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Multiple G-Protein By Combinations Produce Voltage-Dependent
Inhibition of N-Type Calcium Channels in Rat Superior Cervical

Ganglion Neurons

Victor Ruiz-Velasco and Stephen R. lkeda

Laboratory of Molecular Physiology, Guthrie Research Institute, Sayre, Pennsylvania 18840

Activation of several G-protein-coupled receptors leads to
voltage-dependent (VD) inhibition of N- and P/Q-type Ca®"
channels via G-protein By subunits (GBvy). The purpose of the
present study was to determine the ability of different GBy
combinations to produce VD inhibition of N-type Ca®* chan-
nels in rat superior cervical ganglion neurons. Various Gy
combinations were heterologously overexpressed by intranu-
clear microinjection of cDNA and tonic VD Ca?* channel inhi-
bition evaluated using the whole-cell voltage-clamp technique.
Overexpression of GB1-GB5, in combination with several dif-
ferent Gy subunits, resulted in tonic VD Ca®" channel inhibi-
tion. Robust Ca®* channel modulation required coexpression

of both GB and Gv. Expression of either subunit alone pro-
duced minimal effects. To substantiate the apparent lack of Gy
specificity, we examined whether heterologously expressed
Gpvy displaced native GBy from heterotrimeric complexes. To
this end, mutant GB subunits were constructed that differen-
tially modulated N-type Ca?* and G-protein-gated inward rec-
tifier K* channels. Results from these studies indicated that
significant displacement does not occur, and thus the observed
GpBy modulation can be attributed directly to the heterologously
expressed Gy combinations.

Key words: G-protein; N-type Ca®" channel; GIRK channel;
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Inhibition of neuronal Ca®" channels by G-protein-coupled re-

ceptors (GPCR) represents an important mechanism for modu-
lating release of neurotransmitters from presynaptic nerve end-
ings (Dunlap et al., 1995). Although several discrete signaling
pathways leading to N-type Ca*" channel inhibition have been
identified (Hille, 1994), the most commonly used and best char-
acterized pathway results from activation of GPCR that couple to
pertussis toxin-sensitive G-proteins (Ikeda and Dunlap, 1999).
After receptor activation, N-type Ca®* channels are inhibited by
a membrane-delimited pathway that results in a shift of the
channels from a “willing” to “reluctant” mode in which a more
depolarized membrane potential is required for channel opening
(Bean, 1989). Consequently, the resulting Ca*" channel inhibi-
tion is voltage-dependent (VD), i.e., the magnitude of inhibition
is dependent on the membrane potential at which channel open-
ing is measured.

Recently, the molecular mechanism underlying VD inhibition
of N- and P/Q-type has begun to emerge (Zamponi and Snutch,
1998; Ikeda and Dunlap, 1999). Experiments in which various
G-protein subunits were heterologously expressed in neurons or
Ca?* channel-expressing cells demonstrated that the GBy, rather
than the Ga, component of heterotrimeric G-proteins was re-
sponsible for VD inhibition (Herlitze et al., 1996; Ikeda, 1996).
Subsequent studies demonstrated that GBvy interacts with various
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regions of Ca®" channel «, subunits (De Waard et al., 1997; Qin
et al., 1997; Zamponi et al., 1997; Furukawa et al., 1998; Canti et
al., 1999). Currently, the consensus view of VD inhibition envi-
sions “release” of GBvy from the GaBy heterotrimer after GPCR
activation, followed by direct binding of GBvy to the Ca®* chan-
nel. At depolarized potentials, the GBy subunit is believed to
unbind from the Ca*" channel «; subunit thereby relieving the
inhibition and producing biophysical alterations, i.e., “kinetic
slowing” of activation and “prepulse facilitation,” which are the
electrophysiological signatures of the VD pathway.

Given this mechanism, the question arises whether distinct
combinations of GBy confer specificity in regard to VD N-type
Ca?* channel modulation. Currently, five GB subunits (81-85)
and eleven Gy subunits (Gyl-Gvyl12; Gy6 was renamed Gy2)
have been identified from cloning studies (Watson and Arkinstall,
1994; Clapham and Neer, 1997). Although few combinations of
G and Gy are unlikely to participate in modulation because
functional GBy monomers do not form or expression is highly
restricted, there appear to be a large number of potential combi-
nations that could participate in Ca®* channel modulation. Pre-
viously, Ikeda (1996) and Herlitze et al. (1996) reported that
expression of GB1v2, GB1y3 or GB1v7, and GB2v3, respectively,
produce VD inhibition of N-type Ca®" channels. Recently, Gar-
cia et al. (1998) reported that overexpression of some G subunits
(GB1, GB2, or GBS) but not others (GB3 or GB4) resulted in
N-type Ca** channel inhibition. The purpose of the present
study was to extend these studies by heterologously overexpress-
ing defined GBy combinations and determining which subunit
combination(s) produced tonic (i.e., in the absence of GPCR
activation) VD inhibition of N-type Ca?" channels in superior
cervical ganglion (SCG) neurons. Unlike Garcia et al. (1998), our
results indicate that GB1-Gp5-containing heterodimers are ca-
pable of producing VD modulation.
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MATERIALS AND METHODS

Neuron isolation and cDNA microinjection. Neurons from adult rat SCG
were prepared using methods described previously (Ikeda, 1997). Briefly,
male Wistar rats (175-225 gm) were killed by decapitation using a
laboratory guillotine without previous anesthesia, and the SCG was
dissected in chilled HBSS. The ganglia were incubated with 0.6 mg/ml
collagenase type D (Boehringer Mannheim, Indianapolis, IN), 0.4 mg/ml
trypsin (TRL type; Worthington Biochemical Corp., Lakewood, NJ),
and 0.1 mg/ml DNase Type I (Sigma, St. Louis, MO) for 60 min in a
water bath shaker at 35°C. After incubation, the dispersed neurons were
centrifuged twice for 6 min at 50 X g and then resuspended in Minimal
Essential Medium (Mediatech, Inc., Herndon, VA) supplemented with
10% fetal calf serum (Atlanta Biologicals, Atlanta, GA), 1% glutamine,
and 1% penicillin—streptomycin solution (both from Mediatech, Inc.).
The neurons were then plated into 35 mm tissue culture plates coated
with poly-L-lysine and stored in a humidified incubator containing 5%
CO, in air at 37°C.

Nuclear microinjection of plasmids was performed with an Eppendorf
(Madison, WI) 5246 microinjector and 5171 micromanipulator ~3-5 hr
after plating as described previously (Ikeda, 1997; Ruiz-Velasco and
Ikeda, 1998). Plasmids coding for human GB2 and 33, mouse G4, G5,
and Gvy4, and bovine GB1, Gyl, Gy2, and Gv3 (all subcloned into the
mammalian expression vector, pCl; Promega, Madison, WI) were pre-
pared using anion exchange columns (Qiagen, Chatsworth, CA) and
stored in TE buffer (10 mMm Tris and 1 mm EDTA, pH 8.0). Human
G-protein-gated inward rectifier K* channel 1 (GIRKI) and GIRK4
(Kir 3.1 and 3.4, respectively) and bovine Ge, were supplied in
pcDNA3.1 (Invitrogen, Carlsbad, CA) and prepared as above. Site-
directed mutagenesis of G subunits was performed using the GeneEditor
in vitro site-directed mutagenesis kit (Promega) per the manufacturer’s
instructions. Mutations were confirmed by automated DNA sequencing
(ABI 310; Perkin-Elmer, Foster City, CA). Neurons receiving a success-
ful nuclear injection were identified by fluorescence from coexpressed
jellyfish green fluorescent protein (pEGFP-N1, 5 ng/ul; Clontech Lab-
oratories, Palo Alto, CA) as described previously (Ruiz-Velasco and
Ikeda, 1998).

Electrophysiology and data analysis. Ca®* and GIRK channel currents
were recorded using the whole-cell variant of the patch-clamp technique
(Hamill et al., 1981). Patch pipettes were pulled from glass capillaries
(Corning 7052; Garner Glass Co., Claremont, CA) on a P-97 Flaming-
Brown micropipette puller (Sutter Instrument Co., San Rafael, CA),
coated with Sylgard (Dow Corning, Midland, MI) and fire polished on a
microforge. Whole-cell currents were acquired with a patch-clamp am-
plifier (Axopatch 200A or Axopatch 1C; Axon Instruments, Foster City,
CA), analog filtered at 1-2 kHz (—3 dB; four-pole Bessel), and digitized
using custom designed software (S3) on a Macintosh Quadra 700 com-
puter (Apple Computer, Cupertino, CA) equipped with a 12-bit analog-
to-digital converter board (MacADIOS II; G. W. Instruments, Bedford,
MA). Cell membrane capacitance and series resistance (80-85%) were
electronically compensated. All experiments were performed at room
temperature (21-24°C). Data analysis were performed with the Igor
(Wavemetrics, Lake Oswego, OR) software package. Graphs and current
traces were produced with Igor, StatView (SAS Institute, Inc., Cary, NC)
and Canvas (Deneba Software, Miami, FL) software packages. Data are
presented as means = SEM. Statistical analysis were performed with
GB-Stat PPC (Dynamic Microsystems, Inc., Silver Spring, MD) software
package using the one-way ANOVA, followed by the Newman-Keuls
test. p < 0.05 was considered statistically significant.

For recording Ca®" currents, the pipette solution contained (in mm):
120 N-methyl-D-glucamine, 20 tetracthylammonium hydroxide (TEA-
OH), 11 EGTA, 10 HEPES, 10 sucrose, 1 CaCl,, 4 Mg-ATP, 0.3
Na,ATP, and 14 Tris creatine phosphate. The pH was adjusted to 7.2
with methanesulfonic acid and HCI1 (10 mm), and the osmolality was
299-302 mOsm/kg. The external solution consisted of (in mm): 145
TEA-OH, 10 HEPES, 15 glucose, 10 CaCl,, and 0.0003 tetrodotoxin
(TTX). The pH was adjusted to 7.4 with methanesulfonic acid, and the
osmolality was 319-327 mOsm/kg. For recording GIRK currents, the
pipette solution contained (in mm): 135 KCI, 11 EGTA, 1 CaCl,,
2 MgCl,, 10 HEPES, 4 Mg-ATP, and 0.3 Na,ATP. The pH was adjusted
to 7.2 with KOH, and the osmolality was 305 mOsm/kg. The GIRK
external solution consisted of (in mm): 130 NaCl, 5.4 KCI, 10 HEPES, 10
CaCl,, 0.8 MgCl,, 15 glucose, 15 sucrose, and 0.0003 TTX. The pH was
adjusted to 7.4 with NaOH, and the osmolality was 326 mOsm/kg.

Stock solutions (10 mm) of norepinephrine (NE)-bitartrate (Sigma)
were prepared in H,O and diluted in the external solution to 10 uM just
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before use. Application of drugs to the neuron under study was per-
formed by positioning a custom-designed gravity-fed microperfusion
system ~100 wm from the cell as described previously (Ruiz-Velasco and
Ikeda, 1998).

RESULTS

Properties of voltage-dependent Ca2*

channel inhibition

Kinetic slowing of activation and prepulse facilitation provide a
rapid and reliable means of identifying the VD form of Ca?*
channel modulation. Figure 14 depicts superimposed Ca>" cur-
rent traces recorded from a control (uninjected) neuron in the
absence (bottom trace) or presence (fop trace) of 10 um NE. In rat
SCG neurons, NE acts via a,-adrenergic receptors (Schofield,
1990) to produce a well characterized VD inhibition. Ca*"
currents were evoked with a voltage protocol consisting of two
identical test pulses (+10 mV) separated by a large depolarizing
(+80 mV) conditioning pulse (Fig. 14, bottom) (Elmslie et al.,
1990). Kinetic slowing is illustrated in the current evoked during
the prepulse (i.e., the test pulse preceding the conditioning pulse).
Before NE exposure, the Ca®* current activation phase was
rapid, reaching a plateau within the initial 5-10 msec after onset
of the test pulse (Fig. 1A, bottom trace). In contrast, after
receptor-mediated G-protein activation with NE, the current
rising phase was slower and biphasic (Fig. 14, top trace).

A second property of VD inhibition, prepulse facilitation, is
evident when the prepulse and postpulse (i.e., current evoked
after the condition pulse) current amplitudes are compared. Fig-
ure 14 shows that, in the absence of NE (bottom trace), the
conditioning pulse had a minor, although significant, effect on the
postpulse current amplitude (Ikeda, 1991). In the presence of
NE, however, the postpulse current was much larger than the
prepulse current (relief of NE-mediated inhibition) and displayed
normal activation kinetics. The facilitation ratio, a parameter
calculated by dividing the postpulse by the prepulse current
amplitude, increased dramatically during NE application and
thus provided a convenient and reliable measure of VD inhibi-
tion. Together, these unique properties (kinetic slowing and in-
creased facilitation ratio) allow VD inhibition to be characterized
and measured independently of changes in current amplitude.
This strategy was used to determine tonic (i.e., in the absence of
agonist) VD inhibition produced after expression of GpBy
subunits.

Expression of different GBy combinations produces

VD inhibition

Figure 1B-D illustrates the effects of intranuclear microinjection
of B1 and y2 cDNA (10 ng/ul per subunit) alone or together on
Ca?* currents. Neurons previously coinjected with 81y2 cDNAs
displayed dramatic kinetic slowing and prepulse facilitation in-
dicative of large tonic VD inhibition (Fig. 1B) as reported pre-
viously (Ikeda, 1996). Consistent with this idea, application of
NE failed to produce significant effects, indicating near maximal
modulation of the channels by expressed GBvy. Conversely, pre-
vious injection of either GB1 (Fig. 1C) or Gy2 (Fig. 1D) cDNA
alone resulted in small and sometimes inconsistent changes (e.g.,
slightly increased prepulse facilitation) (Fig. 1E) in basal current
properties. Moreover, application of NE to GB1- or Gvy2-
expressing neurons resulted in large inhibitions similar to those
observed in uninjected neurons. Figure 1 E summarizes the effect
of expressing GB1, Gy2, Gy4, and combinations of these subunits
on basal (i.e., in the absence of agonist) facilitation ratio and
NE-mediated Ca?" current inhibition. Clearly, coexpression of
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Figure 1. Facilitation and NE-mediated inhibition of
Ca?" currents in SCG neurons expressing 81 or Gy alone
or combined. Superimposed Ca®* current traces evoke
with the “double-pulse” voltage protocol (bottom of A) in
the absence (bottom traces) and presence (top traces) of 10
uM NE for control (A4), GB1y2- (B), GB1- (C), and Gv2-
expressing (D) neurons. Currents were evoked every 10 sec.

E P1 Series E, Summary graphs of mean = SEM basal facilitation and
Ca?* current inhibition for neurons expressing GS1 alone
By => ** p1ya = * or combined with Gy2 and Gy4 subunits. Final concentra-
Bz | () »* g1 | * tion of cDNA injected was 10 ng/ul per subunit. Facilitation
Bt VS TF@ B T A was calculated as the ratio of Ca?* current amplitude
1 N determined from the test pulse (+10 mV) occurring after
4 o] A

w A i i | (postpulse) and before (prepulse) the +80 mV conditioning
© _m“ 2 ZA4 pulse. Ca>" current inhibition was measured isochronally
Con } =) Con = 10 msec after initiation of the test pulse (+10 mV) in the

T T T T T 1 T T T T T T 1 * %
10 15 20 25 30 35 o 10 20 30 40 50 60 70 absence or presence of 10 um NE. **p < 0.01 versus
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control. Numbers in parentheses indicate the number of
experiments.

Figure 2. Effect of heterologous overexpres-

sion of GB2 and B5 alone or with G2, Gv3,
and G4 on facilitation and NE-mediated in-
hibition of Ca?* currents. 4, B, Summary
graphs of mean = SEM basal facilitation and
Ca?" current inhibition for neurons express-
ing either B2 or B5 alone and combined with
several <y subunits. Final concentration of
cDNA injected was 10 ng/ul per subunit. Basal
facilitation and Ca>" current inhibition were
calculated as described in Figure 1E. Note
that scales for both parameters are the same.

Numbers in parentheses indicate the number of
experiments. Insets show superimposed cur-

rent traces evoked with the double-pulse volt-
age protocol (illustrated in Fig. 1D) in the
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Gp1 with different Gy subunits produced significantly greater
modulatory effect on Ca*" currents than expression of either
subunit alone as indicated by the increased facilitation ratio and
attenuation of NE-mediated inhibition (p < 0.01). These results
are similar to those obtained previously (Ikeda, 1996), although in
the present experiments the concentration of cDNA injected was
10-fold lower than those used in the former study.

Using this basic experimental paradigm, we next systematically
tested the ability of GB2-Gf5, alone and in combination with
different Gy subunits, to produce tonic VD inhibition of N-type
Ca?" channels. Unless otherwise noted, cDNA coding for the

Calcium Current Inhibition (%)

absence or presence of 10 uM NE for p2y4-
and B5vy2-expressing neurons. *p < 0.05 versus
control; **p < 0.01 versus control.

various G-protein subunits was injected at a concentration of 10
ng/ul. Figure 2 summarizes basal facilitation and NE-mediated
Ca?* current inhibition in SCG neurons previously injected with
cDNAs encoding GB2 (Fig. 24) or GB5 (Fig. 2B) alone or in
combination with cDNAs coding for Gy2-Gy4. As seen with
Gp1-expressing neurons, expression of either GB2 or GBS in the
absence of concurrent Gvy expression produced no significant
alteration in either basal facilitation ratio or NE-mediated inhi-
bition of Ca*" currents when compared with uninjected neurons
(from the same neuronal preparations). Coexpression of GB2
with G+ subunits, however, resulted in significantly enhanced
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Figure 3. Effect of heterologous overexpres- T
sion of GB3 and GB4 alone or with Gy2, Gv3, 1.0 15
and Gvy4 on facilitation and NE-mediated
inhibition of Ca®* currents. A, B, Summary
graphs of mean + SEM basal facilitation and
Ca?" current inhibition for neurons express-
ing either B3 or B4 alone and combined with
several +y subunits. Final concentration of
cDNA injected was 10 ng/ul per subunit. +¥
Basal facilitation and Ca®" current inhibition o
were calculated as described in Figure 1E.
Note that scales for basal facilitation are dif- ++2
ferent. Numbers in parentheses indicate the b
number of experiments. Insets show superim- B4
posed current traces evoked with the double- i
pulse voltage protocol (illustrated in Fig. 1D)
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in the absence or presence of 10 uM NE for 10 2.|0
B3y2- and B4vy4-expressing neurons. *p <
0.05 versus control; **p < 0.01 versus control.

basal facilitation ratio, decreased NE-mediated inhibition, and
obvious kinetic slowing in the absence of agonist (Fig. 24, inser).
Conversely, coexpression of GB5 with various Gy subunits failed
to produce significant increases in basal facilitation, although
small decreases in NE-mediated Ca®" current inhibition were
observed. Increasing the concentration of injected GB5 and Gy2
c¢DNA to 100 ng/ul per subunit, however, resulted in significant
modulation, yet not when expressed alone. Under these condi-
tions, basal facilitation ratios for control and GB5- and GB5vy2-
expressing neurons were 1.23 = 0.04 (n = 7), 1.19 = 0.04 (n = 5),
and 1.82 = 0.12 (n = 12; p < 0.05), respectively (data not shown)
(Tkeda, 1996).

The effects of expressing GB3 or G4 alone or together with
Gvy2-Gvy4 are summarized in Figure 3. As with the previously
tested G subunits, expression of GB3 produced significant alter-
ations in basal facilitation ratio and NE-mediated inhibition of
Ca?* current only when coexpressed with a Gy subunit (Fig. 34).
Conversely, injection of GB4 cDNA resulted in a significant
increase in basal facilitation ratio and attenuation of NE-
mediated inhibition without concurrent injection of Gy cDNA.
Coexpression of GB4 with Gy subunits increased the basal facil-
itation ratio, an effect especially apparent with Gy4 (p < 0.01). In
fact, the tonic inhibition produced by G4y4 was the most potent
observed in this study as indicated by the large basal facilitation
ratio (~4) and greatly attenuated NE-mediated inhibition
(<10%). Expression of GB3 or G4 with Gy subunits produced
characteristic kinetic slowing of the Ca®* current (Fig. 34,5,
insets, respectively).

Together, these results suggest that GB1-Gf35, in combination
with various Gy subunits, were capable of producing VD modu-
lation of N-type Ca?* channels. With the exception of Gf4,
coexpression of a G together with a Gy subunit was required to
produce significant effects. At the usual concentration of injected
c¢DNA (10 ng/ul) used in this study, expression of GB35, alone or
together with Gy subunits, produced minimal effects. These re-
sults are in agreement with some previously reported results
(Tkeda, 1996; Delmas et al., 1998) but discrepant in regard to

Basal Facilitation

T T T T T T T T 1
3.0 4.0 o] 10 20 30 40 50 60 70

Calcium Current Inhibition (%)

other studies (Herlitze et al., 1996; Garcia et al., 1998). At
present, the reason for this discrepancy is unclear. The results are
especially puzzling because the preparation used in each of these
studies was similar (rat sympathetic neurons).

Does heterologously expressed Gy displace

native GBy?

Meaningful interpretation of the experimental results presented
thus far relies on the tacit assumption that heterologously ex-
pressed GB+y were directly responsible for the observed changes
in Ca®" channel properties. The fact that most of the GBy
combinations tested produced VD inhibition prompted us to
investigate a possible alternative interpretation of the data. It was
hypothesized that heterologously expressed GB+y could displace
native GBvy from the G-protein heterotrimer as a result of basal
G-protein activation. Under this scenario, the displaced “free”
native GBy would interact with N-type Ca?" channels and pro-
duce VD inhibition thus leading to interpretive difficulties.

In the absence of overt GPCR stimulation, there appears to be
a low level of baseline G-protein activation in SCG neurons. This
assumption is based on two previous experimental findings. First,
introduction on nonhydrolyzable GTP analogs in SCG neurons
(via the patch pipette) results in spontaneous VD inhibition
(Tkeda and Schofield, 1989; Ikeda, 1996; Jeong and Ikeda, 1999).
Second, a small amount of tonic VD inhibition, as indicated by
basal facilitation ratio >1, has been documented in SCG neurons
(Tkeda, 1991).

To address the issue of displacement, residues on Gf3 were
mutated with the goal of imparting properties that would differ-
entiate the actions of heterologously expressed mutant GBy from
natively expressed wild-type GBy. Two separate sets of mutations
were developed based on the crystal structure of GBy (Wall et al.,
1995; Sondek et al., 1996) and previous studies examining the
effect of multiple discrete GB mutations on effector interaction
(Ford et al., 1998; Li et al., 1998). The goal of the GB mutagenesis
was twofold. First, we desired a G that interacted poorly (as
GpBy) with Ga yet retained the ability to modulate N-type Ca?*
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Figure 4. Effect of heterologous overex-
pression of mutant GB1 and Ge,, on basal
facilitation and NE-mediated Ca®" current
inhibition. Superimposed Ca?* current
traces evoke with the double-pulse voltage
protocol (bottom of E) in the absence (bot-
tom traces) and presence (top traces) of 10
uM NE for wild-type B1y2- and Gey,- (A),
B1(80)y2- (B), B1(80)y2- and Gay,- (O),

F Summary +o 0 - w0 B1(80,88,89)y2- (D), and B1(80,88,89)y2
B and Goy,-expressing (E) neurons. F, Sum-
B1(80.88,89)2 +Gotyr AZZE_' ® A mary graphs of mean = SEM basal facilita-
B1(80,88,8952 NN NNNNN- » oS+ + tion and Ca2* current inhibition for neu-
B1BONR +Gayy [/ AA— 6 VA s rons expressing wild-type and mutant
1802 | L4 w b Gp1+2 alone or combined with Ge,,. Final
B1B~{2(+G)f 1 ) . ASSSeG concentration of cDNA injected was 10
N - ** ng/ul per subunit. Basal facilitation and
P12 i > Ca?* current inhibition were calculated as
Con @7 [ — described in Figure 1E. *p < 0.05 versus

T T T T T 1 - T 1 o Rk
10 5 20 o5 50 a5 g o 2 3'0 4'0 5'0 o 70 control; **p < 0.01 versus control. Numbers

Basal Facilitation

channels. Second, we desired a G (when combined with Gvy) that
would differentially modulate two effectors, namely N-type Ca*"
channels and GIRK-type K" channels, that could be assayed
electrophysiologically. The first set of GB mutant constructs con-
sisted of a single residue mutation, I80A, that was introduced into
Gp1 and Gp4. The second set of GB mutant constructs consisted
of three separate point mutations in GB1 (IS80A,N88A,K89A) or
GB4 (LSSA,NS88A,K89A). These residues (LS55, 180, N88, and
K89) were chosen because alanine mutations at these sites also
seemed to weaken the interaction with Ga based on ADP ribo-
sylation and immunoprecipitation assays (Ford et al., 1998; Li et
al., 1998) but preserved interaction with N-type Ca>* channels.
In addition, alanine mutations of residues LS55 and I80 appeared
to impair GIRK activation (Ford et al., 1998). It was anticipated
that both sets of mutations would possess one or more of the
desired properties such that the mutant G would modulate
N-type Ca?* channels but interact poorly with GIRK channels
and Go.

Figure 4 illustrates experiments designed to probe the interac-
tion of heterologously expressed mutant and wild-type GB(+Gy)
with a heterologously expressed Ge, transducin (Ge,,). Transdu-
cin was chosen as the GBvy “sink” or buffer because heterotrimers
containing Ge,, are thought to couple only to rhodopsin. Expres-
sion of Ge,, neutralized the actions of expressed GB1vy2 (Fig. 4,
compare A, B; Fig. 4F, solid bars), consistent with the known high
affinity of GDP-bound Ga for Gy (Slepak et al., 1995). Expres-
sion of either GBI(I80A)y2 (Fig. 4B) or GBI1(I80A,NS8A,
K89A)vy2 (Fig. 4D) resulted in an increased basal facilitation ratio
(Fig. 4F, gray bars). Coexpression of Ge,, greatly decreased the
basal facilitation resulting from expression of GB1(I80A)y2 (Fig.
4C,F, hatched bars) but had a lesser effect on facilitation arising
from GB1(I80A,N88A,K89A)y2 expression (Fig. 4E,F, hatched
bars). Summary of basal facilitation ratio and N E-mediated Ca?*
current inhibition data for each of these conditions is illustrated
in Figure 4F. Together, the data suggest that the respective GB1

Calcium Current Inhibition (%)

in parentheses indicate the number of
experiments.

mutants retained the ability to interact with both N-type Ca*"
channels and Ga subunits. In the case of GB1(IS0A,N88A,K89A),
both interactions appeared to be weaker when compared with
wild-type GB1. However, basal facilitation resulting from this
GB1 mutant was also attenuated.

Figure 5 depicts experiments designed to evaluate whether
mutant GB1 subunits modulate GIRK-type K™ channels. GIRK-
type K™ channels are inwardly rectifying channels that are gated
by GBvy binding (Logothetis et al., 1987; Wickman et al., 1994).
The rat SCG neurons used in this study do not express native
GIRK-type channels. However, functional GIRK channels can
be heterologously expressed in SCG neurons (Ruiz-Velasco and
Ikeda, 1998; Fernandez-Fernandez et al., 1999), thereby provid-
ing a second effector to evaluate GBy actions (Wickman and
Clapham, 1995; Jan and Jan 1997). Heteromultimeric GIRK1
(Kir 3.1) and GIRK4 (Kir 3.4) channels were expressed in SCG
neurons as described previously (Ruiz-Velasco and Ikeda, 1998).
GIRK currents were elicited at 0.1 Hz from a holding potential of
—60 mV in solutions (see Materials and Methods) designed to
support K™ currents. Current amplitude was determined from
the peak inward current occurring during a 200 msec voltage
ramp from —140 to —40 mV. Figure 54 shows GIRK current
amplitude as a function of time for a B1y2-expressing neuron. In
the absence of NE, there was a standing inwardly rectifying
current (Fig. 54, inset a) of ~0.75 nA. Application of NE (10 um;
solid bar) induced an additional 1 nA of inward GIRK current
(Fig. 54, inset b) which reversed after removal of agonist. Appli-
cation of Ba?" (1 mwm; solid bar), an efficient blocker of GIRK
channels, rapidly and reversibly reduced the current to near zero
(Fig. 54, inset c¢). Similar experiments for GB1(I80A)y2- and
GB1(I80A,N88A,K89A)vy2-expressing neurons are shown in Fig-
ure 5, B and C, respectively. Neither GB1 mutant was capable of
activating significant GIRK current, as indicated by the low
current amplitude, lack of inward rectification in the current
trace (Fig. 5B,C, inset a), and absence of current inhibition
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during Ba?" application. However, GIRK currents were still

activated after application of NE. Figure 5D summarizes the
basal and NE-mediated GIRK current amplitude for GB1y2-,
GB1(I80A)v2-, and GB1(I80A,N8SA,K89A)y2-expressing neurons.
Because of the large scatter in N E-induced GIRK currents (0.2 to
8.8 nA), box plots depicting the 10th, 25th, 50th (median), 75th,
and 90th percentiles of the data are shown. The summary data
indicate that expression of either GB1 mutant (with Gy2) did not
result in the basal activation of GIRK channels as seen with
wild-type GB1-expressing neurons. However, NE-mediated GIRK
current activation, presumably arising from the actions of natively
expressed Gy, was similar for all three conditions. It has been
shown in cardiac myocytes that intracellular C1 ™~ slows the turn-
off reaction of GIRK channels leading to a higher sensitivity of
GIRK channels to GTP (Nakajima et al., 1992). Unlike Nakajima
et al. (1992), in the present study receptor coupling was bypassed
such that overexpression of wild-type Gy subunits led to basal
activation of GIRK channels (Fig. 54,D; see Fig. 74,D). Thus, it
is unlikely that the absence of basal GIRK activity in neurons
expressing mutant G+ subunits was a result of a direct influence
of this anion on GIRK channels. Together, these data do not
support displacement of endogenous GB+y by heterologously ex-
pressed Gpvy.

Parallel studies on G4

While this work was in progress, a similar study was published by
Garcia et al. (1998) in which expression of GB3 or GB4 (alone or
together with Gv) was reported to produce negligible affects on
N-type Ca*" channels of rat SCG neurons. Because in the
current study expression of B4y4 resulted in the greatest modu-
latory effect on Ca** currents (Fig. 3B), we undertook additional
studies to further validate our results. Figure 64 shows Ca?*
current traces from a neuron expressing B4y4 and Ge,, in the
absence and presence of NE. In contrast to analogous experi-
ments performed with GB1, expression of Ga,, was unable to
ablate the GB4y4-mediated effects as evidenced by the significant
residual basal facilitation (Fig. 6F, solid bars). Whether this
differential effect arises from factors innate to the interaction

between the various subunits or differences in expression levels
remains to be determined. Expression of the G4 mutants
B4(I80A) and B4(L55A,N88A,K89A), concurrently with G4, pro-
duced large increases in basal facilitation (Fig. 6B,C, gray bars).
Similar to wild-type Gp4+y4-expressing neurons, coexpression
of Ge,, reduced, but did not eliminate, basal facilitation resulting
from expression of B4(L55A,N88A,K89A)v4 (Fig. 6D,E, hatched
bars).

Figure 7 shows the effects of expressing wild-type and mutant G4
(along with Gy4) on GIRK channels expressed in SCG neurons. As
observed for B1v2, expression of B4y4 resulted in significant basal
GIRK channel activation (Fig. 74,D) as indicated by the large
inwardly rectifying current present in the absence of agonist (Fig.
7A, inset a) and the large block of current after Ba** exposure (Fig.
7A, inset c). Application of NE resulted in the recruitment of addi-
tional GIRK current (Fig. 74, inset b). Conversely, expression of
either B4(I80A)y4 or P4(LS5A,NSSA,K89A)y4 failed to activate
GIRK channels as exemplified by the lack of significant current in
the absence of NE and the minimal effect of Ba®" application.
Application of NE, however, produced large increases in GIRK
current, verifying the successful expression of the channels. The
data also indicate that G4 containing Gy were capable of activat-
ing GIRK-type K* channels. Together, these data strengthen the
argument that heterologously expressed GBy do not significantly
displace native GBy. Consequently, the VD Ca*" channel modu-
lation produced by expression of G34 likely arose from direct actions
of the expressed proteins.

DISCUSSION

Three main conclusions can be drawn from the results. First,
heterologous expression of Gf3 together with Gy are required for
optimal modulation of N-type Ca" channels. Second, all five
known Gp subunits, when coexpressed with various G+ subunits,
are capable of producing VD inhibition of N-type Ca?* channels.
Third, heterologous expression of GBy does not result in signif-
icant displacement of native G-y from heterotrimeric complexes.
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Figure 6. Effect of heterologous overex-
pression of mutant Gp4 and Ge,, on basal
facilitation and N E-mediated Ca*" current
inhibition. Superimposed Ca?* current
traces evoked with the double-pulse voltage
protocol (shown in Fig. 4F) in the absence
(bottom traces) and presence (fop traces) of
10 um NE for wild-type B4y4 and Ga,-
(A), B4(80)y4- (B), B4(55,88,89)v4 (C), and
B4(55,88,89)y4 and Gay-expressing (D)
neurons. E, Summary graphs of mean *
SEM basal facilitation and Ca?* current
inhibition for neurons expressing wild-type
and mutant GB4vy4 alone or combined with
G, Final concentration of cDNA injected
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Coordinated expression of Gf3 and Gy results in
optimal modulation

Four of the five GB subunits tested produced no significant
alteration in basal facilitation ratio when expressed alone. In
addition, expression of several G+ subunits in isolation produced
little effect. The exception to this finding, G4, significantly
enhanced basal facilitation, even in the absence of concurrent Gy
expression. In all cases, however, it was clear that coinjection of
cDNAs coding for both subunits resulted in a much greater
modulation of Ca®* channels when compared with neurons ex-
pressing only a single component of GBy dimer. It should be

| noted by shorter lines. Numbers in parentheses

Ba(BO)4 P4(55,88,89)y4 indicate the number of experiments.

pointed out that, although GB and Gy are transcribed from
separate genes, the expressed proteins likely assemble into a
functional monomer. In vitro studies have demonstrated that
strong denaturants are required for GBy dissociation once assem-
bly has taken place (Schmidt and Neer, 1991). Because Gy
subunits appear to be required for proper folding of the G
subunit (Clapham and Neer, 1997), it seems unlikely that “un-
partnered” GB would possess significant physiological function.
The modest effects produced by expression of either GB or Gy
alone can be ascribed to pairing with a natively expressed cognate
subunit to form functional GB+y dimers.
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The apparent pairing of G3 with several different Gy subunits
(Fig. 4) requires comment. Based on a tryptic digestion assay, Ray
et al. (1995) inferred that GB3 failed to form dimers with several
Gy subunits, including some used in this study. However, a recent
report from the same laboratory (Richardson and Robishaw,
1999) demonstrated that GB3 isolated from Sf9 insect cells
formed functional dimers with Gy4, Gv5, and Gyll in vitro.
Hence, the determination as to whether various GBy combina-
tions form functional dimers relies on the assay used.

Multiple GBy combinations produce VD Ca?*

channel inhibition

Our results suggest that GB1-GpS, when coexpressed with sev-
eral different Gy subunits, are capable of producing VD inhibi-
tion of N-type Ca®* channels. In general, expression of GB1-
GB4 with Gy produced qualitatively similar effects. Basal
facilitation ratios increased from ~1.3 in uninjected cells to near
2-3 in GBy-expressing neurons. In all cases, NE-mediated Ca®*
channel inhibition was occluded, although to varying degrees.
Given the high degree of sequence homology shared among
GB1-GB4 (~80%), the results were not surprising. Although
minor quantitative differences were noted after expression of
GB1-Gp4, the absence of a method for quantifying expressed
protein levels precludes interpretation of these differences.

In two cases, however, the magnitude of difference in basal
facilitation ratios was deserving of comment. First, expression of
BS with Gy, at the standard cDNA concentration (10 ng/ul),
clearly produced the weakest effects (Fig. 2B). In fact, the con-
centration of cDNA injected had to be increased 10-fold to obtain
statistically significant results (see Results). Although this differ-
ence in apparent “potency” could arise from differences in pro-
tein expression levels, it should be noted that GB5 appears to be
unique among the GB family in several ways: (1) GB5 shares only
53% homology with B1-4 (Yan et al., 1996; Clapham and Neer,
1997); (2) GB5-containing GB+y subunits form heterotrimers only
with members of the G, family of Ga subunits (Fletcher et al.,
1998); and (3) G5 interacts with members of the regulators of
G-protein signaling family that contain a GGL domain (Snow et
al., 1998; Makino et al., 1999). Given these unique properties, we
speculate that the weak effects of GBS arise from factors inherent
to this molecule.

In contrast to the results obtained with Gp5, expression of
Gp4vy4 resulted in an unusually large basal facilitation (Fig. 3B).
This observation seemed significant for two reasons. First, of the
limited GBy combinations tested in this study, expression of Gp4y4
represented the clearest case in which the contribution of a Gy
seemed to make a significant difference in regard to basal facilitation.
The increase in basal facilitation produced by pairing Gp4 with Gy4
cannot be ascribed solely to differences in expression levels because
coexpression of Gy4 did not greatly impact the effects of other Gf3
subunits. Thus, the identity of the Gy component may influence the
relative potency of a given GBvy subunit. Given this finding, the
interpretation of G potency should probably be framed within the
context of the particular Gy paired with the GB. Second, although
expression of GB4+y4 resulted in the largest basal facilitation ratio
observed in this study, another study reported that expression of
Gp4 did not produce significant effects (Garcia et al., 1998). Some
possibilities for this discrepancy are discussed below.

While our work was in progress, the aforementioned group
published a similarly designed study that addressed questions iden-
tical to those posed here. Although the results of both studies are
comparable in several aspects, two observations do not appear

Ruiz-Velasco and lkeda « Ca®" Channel Inhibition by Different GBy

immediately reconcilable. Garcia et al. (1998) found that (1) coex-
pression of Gy did not enhance Gf3 effects and (2) expression of
Gp3 or Gp4 (with and without Gvy) did not significantly modulate
N-type Ca®* channels. These data meshed well with yeast two-
hybrid data (presented in the same manuscript) demonstrating that
Gp3 and G4, in contrast to GB1, GB2, and G5, failed to interact
with the domain I-II linker of Ca®* channel «l1B subunits. It
should be pointed out, however, that additional GBvy interaction
domains on Ca?" channel «l subunits have been identified, in-
cluding regions on the N and C termini (Zhang et al., 1996; Qin et
al., 1997; Page et al., 1998) (for review, see Dolphin, 1998). There-
fore, the absence of protein—protein interaction between GB3 or
Gp4 and the domain I-II linker region does not preclude the
possibility that, under in situ conditions, multiple regions combine
to form a high-affinity binding “pocket” for GBvy (Yamada et al.,
1998). Because a nearly identical system was used by Garcia et al.
(1998) and the present work, plausible explanations accounting for
such large discrepancies are limited. It should be noted that the
original G4 cDNA clone (M. I. Simon, California Institute of
Technology, Pasadena, CA) that we obtained lacked a start codon,
presumably as a result of a spurious mutation that occurred during
propagation of the plasmid. Positive results with GB4 were ob-
tained only after inserting a “new” start codon into the clone using
the PCR. This same clone was used by Garcia et al. (1998) (B.
Hille, personal communication) and likely accounts for the lack of
channel modulation seen in this study. In regard to the G3 results,
the level of protein expression may account for discrepant results.

The effects of heterologously expressed GBy do not
arise from displacement

tk;2A potential factor confounding meaningful interpretation
of our data was the notion that heterologous Gy might, during
basal Ga GDP-GTP exchange, displace native GBy from het-
erotrimeric complexes. To examine this possibility, two strategies
based on GB mutagenesis were pursued. First, we sought to
develop a GB that would not complex with Ga—GDP but would
retain the ability to modulate N-type Ca?" channels. The lack of
Ga interaction would render the “displacement hypothesis”
moot, thereby simplifying data interpretation. Unfortunately,
none of these mutations appeared to completely eliminate Ga
interaction based on the ability of heterologously expressed Ga,
to reverse the effects of GB+y expression on basal facilitation ratio
(Figs. 4F, 6F). A second strategy to investigate displacement was
based on the idea of distinguishing the effects of heterologously
expressed GBvy from native G-y by examining differential effector
interactions. GIRK-type K * channels have been extensively stud-
ied in regard to activation by Gpy (Wickman and Clapham,
1995). We and others (Ruiz-Velasco and Tkeda, 1998; Fernandez-
Fernandez et al., 1999) have demonstrated that functional GIRK-
type K™ channels can be heterologously expressed in SCG neu-
rons, thus providing a second Gy “detector” in these neurons.
As exemplified by the GB1(I80A)y2 data, this strategy appeared
to achieve our goals. Both the single (IS0A) and triple (I80A,
N88A, and K89A) mutations ablated tonic GIRK activation (Fig.
5) but retained the ability to induce Ca®* channel facilitation
(Fig. 4). Moreover, NE-mediated GIRK activation remained
intact in the G mutant expressing neurons, thus suggesting that
(1) native GBy was associated with heterotrimeric complexes, i.e.,
not displaced, and (2) the mutant GBy did not block GIRK
activation. Similar results with GB4 confirmed that these findings
were not restricted to a single Gf3 subtype. In this regard, a yeast
two-hybrid study, analogous to the one mentioned above per-



Ruiz-Velasco and lkeda « Ca®" Channel Inhibition by Different GBy

formed on Ca?* channel domains, suggested that only GB1 and
Gp2 interacted with the B1A domain on GIRKI (Yan and Gau-
tam, 1996). Hence, protein—protein interactions targeted at single
domains may not be predicative of functional channel interactions
in situ. Together, these data render the notion of GBy displacement
untenable and strengthen the argument that heterologously ex-
pressed Gy directly influence N-type Ca®* channel function.
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