing the cDNA encoding residues Q546-S670 of rat adrenergic
receptor kinase (NM_012776), which was subcloned into pET28a vector
(Novagen), in BL21(DE3) bacteria. The proteins were purified from cell
lysates with BD TALON metal affinity resin. The elution was further
purified with a Superdex 200 gel-filtration column.

cDNA encoding residues R369-Q413 of rabbit brain Ca,2.1(X57477)
was subcloned into a modified pGEX4T-1 vector and expressed in
BL21(DE3) bacteria to obtain the I-II loop protein. Seven or five glycine
or alanine residues were inserted between F376 and L377 to produce the
mutant forms of the I-II loop.

The Ca,f core domain proteins were obtained by expressing the
¢DNA encoding the core region of wild-type (WT) or mutant 3,,
(M80545) or 3, (NP-000714) in BL21(DE3) bacteria. The core regions
are from G17 to N416 for 3,, and from G58 to T418 for 3,,; both were
subcloned into pET28a vector. The proteins were purified individually.
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GST pull-down assay. GST_I-1I loop was immobilized on glutathione
Sepharose 4B beads (Novagen). The Ca,f3 core protein bound to the AID
was eluted from the beads with glutathione. The elution was detected
with Coomassie Blue staining on SDS-PAGE.

Oocyte preparation and expression. cDNAs encoding various constructs
were subcloned into a modified oocyte expression vector pPGEMHE. The
constructs include WT rabbit brain Ca,2.1 (X57477) and mutant Ca 2.1
with seven or five alanines or glycines inserted between F376 and L377,
skeletal muscle «,-6, human B, (NP-000714), the core region of rat
brain 3,, (M80545), and the guanylate kinase (GK) domain (5228-T412)
of B, Xenopus oocytes were prepared and maintained as described (He
etal., 2007). cRNAs were synthesized in vitro and varying amounts (0.2-5
ng) were injected into oocytes in various combinations. Recordings were
performed 3-7 d after injection.

Electrophysiology. For two-electrode voltage-clamp, the electrodes
were filled with 3 mm KCl and had a resistance of 0.5-1 M{). The bath
solution contained (in mm) 10 BaCl,, 5 KCI, 60 TEA-OH, 20 NaOH and
5 HEPES, pH 7.4 with HCL. The current was evoked every 6 s by a +20
mV pulse for 40 ms from the holding potential of —80 mV. For inside-
out macropatch recording, the electrode had a diameter of 15-30 wm and
a resistance of 0.2—0.5 M(). It was filled with a solution containing (in
mwm) 45 BaCl,, 80 KCl and 10 HEPES, pH 7.3 with KOH. The bath (i.e.,
cytoplasmic) solution contained (in mwm) 125 KCl, 4 NaCl, 10 HEPES, 10
EGTA (pH 7.3 with KOH). Phosphatidylinositol-4,5-bisphosphate
(PIP,; 0.3 uMm) and Mg-ATP (3 mm) were added freshly to the bath
solution to attenuate rundown. Control and test solutions were fed by a
pressurized system through separate tubes to a manifold attached to a
single outlet tube and were switched on/off individually. After obtaining
the inside-out patches, the recording pipette was inserted into the perfu-
sion tube to achieve a rapid and complete exchange of solution. To obtain
the B-less channels described in Figures 2, 3, and 5, a fast perfusion speed
(~1.5 ml/min) was used. Experiments were performed at 22°C.

Currents were sampled at 10 kHz and filtered at 2.5 kHz. The holding
potential for all the following protocols was —80 mV. Macroscopic cur-
rents were evoked by 5.5 ms depolarizations ranging from —40 to + 100
mV in 10 mV increments at a 1.5 s interval. Tail currents were always
recorded by repolarization to —30 mV, regardless of the preceding test
pulse. To obtain the activation curves, tail currents were normalized by
that following the depolarization to +100 mV and plotted against the test
potentials. To study prepulse facilitation, a 20 ms, +100 mV prepulse was
applied 2 ms before each of the 5.5 ms test pulses mentioned above.
Steady-state inactivation was determined by a three-pulse protocol in
which a 10 ms pulse to +20 mV (pulse A) was followed sequentially by a
20 s conditioning pulse (ranging from —80 to +40 mV) and a 10 ms test
pulse to +20 mV (pulse B). The interval between each protocol was 1.5
min. Peak current evoked by pulse B was normalized by that evoked by
pulse A and was plotted against the conditioning potentials to obtain the
voltage dependence of inactivation.

Data analysis. Data was analyzed with Clampfit. The voltage depen-
dence of activation and inactivation was fitted with the Boltzmann func-
tion of the form 1/(1 + exp[—(V — V,,,)/k]), where V, , and k are the
midpoint of activation or inactivation and the slope factor, respectively.
To obtain the time constant of activation (7,), the rising phase of the
current was fitted with a single exponential function. The prepulse facil-
itation index (PFI) was defined as the ratio of the current at the end of the
5.5 ms, +20 mV test pulse with and without the 20 ms, +100 mV pre-
pulse. Data are represented as mean = SD (number of observations).
Significance was determined using two-tailed Student’s t test.

Results

Reconstitution of GB+y inhibition in inside-out

membrane patch

To date, all studies on GBy inhibition of Ca** channels have
been performed in whole-cell (including oocyte) or cell-attached
patch recordings, and free GBy has been produced by GPCR
activation, intracellular dialysis of GTPYS or purified GBy, or
constitutive overexpression of Gf3y. To minimize the potential
effect of and cross talk with other signaling pathways associated
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Figure1. GByinhibition of P/Q-type Ca>™ channels in inside-out membrane patches. A, Typical macroscopic Ba® " currents evoked by the indicated voltage protocols in inside-out membrane
patches from oocytes expressing (a, 2.1, ce,-8, and 3,,,, before (top row) or after application of 20 nu purified G3-y (bottom row). Con, Control (i.e., without G3-y). The prepulse to +100 mV is 20
ms. In this and subsequent figures showing current traces, dashed line indicates the zero current level. B, Currents evoked by the +20 mV test pulse in A are superimposed, showing G3y-induced
inhibition and prepulse facilitation. PP, Prepulse. C, Time course of channel inhibition by 20 nm G3-y and subsequent partial recovery produced by 5 mm BARK_PH. Data points represent tail currents
recorded at —30mV aftera depolarization to +20mV (n = 5-7). Filled circles indicate the tail current of a test pulse following the + 100 mV prepulse. Arrows and numbers indicate the time points
atwhich activation curves 1-3 displayed in Figure 5A are taken. The current is normalized by that obtained immediately after patch excision (0 min data point). D, Voltage dependence of activation
under the indicated conditions. In this and subsequent figures, data points represent normalized tail currents recorded at —30 mV after depolarization to a given test potential. The midpoint (V, ,)
and slope factor (k) of activation are as follows: Con: 11.5 = 2.3and 8.8 == 0.6 mV; Con+PP: 9.5 == 2.5and 8.2 = 0.6 mV; G3y: 22.3 = 4.8and 14.7 == 2.3 mV; GBy+PP:11.7 £ 2.0and 9.9 =
0.6 mV (n = 7 for all). E, Time constant of activation () of currents evoked at +20 mV under the indicated conditions. *p << 0.05 (in this and subsequent figures, only statistically different

pairwise comparisons within a given group are indicated).

with these approaches, we attempted to reconstitute Gy inhibi-
tion in inside-out membrane patches, in which we could control
the “intracellular” milieu and directly apply purified GBy to the
cytoplasmic side. Macroscopic Ba®* currents were recorded in
giant inside-out membrane patches from Xenopus oocytes in-
jected with the cRNA of Ca,2.1 (the «; subunit encoding the
P/Q-type channel), a,-8, and B,,,. P/Q-type rather than N-type
channels were chosen because their activity runs down much
more slowly in inside-out macropatches (Zhen et al., 2006), and
this rundown can be attenuated further by adding Mg-ATP (2-3
mM) and alow concentration (0.3 uM) of PIP, in the cytoplasmic
solution (Wu et al., 2002).

Figure 1 illustrates the basic protocol for reconstituting and
detecting voltage-dependent Gy inhibition in our system. Mac-
roscopic currents were evoked by a test pulse without or with a 20
ms, +100 mV prepulse (Fig. 1 A), and tail currents evoked by the
test pulse (Fig. 1 B) were used to construct the time-course plot
(Fig. 1C) and channel-activation curves (Fig. 1 D). Bath applica-
tion of 20 nM purified GB7y (GB, and Gvy, dimer) caused a grad-
ual inhibition of the current, which could be partially reversed by
bath application of 5 mm purified pleckstrin homology (PH) do-
main of B-adrenergic receptor kinase (BARK_PH) (Fig. 1C).
BARK_PH binds to GB7y (Koch et al., 1993) and has been used to
strip GB7y from GBy-modulated Ca** channels (Meir and Dol-

phin, 2002). Bath application of 1 mMm of a G-protein « subunit
(Ga) could also partially reverse the GB7y inhibition, but Ge itself
altered some channel properties (data not shown), complicating
the results. Part of the GBy inhibition was voltage-dependent and
exhibited all the hallmarks of this form of modulation: relief by a
strong depolarizing prepulse (Fig. 1A,B), depolarizing shift of
the voltage dependence of activation (Fig. 1 D), and slowing of the
activation kinetics (Fig. 1 E). The PFI, defined as the ratio of the
current at the end of the 5.5 ms, +20 mV test pulse with and
without the prepulse, was 0.88 = 0.11 (n = 7) under the control
condition and 1.35 = 0.33 (n = 7) after GB7y application (p =
0.004). Much of the GB7 inhibition could not be relieved by the
prepulse (Fig. 1B,C) and is therefore considered as voltage-
independent. This study focuses mainly on the voltage-
dependent GB+y inhibition.

Generating -less surface Ca>* channels with a mutant Ca,

We next examined whether Ca,3 was necessary for GPvy-
mediated inhibition. A major obstacle for this experiment was
that in the absence of an exogenous Ca,8, HVA Ca** channels
express poorly on the plasma membrane in oocytes. As expected,
most oocytes injected with the cRNA of Ca,2.1 and «a,-6 alone
showed little or no Ba** currents in macropatches (data not
shown). Although WT Ca,f3s strongly stimulate the surface ex-
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Figure2. Producing abundant 3-less surface P/Q-type channels with a mutant Ca, 3. A, Close-up of the AID-Ca, B interaction interface in 3,,. The two labeled AID-binding residues, M245 and
1249, were mutated to alanine in the 3,, core, producing a mutant named (3,,_Mut2. B, Coomassie Blue staining illustrating the interaction between WT (3,,_core or 3,,_Mut2 and a I-l loop
fragment from Ca,2.1. GST_I-Il loop was immobilized in a GST column and was used to pull down WT (3,,_core or 3,,_Mut2 protein. B, Bound; U, unbound. A large excess of WT 3,,_core and
3,,_Mut2 proteins were present in the unbound fraction. The two bands close to the size of GST_I-l loop in the unbound fraction of 3,, Mut2 are degraded products of the 3,, Mut2 protein. (,
Whole-oocyte peak Ba® " current from oocytes expressing Ca,2.1and ct,-S alone (3 ~), orwith WT B,,_core or 3,,_Mut2. D, Representative current traces evoked by a +20 mV pulse, showing
the inactivation kinetics under the indicated condition of channels containing WT 3,,_core (left) or 3,,_Mut2 (middle), or without exogenous Ca, 3 (3 ~ channels, right). The traces were obtained
from different time points as indicated in E:immediately after patch excision (0 min, ©), at the end of wash (wash, &), or after the application of purified 3,, _core protein (3,,_core, ®). F, Time
course of changes of the inactivation kinetics of channels containing WT 3,,_core (left) or 3,,_Mut2 (middle), orof 3~ channels (right). After washing the cytoplasmic side of the membrane patch
for ~ 5min (~100sfor 3~ channels), 1 um WT 3,,_core protein was applied. Current was evoked every 20 sby a 2 s pulse to +20 mV. The half-time of inactivation (T, ,_inact), defined as the
time for the current to decay from the peak to the 50% size, was normalized to that obtained immediately after patch excision (0 min). n = 5-14. F, Voltage dependence of activation under
the indicated conditions for channels containing WT 3,,_core (left) or 3,,_Mut2 (middle), or for 3~ channels (right). G, H, Bar graph comparing the half-time of inactivation (T, ,_inact) and the
midpoint (V;,) and slope factor (k) of activation under the indicated conditions for channels containing WT 3,,_core or 3,,_Mut2, or for 8~ channels.n = 5-14.*p < 0.05.
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pression of HVA Ca** channels, they bind the AID so tightly that
their dissociation rate is on the order of tens of minutes to hours
(for review, see Dolphin, 2003b). Thus, conventional routes are
impractical, if not impossible, to produce great numbers of sur-
face Ca®" channels that do not contain an associated Ca, 3. Based
on the recently solved crystal structure of the Ca,8/AID complex
(Chen et al., 2004; Opatowsky et al., 2004; Van Petegem et al.,
2004), we reasoned that we might be able to create a mutant Ca,3
that had the right affinity for the AID, such that it could maintain
the ability to translocate channel «, subunits to the cell surface
but dissociate within minutes during perfusion in inside-out
patches, leaving the surface channels B-less.

We succeeded in creating such a Ca,, which was named
B>._Mut2 (Fig. 2). In this mutant, two residues (M245 and L249)
that interact directly with the AID (Fig. 2A) were mutated to
alanine in a shortened version of B,, called 3,, core, which was
generated by deleting 16 N-terminal and 188 C-terminal residues
of B,,. B,,_core protein expressed better than 3,, protein did and
was more stable in solution. This protein was used for later ex-
periments (see below). 3,, core lacks the N-terminal palmitoyl-
ation sites, but because of its unique HOOK region, it is still able
to greatly reduce the inactivation speed and shift the activation
voltage in the hyperpolarized direction (He et al., 2007). This
makes it much easier to detect changes in these properties if and
when B,, Mut2 dissociates from the channels. 3,, Mut2 had a
reduced affinity for the AID (Fig. 2 B) but was still capable of
stimulating the surface expression of P/Q-type channels, nearly
as strongly as WT [3,, core did, as measured by two-electrode
voltage-clamp (Fig. 2C). To determine whether and how fast
Bs._Mut2 dissociated from the surface channels, we compared
changes in the inactivation kinetics and voltage dependence of
activation during perfusion of inside-out patches isolated from
oocytes expressing Ca,2.1, a,-6, and either WT f3,, core or
B,._Mut2. Furthermore, purified WT f3,,_core protein was ap-
plied to the patch after extensive perfusion to see whether it could
normalize the channel properties. In patches from oocytes ex-
pressing WT B,, core, the speed of current inactivation was
steady during the 5 min perfusion (Fig. 2D, E, left column; G), as
was the voltage dependence of activation (Fig. 2 F, left column;
H). Subsequent application of purified WT B,, core did not
change these properties (Fig. 2D-F, left column; G,H). These
results indicate that WT B,, core remained associated with the
channels during the 5 min perfusion. In contrast, in patches from
oocytes expressing 3,, Mut2, the speed of current inactivation
became faster and faster after patch excision, reaching a steady-
state in ~5 min (Fig. 2 D, E, middle column; G). In the mean time,
the voltage dependence of activation was shifted in the depolar-
ized direction after the 5 min perfusion (Fig. 2 F, middle column),
increasing both the midpoint and slope factor of activation (Fig.
2 H). Subsequent application of purified WT f3,,_core fully re-
stored all the functional parameters to the same level as before the
perfusion (Fig. 2 D-F, middle column; G,H). It should be noted
that before the start of the perfusion (i.e., the 0 min data point)
the inactivation speed and activation parameters were the same
for channels from oocytes expressing 3,,_ Mut2 or WT f3,, core
(Fig. 2G,H). Together, these results indicate that 8,, Mut2 was
associated with the channels immediately after patch excision but
dissociated completely in ~5 min, producing large macroscopic
currents mediated by B-less P/Q-type channels.

The above conclusion is further substantiated by the results
from oocytes expressing only Ca,2.1 and «,-8. As mentioned
above, most of these oocytes showed little or no Ba?" currents in
macropatches, but because of the existence of two isoforms of
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endogenous Ca, s (Tareilus et al., 1997), a small number of oo-
cytes displayed currents ranging from 0.5—1 nA. It has been pos-
tulated that these currents are likely mediated by channels trans-
ported to the plasma membrane by the endogenous Ca, s, which
then unbind from the surface channels and remain unbound at
the steady state because of their low effective concentration (He et
al., 2007); these channels are refereed to as 8~ channels. Support-
ing this hypothesis, the inactivation kinetics and activation pa-
rameters of 3~ channels did not change during the perfusion
(Fig. 2 D-F, right column; G,H ), and they were similar to those of
channels obtained from the 3,, Mut2-expressing oocytes after
the 5 min perfusion (Fig. 2G,H ). Subsequent application of pu-
rified WT B,,_core greatly slowed the inactivation kinetics (Fig.
2D, E, right column; G) and shifted the activation curve in the
hyperpolarized direction (Fig. 2 F, right column), normalizing all
the measured functional parameters (Fig. 2G,H).

Gy does not produce voltage-dependent inhibition of

B-less channels

Thus armed, we proceeded to examine the effect of GB7y on the
B-less channels. Macroscopic Ba** currents were recorded in
inside-out macropatches obtained from oocytes expressing
Ca,2.1, a,-8, and B,, Mut2. It should be noted that 3,,_Mut2
was used in this set of experiments only to serve the purpose of
generating 3-less surface channels. To ensure that 3,, Mut2 was
removed from the surface channels in each recording, the voltage
dependence of activation was continuously monitored after
patch excision. Only when the activation curve had been fully
shifted was GB+y applied. GB7y (20 nm) was still capable of inhib-
iting the B-less channels (Fig. 3 A, B). However, all the hallmarks
of voltage dependence were totally lost: there were no prepulse
facilitation (Fig. 3A,B), no depolarizing shift of the activation
curve (Fig. 3C), and no slowing of the activation kinetics (Fig.
3D). The PFI was the same before and after GB7y application
[0.97 £0.11 and 0.99 * 0.12 (n = 6), respectively]. These results
are in agreement with the observations of Meir et al. (2000) in
COS cells and unequivocally show that Ca, 3 is required to confer
voltage dependence to GBy-induced inhibition.

The total degree of inhibition was notably less for the -less
channels. Thus, after 3 min of application, Gy inhibited 70.7 =
8.0% (n = 7) WT channels and only 30.8 = 9.8% (n = 6) B-less
channels. Because Gy appears to bind the same pocket to pro-
duce both voltage-dependent and voltage-independent inhibi-
tion (see later), this result suggests that either GB7y has a reduced
affinity for the B-less channels or it is less effective in causing
voltage-independent inhibition of these channels.

The Ca,8 GK domain is sufficient for conferring voltage
dependence to Gf3y-induced inhibition

Next, we determined the region(s) of Ca, 3 that are necessary for
voltage-dependent GB7y inhibition. Previous functional and
structural studies show that Ca, 3 contains five structurally and
functionally modular domains: the N terminus, a Src homology 3
(SH3) domain, a HOOK region, a GK domain, and the C termi-
nus. The GK domain binds the AID (Chen et al., 2004; Opa-
towsky et al., 2004; Van Petegem et al., 2004) and is necessary and
sufficient for trafficking HVA Ca** channels to the plasma mem-
brane (He et al., 2007). Furthermore, Ca*>* channels containing
the GK domain of any given Ca, 8 exhibit different activation and
inactivation properties from those containing its full-length
counterpart (He et al., 2007). Therefore, we recorded macro-
scopic Ba*" currents in giant inside-out membrane patches ob-
tained from oocytes expressing Ca,2.1, ,-8, and the B,, GK
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affect the activation curve of the B-less
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Voltage (mV) These results indicate that 3,, remained
Figure3.  3-Less P/Q-type channels lack voltage-dependent G3y inhibition. Macroscopic currents were recorded in inside- associated with the GBy-bound channels.

out macropatches from oocytes expressing Ca, 2.1, ct,-8.and 3,,_Mut2. B-Less channels were generated by washing 3,,_Mut2
offthe surface channels, as determined by the change of the activation curve before and aftera 5 min wash, asin Figure 2 F. All data
shown in this figure were collected after the 5 min wash. Voltage protocols for assessing voltage-dependent G 3-y inhibition were
as described in Figure 1. 4, Superposition of currents evoked by a +20 mV test pulse in the absence or presence of 20 nm Gy,
without or with a 20 ms, +100 mV prepulse, showing G3y-induced inhibition and the lack of prepulse facilitation. The PFl was
0.97 = 0.17and 0.99 = 0.12 (n = 6) without and with G-y, respectively. Con, Control; PP, prepulse. Notice that the current
amplitude was still sizable after washing out 3,,_Mut2. B, Time course of Gy inhibition. Data points represent tail currents
recorded at —30 mV after a depolarization to +20 mV (n = 6). Filled circles indicate the tail current of a test pulse following the
prepulse. Arrows and numbers indicate the time point at which the activation curve 4 displayed in Figure 5A is taken. Current is
normalized by that obtained 5 min after patch excision, after 3,,_Mut2 had been washed off (0 min data point). C, Voltage
dependence of activation under the indicated conditions. The midpoint and slope factor are as follows: Con: 28.0 = 3.3 and
14.9 = 1.1 mV; Con+PP:23.8 == 4.5and 13.8 = 2.1 mV; GB7:29.0 == 3.3 and 15.9 = 1.1 mV; GBy+PP: 27.0 = 6.1and
16.1 £ 2.0mV (n = 6 forall). D, Time constant of activation () of currents evoked at +20 mV under the indicated conditions.

Comparison of the inactivation prop-
erties also gave the same conclusion. In
agreement with previous studies (Bean,
1989; Meir and Dolphin, 2002), GBy did
not alter the voltage dependence and ki-
netics of inactivation of f3,,-containing
channels (Fig. 5B, C). This result suggests
that B,;, was not displaced by GBy. It could
be argued, however, that ,, was in fact
dislodged from the channels, but GBy
compensated the effects of B,,. This argu-
ment would predict that the inactivation

domain and examined the effect of GB7y on these currents. Gy
(20 nM) inhibited these currents (Fig. 4A,B). Remarkably, the
characteristic features of voltage-dependent inhibition were en-
tirely replicated, including prepulse facilitation (Fig. 4A, B), de-
polarizing shift of the activation curve (Fig. 4C), and slowing of
the activation kinetics (Fig. 4D). These results indicate that the
voltage dependence of GBy inhibition can be fully bestowed by
the GK domain alone, in agreement with those reported recently
(Dresviannikov et al., 2008). As with full-length B,,,, much of the
inhibition was voltage independent (Fig. 4A, B). The total inhi-
bition was 67.3 * 9.5% (n = 6) 3 min after G+ application,
similar to the 70.7 = 8.0% (n = 7) inhibition of WT channels,
suggesting that the voltage-independent inhibition was also
unaffected.

Gy does not displace Ca,f3 from the channel complex

The functional antagonism between GBvy and Ca,f3 strongly sug-
gests that there is an intimate intermolecular interplay between
them. Does this antagonism imply that GB7y displaces Ca, 3 from
the inhibited channels? We addressed this question by comparing
the activation and inactivation properties of channels with and
without Ca,f3, and in the absence and presence of GBvy. Without
Gpy, the activation curve of the channels containing £, was
left-shifted compared with that of the B-less channels (Fig. 54,
compare @ and & B-less), which were obtained as described in
Figure 2 by washing away 3,, Mut2. Application of GBvy did not

properties of the GBy-bound -

containing channels and the Gfy-bound
B-less channels should be the same. However, the results show
that the GBy-bound B-less channels exhibited a right-shifted in-
activation curve (Fig. 5B) and inactivated more slowly (Fig. 5C),
suggesting that GB+y did not compensate the effects of 3,, on
inactivation.

Together, these results support the notion that Ca, 3 remains
associated with the Ca,a; subunit during G-protein inhibition
(Canti et al., 2000; Meir et al., 2000; Feng et al., 2001; Himmer et
al., 2003).

A rigid IS6-AID linker is essential for Ca,f3 modulation of
HVA channel gating

Why is Ca, 3 required for the voltage-dependent Gy inhibition?
How does this Ca,f3 function relate to its modulation of HVA
channel gating? To address these questions, we first investigated
how Ca,8 modulates the gating properties of HVA channels. An
attractive hypothesis is that Ca,8 modulates the mobility of IS6
(Opatowsky et al., 2004; Van Petegem et al., 2004), which con-
tributes to form the inner pore and the activation gate of VGCCs
(Xieetal., 2005; Zhen et al., 2005) and affects their activation and
inactivation properties (Zhangetal., 1994; Stotz et al., 2004; Zhen
et al,, 2005). The AID is connected to IS6 via a 22 aa linker (Fig.
6A, first row). The 18 aa AID rolls into an a-helix in the embrace
ofa Ca,f (Chen etal., 2004; Opatowsky et al., 2004; Van Petegem
et al., 2004), and the entire IS6-AID linker also forms an a-helix,
as suggested by circular dichroism (CD) spectrum measurements
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(Ariasetal.,2005). Thus, in the presence of A
Ca,f3, a rigid continuous a-helix extends
from the C-terminal end of IS6 to the
C-terminal end of the AID. When this en-
tire region of a HVA channel is trans-
planted into the I-II loop of an originally
Ca,B-insensitive low voltage-activated
(LVA) channel, the resultant chimeric
channel becomes modulated by Ca,
(Arias et al., 2005). Moreover, disrupting
the a-helical structure of the I1S6-AID
linker by replacing a stretch of 6 aa with 6 C
glycines abolishes Ca, 8 modulation of the
chimeric LVA channel (Arias et al., 2005).
Following these leads, we examined
whether a rigid a-helical structure of the
IS6-AID linker was necessary for Ca,f3
modulation of HVA P/Q-type channels.
Four different poly-amino acid linkers
were inserted between IS6 and the AID of
Ca,2.1, including either seven or five gly-
cines, or seven or five alanines (Fig. 6A).
Glycine and alanine have well established
propensity to disrupt or support a-helices,
respectively (Pace and Scholtz, 1998), and
seven and five residues extend an a-helix
by approximately two or one-and-a-half
additional turns, respectively (Branden
and Tooze, 1999). These mutant Ca,2.1
subunits, as well as WT Ca,2.1, were indi-
vidually expressed in oocytes, together
with a,-8, with or without 3, and their
activation and inactivation properties
were compared in cell-attached macro-
patches. The currents obtained from oocytes without 8, were
most likely mediated by channels that were trafficked to the sur-
face membrane by the endogenous B8 subunits, which became
detached from the surface channels at steady-state, as described
in Figure 2. 3,,, greatly altered the voltage dependence of activa-
tion (Fig. 6B) and steady-state inactivation (Fig. 6C) and the
kinetics of inactivation (Fig. 6D) of WT channels, in the same
manner as reported in previous studies (He et al., 2007). How-
ever, f3;;, did not change any of these properties of Ca,2.1_7G
channels (Fig. 6 E-G). In contrast, 3,,, was still capable of modu-
lating these properties of Ca,2.1_7A channels (Fig. 6 H-]), in the
same direction as for WT channels, albeit to a lesser degree. These
results suggest that the total lack of 3,, modulation of Ca,2.1_7G
channels is not a nonspecific general effect of the amino acid
insertion itself, but instead, it is because the hepta-glycine linker
breaks the a-helical structure of the IS6-AID region. One could
still argue, however, that the lack of B,, modulation is because
B, cannot bind the AID of Ca,2.1_7G channels. This was not the
case because 3, could still bind the hepta-glycine-containing I-I1
loop in vitro (Fig. 7A) and could strongly stimulate the expression
of Ca,2.1_7G subunits in oocytes (Fig. 7B). Binding of the mu-
tated I-1I loop to B;,, was specific and mediated by the AID be-
cause it did not bind a mutant B,,, in which five key AID-
interacting residues were mutated to alanine (8;,_Mut5) (Fig.
7A). As expected, B;, was able to bind the hepta-alanine-
containing I-1I loop in vitro (Fig. 7A) and to greatly enhance the
surface expression of Ca,2.1_7A subunits in oocytes (Fig. 7B).
Likewise, the I-IT loop bearing either penta-glycines or penta-
alanines could bind WT B, but not 8;,,_Mut5 (Fig. 7A), and 3,
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The Ca, 3 GK domain is sufficient to endow P/Q-type channels with voltage-dependent G3-yinhibition. Macroscopic
currents were recorded in inside-out macropatches from oocytes expressing Ca,2.1, -8, and the 3,, GK domain. Voltage
protocols for assessing voltage-dependent G3-y inhibition were as described in Figure 1. A, Superposition of currents evoked by
a +20 mV test pulse in the absence or presence of 20 nm G3y, without or with a 20 ms, +100 mV prepulse, showing GBy-
induced inhibition and prepulse facilitation. The PFl was 0.93 == 0.06 and 1.42 == 0.27 (n = 6) without and with GB-y (p =
0.001), respectively. Con, Control; PP, prepulse. B, Time course of channel inhibition by G3y. Data points represent tail currents
recorded at —30 mV after a depolarization to +20 mV (n = 6). Filled circles indicate the tail current of a test pulse following the
prepulse. Current is normalized by that obtained immediately after patch excision (0 min data point). C, Voltage dependence of
activation under the indicated conditions. The midpoint and slope factor are as follows: Con: 16.4 = 1.3 and 9.7 == 0.9 mV;
Con+PP:13.7 = 1.6and 9.0 £ 0.5mV; GBy:29.8 = 4.3and 14.9 = 1.1mV; GBy+PP:16.2 = 2.3and 10.7 = 0.43mV (n =
6 forall). D, Time constant of activation () of currents evoked at + 20 mV under the indicated conditions. *p << 0.05.

was able to robustly stimulate the surface expression of
Ca,2.1_5G and Ca,2.1_5A subunits (Fig. 7B). Despite these ef-
fects, By, failed to affect the voltage dependence of activation and
the kinetics of inactivation of Ca,2.1_5G channels (Fig. 6K, M).
This is not surprising because penta-glycines are just as likely as
hepta-glycines to introduce random coils into the IS6-AID linker.
Intriguingly, however, the voltage dependence of activation of
Ca,2.1_5A channels was also unperturbed by ,,, (Fig. 6N). The
penta-alanine insertion most likely preserved the a-helical struc-
ture of the IS6-AID linker, as predicted by all the secondary struc-
ture prediction algorithms we tested (data not shown). So why
was f3;, ineffective in modulating activation of Ca,2.1_5A chan-
nels? A likely reason is that when bound to the penta-alanine-
containing I-IT loop, B, was rotated 180 ° with regard to the AID
axis because of the one-and-a-half turn introduced by the penta-
alanine insertion, thus misplacing the entire 8 subunit in refer-
ence to the a; subunit. Curiously, however, 3, was still capable
of speeding up inactivation of Ca,2.1_5A channels (Fig. 6 P), sug-
gesting that despite the 180° rotation, some low-affinity a4-f3
interactions necessary for inactivation modulation are still
maintained.

Together, these results indicate that a rigid IS6-AID linker is
crucial for Ca,8 modulation of HVA channel gating.

A rigid IS6-AID linker is essential for voltage-dependent

Gy modulation

Having characterized Ca, 3 modulation of the four mutant chan-
nels, we next examined their regulation by GBv, using the same
approach as in Figure 1. Ca,2.1_7A channels (containing a,-6
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Figure5. (a,[3 does not dissociate from G3-y-inhibited channels. 4, Comparison of the voltage dependence of activation of channels containing [3,, under the indicated conditions with that of

the B-less channels produced as in Figure 2. The activation curve for 3-less channels is reproduced from Figure 3C. The time points at which each activation curve is taken are indicated in Figure 1C
(for 1-3) and in Figure 3B (for 4). The midpoint and slope factor are as follows: Con: 11.5 + 2.3and 8.8 £ 0.6 mV (n = 7); GBy:22.3 = 4.8and 14.7 = 2.3 mV (n = 7); BARK_PH: 123 = 1.9
and 9.9 = 0.9mV (n = 5); B-less channels: 28.0 == 3.3 and 14.9 = 1.1mV (n = 6). B, Comparison of the voltage dependence of steady-state inactivation of 3,,-containing channels without or
with GBy treatment, as well as that of 3-less channels with G-y treatment. The midpoint and slope factor are —26.1 == 4.0 and 7.2 = 0.9 mV for 3,,-containing channels without 33y,
—24.6 = 4.7and 8.0 == 1.3 mV for 3,,-containing channels with GBy, —14.3 = 1.5and 5.8 = 0.3 mV for 3-less channels with G3-y (n = 4-5). C, Averaged current traces (n = 4 -5) evoked
by a + 20 mV pulse, showing the inactivation kinetics of 3-less channels with G3y and of 3,,-containing channels without or with G3y.

and B,, subunits) showed all the characteristic features of
voltage-dependent GBvy inhibition: prepulse facilitation (Fig.
8A,B), depolarizing shift of the activation curve (Fig. 8C), and
slowing of the activation kinetics (Fig. 8 D). The PFI was 1.02 *
0.07 and 1.52 * 0.31 (n = 6) without and with GBy ( p = 0.009),
respectively. In contrast, although Gy strongly depressed
Ca,2.1_7G (Fig. 8E,F) and Ca,2.1_5G channels (Fig. 81,]), all
the hallmarks of voltage-dependent inhibition were absent (Fig.
8 E-L). Notably, for both channels, the 20 ms, 100 mV prepulse
caused a strong suppression of the current evoked by the subse-
quent +20 mV test pulse (Fig. 8 E, F, I,]), attributable mainly to a
strong inactivation during the prepulse. In the absence and pres-
ence of G, the ratio of the current at the end and at the begin-
ning of the prepulse was 0.48 =+ 0.07 and 0.50 = 0.10 (n = 7) for
Ca,2.1_7G and 0.53 = 0.12 and 0.54 = 0.16 (n = 6) for
Ca,2.1_5G. In contract, these ratios were 1.11 = 0.05 and 1.08 =
0.04 (n = 6) for Ca,2.1_7A channels. Why the glycine insertions
result in stronger inactivation awaits further elucidation. Al-
though this inactivation could potentially overshadow the pre-
pulse facilitation, it did not because for Ca,2.1_7G the PFI was
0.57 = 0.10 (n = 7) under the control condition and 0.59 * 0.13
(n = 7) after GBvy application, and for Ca,2.1_5G, the PFI was
0.62 = 0.14 (n = 6) and 0.66 *= 0.15 (n = 6), respectively. Had
there been a significant prepulse facilitation, this value would
have been significantly higher in the presence of GBy. Thus, we
infer that GBvy did not produce a significant prepulse facilitation
of Ca,2.1_7G and Ca,2.1_5G channels. Surprisingly, GBy failed
to produce any inhibition of Ca,2.1_5A channels, either voltage-
dependent or voltage-independent (Fig. 8 M—P). These results
indicate that a properly oriented and rigid a-helix of the IS6-AID
linker is critical for endowing voltage dependence to Gy
inhibition.

Discussion

Advantages and limitations of reconstituting GB+y inhibition
in inside-out membrane patches

In this study, we reconstituted G y-mediated inhibition of P/Q-
type Ca®" channel in inside-out macropatches. An advantage of
this system is that we could directly apply purified GB7y proteins
to the intracellular side of the channel and compare various chan-
nel properties before, during, and, in cases with a high-quality
giga-seal, after GBy modulation in the same membrane patch.
This approach reduces the effect of other proteins that modulate

voltage-dependent GBy inhibition, such as Ga (Jeong and Ikeda,
1999), protein kinase C (Zamponi et al., 1997), syntaxin (Stanley
and Mirotznik, 1997), and regulators of G-protein signaling
(RGS) (Diversé-Pierluissi et al., 1999; Melliti et al., 1999; Mark et
al., 2000; Han et al., 2006). Furthermore, only through this ap-
proach could we wash out 8,, Mut2 and thus produce large
numbers of B-less Ca®* channels on the surface membrane.

Thelatter improvement is particularly useful in addressing the
controversial issue of whether Ca,f is necessary for voltage-
dependent Gy inhibition. This requires comparison of Gy
regulation of channels with and without Ca,. Past studies ad-
dressing this question bear two major problems. First, the cur-
rents from channels without Ca, tend to be miniscule and are
therefore difficult to analyze precisely. Second, because of the
presence of endogenous Ca,, channels may not be homog-
enously B-less. These problems may account, at least partially, for
the discrepancies among previous studies (Roche et al., 1995;
Campbell et al., 1995; Bourinet et al., 1996; Qin et al., 1997; Meir
et al.,, 2000). Our results unambiguously show that Ca,f3 is re-
quired to confer voltage dependence to GB+y-induced inhibition

Our system, however, has clear limitations, two of which are
particularly obvious. First, only a small fraction of the Gy inhi-
bition can be relieved by the 20 ms, +100 mV prepulse (Fig.
1B, C). It should be noted, however, that the voltage-dependent
component was likely underestimated because of a number of
factors. The prepulse might not be long or strong enough to
produce maximum relief (longer or stronger prepulses tended to
damage the giga-seal and produce more pronounced inactiva-
tion). There could be some reinhibition during the 2 ms gap
between the prepulse and the test pulse (Zamponi and Snutch,
1998). The prepulse itself caused a depression of the current in
the absence of GBy (Fig. 1 A—C), presumably because of channel
inactivation during the prepulse (which could explain the less-
than-unity value of the PFI in the control condition). Finally,
there might be a lack of proteins or factors that may facilitate the
dissociation of GBy during the prepulse. Despite of these caveats,
our results show that the main features of voltage-dependent
Gpy inhibition can be reproduced in our system.

The second major deficiency of our system is that the speed of
onset and offset of GB7y inhibition is very slow. Instead of the
tens-of-milliseconds to seconds time scale seen in native cells (for
review, see Hille, 1994; Dolphin, 2003a; Tedford and Zamponi,
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Figure 6. A rigid c-helical structure of the IS6-AID linker is necessary for Ca, 3 modulation of P/Q-type channel opening. A, The amino acid sequence of Ca,2.1 from V355 to E400, which
encompasses the cytoplasmicend of 156 and the adjacent portion of the ||l loop thatincludes the entire AID (boxed). Seven or five glycines or alanines (underlined) were inserted in between 156 and
the AID, creating four mutant forms of Ca,2.1 subunit named Ca,2.1_76G, Ca,2.1_7A, (a,2.1_5G, and Ca,2.1_5A, respectively. Inset on the right shows a schematic of the topology of 156, 1151, and
the connecting I-Il loop. The AID is bound with a Ca, /3 (circle). B—P, Comparison of activation and inactivation properties of channels formed by WT Ca, 2.1, Ca,2.1_7G, Ca,2.1_7A, Ca,2.1_5G, or
(a,2.1_5A, without or with B, (cr,-6 was present in all cases). I this study, macroscopic currents were recorded in cell-attached patches. B, E, H, K, N, Voltage dependence of activation of the
indicated channel types. The midpoint and slope factor are as follows: B, 28.0 = 2.0and 12.0 = 0.7 mV for WT Ca,2.1 (n = 6), 13.1 == 2.2and 8.3 = 1.2mV for WT Ca,2.1 with 3, (n = 6); E,
312*=29and 13.3 = 1.2mVforCa,2.1_7G (n = 10),29.9 == 1.9and 13.3 = 1.4mVfor (a,2.1_7Gwith 3,, (n = 9); H,28.3 == 5.1and 13.4 = 1.8 mVfor(a,2.1_7A (n = 10),16.1 == 2.4and 9.6 = 0.8
mV for Ca,2.1_7A with B;, (n =7); K, 30.4 = 2.8and 13.4 = 1.3 mV for Ca,2.1_5G (n = 6),28.0 = 3.8and 12.6 = 2.1mV for Ca,2.1_5G with 3,, (n = 7);and N, 31.0 == 3.2and 13.5 = 0.9 mV for
(a,21_5A(n=7),289 = 2.2and 14.8 = 2.4mVfor Ca,2.1_5Awith 3, (n = 10). (. ,L, 0, Voltage dependence of steady-state inactivation of the indicated channel types. We could not obtain these data
forCa,2.1_5G or Ca,2.1_5A channels in the ahsence of Ca, /3 because the currents were miniscule. The midpoint and slope factor are: (, —16.3 = 4.6and 4.4 = 1.1mV for WT Ca,2.1(n = 4), —34.2 = 3.7
and5.5 = 0.9mVforWT Ca,2.1with B, (n = 8);F, —9.6 == 1.3and 4.7 = 1.1mVfor Ca,2.1_7G (n = 4), —9.8 = 3.9and 4.9 = 0.6 mV for Ca,2.1_7Gwith B, (1 =9);/, —3.8 = 2.2and 4.1 = 0.4mV
forCa,2.1_7A(n =5), —13.3 =3.7and 44 = 0.4mV for Ca,2.1_7A with 3,, (n = 7); L, —11.2 = 3.9and 43 = 0.6 mV/ for Ca,2.1_5G with 3,, (1 = 7);and 0, —10.0 = 3.5and 4.8 == 0.7 mV for
(a,2.1_5Awith By, (n =5).D, G,J, M, P, Averaged current traces (n = 4-10) evoked by a +20 mV pulse, showing the inactivation kinetics of the indicated channel types.
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2006), the inhibition takes minutes to develop (Fig. 1C). Part of
this slowness could be caused by the time needed for the applied
GPy to associate with the membrane before it becomes effective.
The recovery is even slower and is incomplete, even in the pres-
ence of an excess amount of a GBvy scavenger BARK_PH (Fig.
1C). Local signaling and various proteins (such as Ga and RGS)
probably greatly speed up the kinetics of GB7y inhibition in native
cells. These are lacking in our system. The slowness of our system,
albeit undesirable, probably does not compromise the main con-
clusions of this study because it centers on steady-state properties
rather than the kinetics of G+ inhibition.

Model for voltage-dependent Gy inhibition

The voltage dependence of Gy inhibition results from the dis-
sociation of GBy from the inhibited channels as they transit from
the closed state to the open state (Boland and Bean, 1993). That
Ca,B and a rigid IS6-AID linker are essential for voltage-
dependent GBy inhibition suggests that they contribute to the
structural elements and conformational changes that trigger this
dissociation. Indeed, expression of exogenous Ca, 3 increases the
rate of prepulse facilitation, which reflects the rate of GBvy disso-
ciation, during a strong depolarizing prepulse (Roche and Treist-
man, 1998; Canti et al., 2000, 2001). Figure 9 depicts an allosteric
model linking the movement of IS6 and the obligatory role of
Ca,f to the unbinding of GBy. This model incorporates several
known features concerning the interaction between GBvy or Ca,3
and the o, subunit of HVA Ca®" channels. First, several distinct
regions in the channel «; subunit play a role in voltage-
dependent GBvyinhibition, including the N terminus (Page et al.,
1998; Agler et al., 2005), the I-II loop (De Waard et al., 1997; Page
etal., 1997; Zamponi et al., 1997), and the C terminus (Zhang et
al., 1996; Qin et al., 1997), although the role of the latter may be
modulatory rather than obligatory (Hiimmer etal., 2003; Liet al.,
2004; Agler et al., 2005). Protein fragments from these regions are
able to bind Gy in vitro (De Waard et al., 1997; Qin et al., 1997;
Zamponi et al., 1997; Li et al., 2004; Agler et al., 2005). Although
the site where GBvy binds in the holo-channel to produce the
voltage-dependent inhibition is still unknown, it may be formed
collectively by these (and possibly some yet unknown) regions
(Fig. 9). Second, the N terminus binds directly to the I-II loop,
and together they form a GB7y-gated inhibitory module (Agler et
al., 2005). Third, the AID forms a random coil absent Ca,f3, as
determined by CD spectrum (Opatowsky et al., 2004), but adopts
an a-helical structure when bound to Ca, (Chen et al., 2004;
Opatowsky et al., 2004; Van Petegem et al., 2004). Thus, in the

holo-channel, with Ca,8 present, an uninterrupted a-helix is
formed from IS6 to the AID (Fig. 9A).

A distinct element of this model is that the GBy-binding
pocket in the holo-channel is located primarily on the C-terminal
end of the AID (Fig. 94, left). GB+y binds in vitro to two distinct
regions in the I-II loop of HVA channels: one extends from the
C-terminal end of 1S6 to the N-terminal end of the AID and
contains a signature Gfy-interacting QXXER motif (QQIER in
Ca,2.1, Fig. 6 A), and the other is located further downstream of
the AID (De Waard et al., 1997; Zamponi et al., 1997). The first
region may serve only as a secondary Gf3y-binding site in the
holo-channel for three reasons. First, the QQIER motif is par-
tially buried by Ca,f3, as shown by the Ca,B-AID crystal struc-
tures (Chen et al., 2004; Opatowsky et al., 2004; Van Petegem et
al., 2004). Indeed, we found that GBy binding to a fragment of
the I-II loop of Ca,2.1 containing the QQIER motif was signifi-
cantly weaker in the presence of Ca, 3 than in the absence of Ca, 3
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Second, the QQIER motif is unlikely to become
available because Ca,B does not vacate from the GB7y-bound
channels (Canti et al., 2000; Meir et al., 2000; Hiimmer et al.,
2003) (Fig. 5). Third, GBvy inhibition remains intact with the
hepta-alanine insertion in this region (Fig. 8 A—D). The second
region, however, could potentially play a key role in GBy binding
to the holo-channel.

How does this model explain our experimental observations?
Under the resting condition and with GB+y present, the channel is
closed and in a “reluctant” state (Fig. 94, left). The four S6 seg-
ments of the a; subunit are tilted such that their cytoplasmic ends
come near each other to form an activation gate (Xie et al., 2005),
akin to that occurring in K™ channels (MacKinnon, 2003). On
depolarization, the S6 segments spray outward, dilating the cyto-
plasmic orifice to >10 A (Zhen et al., 2005). Because of the con-
tinuous rigid a-helical structure, partly induced by Ca,(3, the
movement of IS6 is propagated to the AID and beyond, resulting
in a movement of Ca,f3 and the distal I-IT loop and consequently
a conformational change of the GBvy-binding pocket. Such a
chain of events ultimately leads to the dissociation of GB7y from
the channel and then the disassembly of the N terminus-I-1I loop
inhibitory module (Fig. 94, right). Alternatively, the movement
of the I-II loop, triggered by that of IS6, first causes the N
terminus-I-II loop module to disassemble, which then leads to a
conformational change of the GB7y-binding pocket and the even-
tual dissociation of GBy.

In the absence of Ca,f (as in the case of the B-less channels),



14186 - J. Neurosci., December 24, 2008 - 28(52):14176 14188 Zhang et al. @ G3-y Modulation of Ca2™ Channels

A B D

(2}
g
O

GBY Gpy+PP
4 P+

Ca2.1_7A
+B1b

® Con
v Con+PP
u GBy

o Gpy+PP

-40-20 0 20 40 60 80100
Voltage (mV)

Con+PP
on c

Toet (MS)
SOo_2aNNWW
ognooonoo,

aill

C.°° Rl G@. “{'Q?

il

o R° e

il

ooee® c&*@?"
©

i

Got\ °F e%-\ “(‘??

26060 6208 of o8
ohvbhowmoiv

1
Normalized Tail Current
—
NBEDRON
oocooooo
1 g:&
Normalized Tail Current

0123 456
Time (min)

E F

@
I

Gy

Ca2.1_7G
+B1b

T, (MS)

Y T

=GP
© GBy+PP

0o o &
ohhomom
olhbhowonbhe

0123 45€6
Time (min)

-40-20 0 20 40 60 80100
Voltage (mV)

Normalized Tail Current
— e —
NAOOON A
ocooocooocoo
Normalized Tail Current

-~
r

Gpy+PP  Gpy

40 Gp

Ca2.1_5G
+B1b

® Con
v Con+PP
G

y
© Gpy+PP

Toet (MS)

CO000O=maa

Con+PP A
Con

cococoo==
ohhowoi
ohhowomho

-40-20 0 20 40 60 80100
Voltage (mV)

(=]

Normalized Tail Current
— e —
NBORON
ooococooo
4 ; H—d
Normalized Tail Current

12 3 45 6
Time (min)

(@)
)

(]
3

Ca2.1_5A
+B1b

ceooo 2
ONPBPOOODON
T, (MS)
[=T=T=T=]— MV
oclhonoh koo

-40-20 0 20 40 60 80100
Voltage (mV)

o

Normalized Tail Current
— b —
NEBOOONB
[=N =Nl =l == -
Normalized Tail Current

12 3 4 5 6
Time (min)

Figure8. Arigid a-helical structure of the IS6-AID linker is necessary for voltage-dependent GB-y inhibition. A—P, Macroscopic currents were recorded in inside-out macropatches from oocytes
expressing a,-6, 3, and either Ca,2.1_7A (A-D), Ca,2.1_7G (E-H), Ca,2.1_5G (I-L), or Ca,2.1_5A (M—P). Vloltage protocols for assessing voltage-dependent G 3y inhibition were as described
inFigure 1. A, E, I, M, Superposition of currents evoked by a +20 mV test pulse in the absence or presence of 20 nm G3-y, without or with a 20 ms, +100 mV prepulse. Con, Control; PP, prepulse.
B, F,J, N, Time course of GByinhibition. Data points represent tail currents recorded at —30 mV after a depolarization to +20 mV (n = 6 7). Filled circles indicate the tail current of a test pulse
following the prepulse. Current is normalized by that obtained immediately after patch excision (0 min data point). C, G, K, 0, Voltage dependence of activation under the indicated conditions. The
midpoint and slope factor are as follows: ¢, 18.3 == 1.0and 10.1 2= 0.9 mV for Con, 15.9 = 0.9and 9.7 == 0.8 mV for Con+PP, 27.4 = 4.4and 14.5 == 1.8 mV for GB-y,and 16.2 == 2.2and 11.3 =
1.3mVfor GBy+PP (n = 6forall); G,37.0 == 4.9and 22.6 == 3.0 mV for Con, 33.9 = 5.4and 21.8 == 3.6 mV for Con+PP, 39.1 == 5.8and 21.7 == 3.3mV for By, and 34.9 = 7.9and 22.4 +
4.7 mV for GBy+PP (n = 7 forall); K, 35.2 = 3.4and 22.1 = 4.2 mV for Con, 31.4 = 6.5 and 20.5 = 2.1 mV for Con+PP, 34.8 = 4.4 and 20.6 == 2.3 mV for GB~, and 31.2 = 5.2 and
20.6 = 2.6 mV for GBy+PP (n = 6forall);and 0,31.2 == 2.3and 17.2 = 1.5mV for Con, 29.4 = 3.9and 17.9 == 1.5 mV for Con+PP,32.9 = 4.1and 16.2 = 2.2 mV for GBy,and 29.9 == 3.6

and 18.4 = 3.5 mV for GB-y+PP (n = 6 forall). D, H, L, P, Time constant of activation () of currents evoked at +20 mV under the indicated conditions. *p << 0.05.

Gy can still bind to the holo-channel, as evidenced by its inhib-
itory effect (Fig. 3A, B), but it cannot be discharged by the depo-
larizing potential (Fig. 9B). This occurs because of one or both of
the following reasons. First, without Ca,f3, the AID unwinds into
arandom colil, disrupting the coupling between IS6 and the GBy-
binding pocket. Second, the Ca, 3 movement itself, triggered by
the voltage-dependent IS6 movement, is a prerequisite for weak-
ening GBvy binding. Thus, in the B-less channels, although depo-
larization still reorients IS6, it does not affect GBvy binding and
the N terminus—I-II loop inhibitory module (Fig. 9B, right). Sim-
ilarly, disrupting the a-helical structure of the linker between 1S6
and the AID with the heptaglycine or pentaglycine insertion un-
couples the two regions, making GB7y binding to the holo-
channel insensitive to membrane depolarization (Fig. 9C).

The observation that the Ca,8 GK domain alone was able to
support voltage-dependent GBvy inhibition adds another fine de-
tail to the model: the other regions of Ca, 3 and their interactions
with the channel «; subunit are not necessary for this process.
The GK domain harbors the entire AID-binding pocket (Chen et
al., 2004; Opatowsky et al., 2004; Van Petegem et al., 2004), thus,
it can perfectly substitute full-length Ca, 8 in enticing the AID to
form an a-helix, thereby maintaining the rigid coupling between
IS6 and the GBvy-binding pocket.

This model is applicable to the slowing of the activation kinet-
ics and prepulse facilitation accompanying voltage-dependent
Gpvyinhibition of both N- and P/Q-type channels, but not to the
“reluctant openings” (i.e., the opening of GBy-bound channels)
that have been detected in N-type but not P/Q-type channels
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(Colecraft et al., 2000; Lee and Elmslie, 2000). Those openings are
much briefer than the normal ones, and the underlying molecu-
lar mechanism remains to be determined. This model also does
not explicitly address the mechanism of voltage-independent
Gpvy inhibition. However, one can envisage that GBvy binding
and the N terminus—I-1I loop inhibitory module remain unal-
tered in some channels whose IS6 has undergone a
depolarization-driven movement, especially in the absence of
other proteins or factors that enhance the rate of GBy unbinding.
The complete lack of both voltage-dependent and voltage-
independent GBy inhibition of Ca,2.1_5A channels (Fig. 8 M—P)
supports the notion that GB+y binds to a single pocket to produce
both forms of inhibition. The loss of these inhibitions in
Ca,2.1_5A channels is presumably because GBvy can no longer
bind the mutant channels, since their GB7y binding pocket is
deformed by the one-and-a-half turn introduced by the penta-
alanine insertion. Further studies are needed to substantiate this
possibility.

In conclusion, our study suggests that the voltage dependence
of GByinhibition of HVA Ca** channels arises from the voltage-
dependent movement of 1S6, and that Ca, 3 and a rigid IS6-AID
linker play a pivotal role in translating this movement to Gfy
dissociation.
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