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ABSTRACT. To assess the potential role of G-proteinsin chemokinesis, Paramecium tetraurelia was pre-incubated with the G-protein
modulator pertussis toxin. Pertussis toxin pretreatment significantly reduced Paramecium chemoattraction to sodium acetate and am-
monium chloride in T-maze behavioral assays and depressed the frequency of avoidance reactions, indicating that heterotrimeric G-
proteins may be involved with the motility response. To determine whether G-proteins exert their effect via the ciliary voltage-sensitive
calcium channel, we examined responses of P. tetraurelia to the potent voltage-sensitive calcium channel agonist, deltamethrin. Pertussis
toxin preincubation significantly reduced the toxic effects of deltamethrin exposure as determined by survival under depolarizing
conditions and reduced the duration of backward swimming episodes in behavioral bioassays. Furthermore, non-hydrolyzable analogs
of guanine nucleotides altered deltamethrin-stimulated calcium influx via calcium channels in isolated ciliary vesicles. Heterotrimeric
G-protein subunits were subsequently detected in ciliary vesicles of P. tetraurelia by antibodies produced against Ga and GB subunits,
and by ?P-ADP-ribosylation, indicating that proteins of the appropriate molecular weight are the target of pertussis toxin in these
vesicles. These findings provide additional evidence that heterotrimeric G-proteins are associated with ciliary vesicles and that they play
arole in the modulation of swimming behavior and the toxic action of deltamethrin in Paramecium.
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HE freshwater ciliate, Paramecium tetraurelia, uses che-
mosensory cues in locating its bacterial food source, typ-
ically by responding to gradients of bacterial metabolites, such
as cyclic adenosine monophosphate (CAMP), glutamate, folate,
acetate or biotin (Van Houten 1992). In most of these instances,
alterations in membrane potential and intracellular free calcium
concentrations ([C&* ],) initiate the behavioral responses lead-
ing to chemoattraction: an increase in linear swimming speed
and a decrease in the frequency of turning (reviewed in Kung
and Saimi 1982; Van Houten 1978). The intracellular mediators
of this chemosensory signaling cascade are not yet fully de-
fined, but are thought to include surface membrane receptors,
calmodulin, and a plasma membrane C&**-ATPase (Van Houten
1992; Wright et al. 1993). In addition, both intracellular cCAMP
and cyclic guanosine monophosphate (cGMP) have been im-
plicated in modulating calcium ion fluxes in Paramecium (re-
viewed in Plattner and Klauke 2001). Heterotrimeric G-pro-
teins, whose role in the chemosensory transduction of Dictyos-
telium and Saccharomyces has been firmly established (Dietzel
and Kurjan 1987; Schenk et al. 1991), remain an elusive ele-
ment in these responses in Paramecium.

There is a small but growing body of evidence to support the
presence of G-proteinsin Paramecium and other ciliates. Partial
G-protein al pha-subunit (Ga) sequences have been identified in
the ciliate Sentor (Fabczak et al. 1993; Marino et al. 2001),
while Forney and Rodkey (1992) identified a highly conserved
consensus tryptophan—aspartate (WD) sequence motif for the
beta-subunit of G-proteins (GB) in the macronuclei of several
species of Paramecium. Fraga and Hinrichsen (1994) used a
PCR homology approach in Paramecium to identify cDNA
transcripts that had deduced amino acid sequence similar to low
molecular weight G-proteins. Furthermore, there is evidence
that implicates G-proteins in the regulation of the ciliary cal-
cium channel. Bernal et al. (1991) reported that non-hydrolyz-
able analogs of guanine nucleotides altered Paramecium back-
ward swimming behavior and prolonged the duration of whole
cell calcium action potentials when injected into cells. Clark et
al. (1993) reported that extracellular GTP-y-S prolonged back-
ward swimming in Paramecium and induced whole cell mem-
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brane depolarization. Collectively, these results indicate that G-
proteins are present in Paramecium species and may be in-
volved with Paramecium's chemoresponse to external stimuli.

The discovery that the pyrethroid insecticide deltamethrin is
extremely toxic to the fresh-water ciliate P. tetraurelia at con-
centrations as low as 10" M under depolarizing conditions
(Clark et al. 1995) provided a useful tool for studying modu-
lation of the voltage-dependent calcium channel (VDCC). In
behavioral bioassays, deltamethrin-treated cells exhibited an in-
crease in backward swimming, a well-characterized avoidance
response controlled by the ciliary VDCC. The non-toxic 1S
isomer of deltamethrin had no significant effect on either mor-
tality or avoidance behavior of P. tetraurelia. Pawn B mutants,
which lack a functional VDCC, likewise were unaffected by
deltamethrin. Intracellular recordings of whole cells showed
that exposure to deltamethrin at concentrations as low as 1 nM
resulted in membrane destabilization, an increased number of
spontaneous action potentials, and membrane depolarization,
establishing that the toxic effect of deltamethrin was stereospe-
cific, dose-dependent and enhanced by depolarization (Clark et
al. 1995). Thus CS-syndrome pyrethroids (those causing
choeoathetosis-salivation), specifically deltamethrin, act as po-
tent calcium channel agonists in P. tetraurelia. Whole cell ra-
dioisotope and fluorescent dye studies subsequently demonstrat-
ed that deltamethrin-induced mortality and backward swimming
behavior was directly correlated to deltamethrin-enhanced Ca2+
influx (Symington et al. 1999).

In light of these observations, we investigated the role that
heterotrimeric G-proteins may play in modulating the VDCC
of P. tetraurelia by examining the effect of the G-protein mod-
ulators pertussis toxin and the non-hydrolyzable GTP anal ogues
GDP-B-S and GTP-y-S on normal and deltamethrin-exposed P.
tetraurelia cells. The current studies present evidence of G-
protein involvement in the swimming behavior of P. tetraure-
lia, presumably via modulation of the ciliary voltage-sensitive
calcium channel.

MATERIALS AND METHODS

Chemicals. Pertussis toxin, GTP-y-S, GDP-B-S, purified G-
protein standards, and anti-Gacgy, antibodies were purchased
from Calbiochem (La Jolla, CA). Fura-2 penta-potassium salt
(fura-2) was purchased from Molecular Probes, Inc. (Eugene,
OR). 1R-deltamethrin [3-(2,2-dibromoethenyl)-2,2 dimethyl-
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cyclopropanecarboxylic acid cyano (3-phenoxyphenyl)-methyl
ester] was a generous gift from Prof. D. M. Soderland (Cornell
University, Geneva, NY). The anti-GB-antibody (sc-261) was
purchased from Santa Cruz Biotech (Santa Cruz, CA) and SDS-
PAGE precast gels from FMC Bioproducts (Rockland, ME).
All other chemicals and reagents were purchased from the Sig-
ma Chemical Company (St. Louis, MO).

Whole cell chemoattraction and turning frequency bio-
assays. Paramecium tetraurelia (strain 51-S) were cultured in
wheat grass medium supplemented with NaHPO, and stigmas-
terol and inoculated with Klebsiella pneumoniae (Van Houten
et al. 1991). Log-phase P. tetraurelia were incubated overnight
in wheat grass medium containing 0.1% dimethylsulfoxide
(DMSO) and with or without 100 ng/ml of Pertussis Toxin
(PTX). Cells were washed in control buffer (5 mM NaCl, 1
mM Ca(OH),, 1 mM citric acid, 1.3 mM Tris base, pH 7.2) and
assayed for chemoattraction according to the methods of Van
Houten (Van Houten et al. 1982). Chemoattraction assays were
performed with the control and test buffers in which the attrac-
tant ammonium chloride (5 mM) or sodium acetate (5 mM)
was used in place of NaCl. Cells were counted after 10 or 30
min.

To determine the frequency of avoidance reactions, PTX-
treated and untreated P. tetraurelia cells were washed in control
buffer and transferred to 100 pl of either control or acetate test
buffers (5 mM sodium acetate substituted for NaCl) on a glass
slide. Swimming behavior was recorded on videotape and an-
alyzed with a Celltrak Motion Analysis System (Motion Anal-
ysis Corp., Santa Rosa, CA). For motion analysis, linear swim
speed (mm/s) and percentage of directional change, a measure
of turning frequency, were calculated (Davis, Fiekers, and Van
Houten 1998).

Whole cell behavioral and mortality bioassays. Behavioral
assessments of voltage-sensitive calcium channel ligands on
swimming behavior were performed using the avoidance reac-
tion behavior assay as previously described (Clark et al. 1995).
Individual cells were transferred into carbowax-treated (5.0%
polyethylene glycol (PEG) 20,000) watch glasses (26 mm
diam.) containing 500 pl of K*-depolarization buffer (1 mM
CaCl,, 1 mM Tris base, 1 mM citric acid, 20 mM KCI, pH 7.2)
and swimming behavior was observed during K *-induced mem-
brane depolarization (that induces avoidance reactions) under a
light microscope. For pretreatment experiments, cells were
transferred into a resting solution containing 0.1% DM SO with
or without 100 ng/ml of PTX and incubated overnight. The
avoidance reaction behavior bioassay was initiated by transfer-
ring the cells into K*-depolarizing buffer and backward swim-
ming duration measured until cells resumed forward swimming.
Mortality (LTg,) was determined by measuring the time for half
of the cells to stop all motion and sink to the bottom of the
watch glass.

Ca?+ influx into calcium channel-containing vesicles from
cilia. Vesicles of ciliary membrane containing calcium chan-
nels were prepared as described by Thiele and Schultz (1981).
Prior to vesicle formation, 1.5 mM fura-2 and 15 pM of a non-
hydrolyzable analogue of guanine nucleotides (GTP-y-S or
GDP-B-S) were added to the ciliary solution to allow incorpo-
ration of the analogues into the vesicles during their formation.
Vesicle flux analysis (nmoles Ca?*/mg protein) and statistical
calculations were performed as previously reported (Symington
et al. 1999). Protein concentrations were determined as de-
scribed by Smith et al. (1985).

Detection of G-protein subunits. Putative G-protein-like
subunits were detected as described by Chen and Manning
(1999). Ciliary vesicles were purified as described in Thiele and
Schultz (1981) and vesicles resuspended in HME buffer (20
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mM HEPES, 2 mM MgCl,, 1 mM EDTA, pH 7.4) containing
protease inhibitors (2 pg/ml pepstatin, 2 pg/ml leupeptin, and
100 pM phenylmethylsulfonyl fluoride). G-protein standards
(0.25 pg) or ciliary vesicles (50-100 wg) were electrophoresed
on a 10% polyacrylamide gel (25 mA, ~1.5 h) and transferred
to a nitrocellulose membrane in transfer buffer (192 mM gly-
cine, 25 mM Tris base, 20% methanol). The membrane was
incubated for 1 h at room temperature in Tris-buffered saline
(TBS-T: 20 mM Tris base, 500 mM NaCl, 0.1% Tween-20, pH
7.5) containing 5% non-fat dry milk. The membrane was
washed five times in TBS-T buffer (twice for 30 s, once for 15
min, and twice for 5 min) to rinse blocking buffer. The mem-
brane was incubated overnight at 4 °C in either anti-Ga-anti-
body (1:1000) or anti-GR-antibody (1:1000) in antibody buffer
(20 mM Tris base, 500 mM NaCl, 1% gelatin, pH 7.5). Blots
were washed as described above in 10 ml of TBS-T buffer and
incubated for 2 h at room temperature in antibody buffer con-
taining anti-lgG horseradish peroxidase-conjugated secondary
antibody (1:2000). Blots were washed again as described above
to remove secondary antibody and incubated for 1 min with
enhanced chemiluminescence (ECL) assay reagents (Amersham
Biosciences, Piscataway, NJ) prior to exposing X-ray film fol-
lowing the manufacturer’s directions.

PTX-catalyzed ADP-ribosylation of Ga associated with cil-
iary vesicles was performed as described by Woolkalis (1999).
PTX was first activated in PTX activation solution (10 mM
HEPES (N-[2-hydroxyethyl]piperazine-N’'-[2-ethanesulfonic
acid]), pH 8, 4 mM dithiothreitol (DTT), 0.2 mg/ml bovine
serum albumin, 0.025% sodium dodecy! sulfate (SDS), and 20
pg/ml PTX) and incubated at 30 °C for 30 min prior to the
initiation of the labeling reaction. The PTX labeling mixture
was prepared by adding 4 g of purified bovine brain G-protein
mix or 50-100 g of ciliary vesicles in 25 pl of PTX assay
solution (10 mM HEPES, pH 8, 1 mM DTT, 1 mM EDTA, 10
wM GDP-B-S, and 5 pM [*2P]NAD at 20,000 cpm/pmal) . Five
wl of PTX activation solution were added to the PTX labeling
solution and the mixture incubated at 30 °C for 60 min. The
ADP-ribosylation reaction was terminated by the addition of 6
wl of 6X protein loading buffer. Protein samples were heated
at 100 °C for 3 min and electrophoresed for 90 min at 125 V
on a 10% tris-glycine precast protein gel. The bottom of the gel
(protein < 20 kDa) was excised to removed any of the unbound
2P-NAD and protein bands were detected by Coomassie gel
stain (50% methanol, 0.05% Coomassie brillant blue R250,
10% acetic acid) and washed in Coomassie destain solution (5%
methanol and 7% acetic acid). The gel was placed on 2 sheets
of Whatman #3 filter paper and dried using a Bio-Rad 483 slab
gel drying system. The dried gel was then exposed to X-ray
film and developed according to manufacturer’s instructions for
visual inspection.

RESULTS

Whole cell behavioral and mortality assays. Paramecium
tetraurelia tend to accumulate in the attractant in a T-maze with
acontrol solution (sodium chloride) and a chemoattractant, such
as ammonium chloride or sodium acetate. Using such assays,
we found that 72-81% of the DM SO-treated (control) cells are
found in the test arm of the T-maze (Fig. 1), values that were
consistent with those previously published (Van Houten 1978).
Pre-treatment of P. tetraurelia with 100 ng/ml of PTX signifi-
cantly diminished this chemoresponse (P < 0.05) in T-maze
assays of 10 min and 30 min duration (Fig. 1). Calculated in-
dices of chemoattraction (Ie) were decreased by 0.11 to 0.12
compared to control cells for responses to ammonium chloride
and acetate, respectively. This finding suggests that G-proteins
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Fig. 1. Effect of pertussis toxin pretreatment (PTX) on chemoat-

traction of Paramecium tetraurelia to sodium acetate or ammonium
chloride. An index of chemoattraction (Ice) value > 0.5 indicates at-
traction, and a value < 0.5 indicates repulsion. Results represent Mean
+ Standard Error for between 9 and 19 T-maze assays. * indicates that
PTX treatment is significantly different from dimethylsulfoxide
(DM SO) control (Mann-Whitney U test, P < 0.05).

of the G/G; subclasses, known to be pertussis toxin substrates,
might play arole in P. tetraurelia chemoresponse.

To investigate which component of P. tetraurelia swimming
behavior (swim speed or turning frequency) was altered by per-
tussis toxin, cells were videotaped and their paths analyzed us-
ing motion-tracking software (modified by Kevin Clark). Linear
swim speed was calculated to be 0.48 = 0.02 mm/s (average
+ standard error of the mean of 50-80 paths) in control and
0.52 = 0.08 mm/sin PTX-treated cells, indicating no significant
difference (Student’s t-test, P = 0.90). However, PTX-treated
cells showed a significant decrease in percent change in direc-
tion, that is they turned significantly less often than untreated
cells (P < 0.05, Fig. 2). Turns (avoidance reactions) are pro-
duced by calcium action potentials at the ciliary voltage-sen-
sitive calcium channel, suggesting the possibility that PTX-sen-
sitive G-proteins may be involved in the regulation of this chan-
nel. The PTX effect on turning frequency was absent in cells
exposed to the attractant sodium acetate (P > 0.05).

To further investigate the involvement of heterotrimeric G-
proteins in the modulation of Ca* conductance, we used the
pyrethroid insecticide deltamethrin. Standard mortality and be-
havioral bioassays were adapted to evaluate P. tetraurelia cells
exposed to deltamethrin in the presence or absence of PTX
pretreatment. Cell death in deltamethrin-exposed P. tetraurelia
is caused by excessive C&+ influx, with an LT, value (average
time for 50% of exposed cells to be killed) of 62 s (Table 1).
Pre-treatment of P. tetraurelia with 100 ng/ml of PTX signifi-
cantly (P < 0.05) delayed the time of cell death by 23% (LTs,
of 80 s), indicating a protective action of PTX against delta-
methrin-induced toxicity.

Since deltamethrin also prolongs the duration of backward
swimming in P. tetraurelia, we measured backward swimming
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Fig. 2. Effect of pertussis toxin pretreatment (PTX) on Paramecium
tetraurelia swimming behavior. Results represent means for 150-200
cells. Standard errors for % data are reported as per Davis, Fiekers, and
Van Houten (1998). * indicates that PTX treatment is significantly dif-
ferent from dimethylsulfoxide (DM SO) control (Mann-Whitney U test,
P < 0.05).

times in the presence of deltamethrin with and without PTX
pre-treatment (Table 2). (In these experiments, 1% ethanol was
included with DM SO in controls because ethanol is the vehicle
for deltamethrin [Table 2].) There is no significant difference
between the backward swimming of cells in DMSO plus eth-
anol with or without pre-treatment with PTX. Cells swim back-

Table 1. Effect of pertussis toxin (PTX) on mortality of Paramecium
tetraurelia in the presence and absence of deltamethrin.

LTy, value
Treatment (sec) 95% Confidence interval

DMSO Pretreatment

Ethanol 9.2 X 10* 81X 10*=x = 1.1 X 10°

10-7 M Deltamethrin 622 60 = x = 64
PTX Pretreatment

Ethanol 1.4 X 106 13 X 1068 = x = 1.3 X 10°

107 M Deltamethrin 802b 75 =x =85

LTy, is the median lethal time that results in death of 50% of the test
population. Ethanol (1%) is the vehicle for deltamethrin and is used at
this concentration in the controls.

a|ndicates significant difference between deltamethrin treatment and
ethanol control (Student’s t-test, n = 30, P < 0.01).

b Indicates significant difference between DM SO and PTX pretreat-
ment in the presence of 10-7 M deltamethrin (Student’s t-test, n = 30,
P < 0.05).
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Table 2. Effect of pertussis toxin (PTX) on the backward swimming
behavior of Paramecium tetraurelia in the presence and absence of
deltamethrin.

Backward swim

Treatment time (sec) Standard error
DMSO Pretreatment
Ethanol 11 0.5
10-7 M Del-tamethrin 53.92 7.7
PTX Pretreatment
Ethanol 0.6 0.3
10-7 M Del-tamethrin 35.7ab 35

Ethanol (1%) is the vehicle for deltamethrin and is used at this con-
centration in the controls.

a|ndicates significant difference between deltamethrin treatment
groups and their respective ethanol controls (Student’s t-test, n = 30, P
< 0.01).

b Indicates significant difference between DM SO and PTX pretreat-
ments in cell exposed to 10-7 M deltamethrin (Student’s t-test, n = 30,
P < 0.05).

ward for a long period of time when exposed to deltamethrin,
regardless of the pre-treatment, but the duration of backward
swimming is significantly less after pre-treatment with PTX
(53.9 £ 7.7 s without pretreatment and 35.7 = 3.5 s with pre-
treatment) (Table 2).

Effect of deltamethrin and modified guanosine nucleo-
tides on Ca?* influx in ciliary vesicles. To more closely ex-
amine the effects of G-protein modulators on calcium flux in
Paramecium, we prepared ciliary membrane vesicles and load-
ed them with the calcium-sensitive dye fura-2 and GTP ana-
logues (Fig. 3). Deltamethrin treatment of vesicles €elicits an
increase in [Ce?*]; rapidly following treatment (60—200 s). Sim-
ilarly, exposure of calcium orange-loaded P. tetraurelia cultures
to deltamethrin resulted in intracellular calcium accumulation
(data not shown). We then measured calcium entry into ciliary
vesicles loaded with the GTP analogues GTP-vy-S or GDP-3-S
and subsequently exposed to deltamethrin (Fig. 4). Treatment
with 107 M deltamethrin alone stimulated Ca2+ influx by ap-
proximately 12-fold compared to the ethanol (1%) control. In
the presence of the internalized non-hydrolyzable GTP ana-
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Fig. 3. Representative recording of internal free [Ca?*] of ciliary
vesicles purified from wild-type cells of Paramecium tetraurelia as
measured by fura-2. Closed circles (®) represent ciliary vesicles treated
with 1% ethanol. Open triangles (A) represent ciliary vesicles treated
with 10-7 M deltamethrin.
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Fig. 4. Effect of non-hydrolyzable analogs of guanine nucleotides
on deltamethrin (10-7 M)-stimulated Ca?* influx into membrane vesicles
containing calcium channels, purified from wild-type Paramecium te-
traurelia. * indicates deltamethrin treatment is significantly different
from the respective ethanol control group (Student’s t-test, P = 0.06
for vesicles only and P = 0.007 for vesicles + GTP-y-S, n = 3) . V
indicates treatment value is different from control group in the absence
of non-hydrolyzable analogs of guanine nucleotides (Student’s t-test, P
= 0.028, n = 3).

logue GTP-y-S, deltamethrin treatment resulted in a signifi-
cantly enhanced (100-fold) increase in Ca?* influx compared to
the corresponding ethanol control (Fig. 4) (P < 0.05). In con-
trast, deltamethrin evoked only a 6-fold influx of Ca&* into ves-
icles that contained GDP-B-S as compared to ethanol controls,
which was approximately half of the the accumulation in the
presence of deltamethrin alone (not statistically significant at
the P < 0.05 level) (Fig. 4). Ethanol control values were not
significantly different from values obtained in the presence of
non-hydrolyzable GTP analogs (P > 0.05), indicating that the
GTP analogues alone could not effectively stimulate calcium
influx in the absence of deltamethrin.

Detection of heterotrimeric G-protein subunits. In order
to demonstrate the presence of heterotrimeric G-protein sub-
units in P. tetraurelia, we prepared ciliary vesicles, separated
the proteins by SDS-PAGE and electroblotting, and devel oped
the Western blots using anti-Ga and anti-GB antibodies (Fig.
5). Two distinct protein bands, with estimated molecular
weights of 41 and 42 kDa, were detected using an antibody
raised against the conserved GTP-binding motif of heterotri-
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Fig. 5. ldentification of G-protein subunitsin ciliary membrane ves-
icles purified from wild-type cells of Paramecium tetraurelia. A. West-
ern-blot identification of two Ga-like proteins detected by anti-Ga-pro-
tein, an antibody that recognizes a conserved region within the GTP-
binding domain of Ga-subunits. Lane 1: Heterotrimeric G-protein stan-
dard mixture (250 ng). Lane 2: 100 ng of ciliary membrane vesicles.
B. Pertussis toxin (PTX) catalyzed ADP-ribosylation of purified cilia
isolated from P. tetraurelia. Lane 1: 4 pg of purifed G-protein standard
mix (Gaem, Calbiochem #371736). Lane 2: 50 pg of purified ciliary
vesicles. C. Western-blot identification of two GB-like proteins detected
by anti-GB-protein, an antibody that recognizes the N-terminus of Gj3-
subunits. Lane 1: Heterotrimeric G-protein standard mixture (250 ng).
Lane 2: 100 pg of ciliary vesicles.

meric G-protein alpha subunits (Fig. 5A). These molecular
weights are consistent with those of PTX-sensitive G, or G;
subclasses of Ga subunits of other organisms (Chen and Man-
ning 1999). Additionally, two distinct bands, with estimated
molecular weights of 33 and 36 kDa, were subsequently de-
tected using an antibody to the N-terminus of a G-protein -
subunit (Fig. 5C). To determine whether the putative Ga-sub-
unit detected in these vesicles can be modified by pertussis
toxin, a P-ADP-ribosylation assay using ciliary vesicles was
performed (Fig. 5B). PTX treatment of the vesicle protein frac-
tion labeled a 41-kDa protein band that is consistent in size
with the smaller of the two protein bands detected by immu-
noblotting, strongly supporting our contention that heterotri-
meric G-proteins are present in Paramecium and that these pro-
teins are the site of action of PTX in our studies.

DISCUSSION

Although genes for heterotrimeric G-proteins have been
cloned, their proteins isolated, and a signal transduction role
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well defined in several eucaryotic microorganisms (Van Houten
1992), their presumed role in Paramecium is less clear. G-pro-
teins mediate a multitude of signal transduction events in the
metazoa, including many of the chemosensory (smell and taste)
modalities (Restrepo, Teeter, and Schild 1995). Since hetero-
trimeric G-proteins have been shown to transduce the chemo-
sensory cues for mating in yeast (Dietzel and Kurjan 1987) and
cAMP-mediated aggregation in slime molds (Schenk et al.
1991), we hypothesized that sensory transduction pathways in
Paramecium might involve such G-proteins as well. Parame-
cium responds to a wide range of chemical signals, including
acetate, glutamate, folate, lactate, CAMP (all attractants), GTP,
inositol monophosphate, and lysozyme (all repellants). None-
theless, candidate chemoreceptors of the 7-transmembrane-do-
main receptor family, known to be coupled to heterotrimeric
G-proteins, and heterotrimeric G-proteins themselves have yet
to be positively identified in Paramecium. We therefore ex-
amined the response of P. tetraurelia to various G-protein mod-
ulators, including pertussis toxin (PTX), GTP-y-S and GDP-B-
S, and performed immunoblots with antibodies against con-
served G-protein motifs. Our results demonstrate the presence
of heterotrimeric G-protein a-subunits, presumably of the G,/
G, family, and B-subunits, in the cilia of P. tetraurelia and
provide evidence that they may be involved in the regulation
of the ciliary voltage-sensitive calcium channel.

Previous studies have pointed toward a functional role of
heterotrimeric G-proteins in Paramecium multimicronucleatum
cold-transduction (Nakaoka et al. 1997), Paramecium bursaria
phototransduction (Shinozawa et al. 1996), and Paramecium
calkinsii swimming behavior (Bernal, Kelsey, and Ehrlich
1991), primarily based on biochemical studies using non-hy-
drolyzable GTP analogues. Unfortunately, aside from two WD-
repeat sequences with homology to G-protein B-subunits (Des-
sen et al. 2001; Forney and Rodkey 1992), no G-protein gene
sequences have been identified for Paramecium, although se-
quencing of genes from the recently described indexed genomic
library may yield more pertinent data (Dessen et al. 2001; Kel-
ler and Cohen 2000). A scarcity of immunodetection data for
G-protein subunits had led to speculation that such heterotri-
meric G-proteins may even be absent from ciliates, such as
Paramecium. We have now detected two putative Ga-subunits
in Paramecium ciliary vesicles using an antibody against the
highly conserved GTP-binding region of Ga subunits. The es-
timated molecular masses of these proteins are 40 kDa and 41
kDa, well within the typical 3942 kDa range for G, and G,
subtypes. These proteins differ in size from the putative 57-kDa
G-protein identified by immunoblotting in P. bursaria (Shinoz-
awa et a. 1996), the 39-kDa band found in Sentor (Fabczak
et al. 1993), and the 51- and 59-kDa bands identified in Tet-
rahymena (Renaud et al. 1995), suggesting that multiple G-
protein subtypes exist in ciliates. Indeed, at least four different
genes with homology to Ga subunits have been partially cloned
in Sentor (Marino, Sherman, and Wood 2001), of which one
apparently encodes a PTX-sensitive subtype. In addition to the
«-subunit, we have also detected a putative GB-subunit, mea-
suring 36 kDa, in Paramecium ciliary vesicles. It is likely that
the preparation of purified ciliary vesicles made it possible to
detect G-protein subunits where other cell preparations have
failed. Previous attempts to immunodetect Ga subunits in Par-
amecium pellicles yielded a ~ 50-kDa band in a Triton-insol-
uble fraction (JdO, unpubl. data), but attempts to purify this
protein were unsuccessful.

In order to address the functional role that G-proteins play
in Paramecium, we pre-treated cells with PTX, a known mod-
ulator of G,/G; subunits prior to evaluating their chemoresponse
to sodium acetate or ammonium chloride. These chemicals are
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attractants and exert their effect on Paramecium by altering
turning frequency (F,g) as well as linear swimming speed (Van
Houten 1982). We used these two stimuli because acetate ap-
pears to require a surface receptor while ammonium does not
(Davis et al. 1998). Both stimuli require that the cells have the
ability to execute a turn (avoidance reaction) or the cells will
not be attracted (Van Houten 1978). Our behavioral studies
showed that PTX does indeed significantly reduce Paramecium
chemoattraction (lo4e) to acetate and ammonium chloride, in-
dicating that the site of the inhibition of chemoresponse is at
the mechanism of the cell turn, which is known to be initiated
by opening of the ciliary calcium channels. PTX depressed Fux
by approximately 50%, reducing the ability of the cells to dis-
tinguish between control solutions and chemoattractants. In-
deed, F,r of PTX-treated cells in NaCl buffer was similar to
that of cells in sodium acetate (Fig. 2). Swim speed, however,
which is inversely proportional to membrane potential (i.e. at
more negative potentials, the cell swims faster over small
changes from resting potential), was not changed significantly
by PTX pretreatment, suggesting that PTX does not directly
alter membrane potential. Secondly, chemoattraction to am-
monium chloride is thought to occur via changes in intracellular
pH (Van Houten 1992) without the need of a chemoreceptor,
again discounting the idea that the PTX-sensitive G-protein in
Paramecium is simply a link between chemoreceptor and ef-
fector. We hypothesized therefore that PTX exerts its effects,
directly or indirectly, on the ciliary voltage-sensitive calcium
channels, by interfering with activation or dissociation of the
G-protein heterotrimer. Since chemoresponse was only partially
reduced by PTX (Fig. 1), and since PTX treatment did not
further reduce F, in cells already exposed to an attractant (Fig.
2), we posit that the PTX-sensitive G-proteins in Paramecium
likely only modulate channel activity.

It was previously shown that treatment of Paramecium calk-
insii with GTP-y-S, an analogue that activates G-proteins, re-
sults in increased backward swimming, prolonged Ce&?* action
potentials, and an increase in the overall calcium current (Ber-
nal and Ehrlich 1993; Bernal, Kelsey, and Ehrlich 1991). GDP-
B-S, an analogue that maintains the G-protein in the inactive
heterotrimeric form, reduced backward swimming, Ca?* action
potential duration, and the inward calcium current (Bernal and
Ehrlich 1993; Bernal, Kelsey, and Ehrlich 1991). By binding to
G-proteins, GTP-y-S liberates activated Ga subunits and GRy
complexes, whereas GDP-B-S would sequester Ga and GRvy.
The physiological effects of G-protein modulation could there-
fore be mediated by either Ga or by GBvy. For instance, GBvy
complexes have been shown to regulate several different intra-
cellular targets, including voltage-sensitive calcium channels
(Clapham and Neer 1997).

Given the possible involvement of G-proteins in the regula-
tion of a calcium channel in Paramecium, further characteriza-
tion of heterotrimeric G-proteins and calcium channels in this
ciliate is indicated. The VDCC in Paramecium has pharmaco-
logical similarities to the mammalian E class, T-type calcium
channel (Bernal et a. 1991; Ehrlich et al. 1988; Symington et
al. 1999). Molecular sequencing will probably be necessary to
distinguish among potential channel types and to clarify the
mode of action of G-proteins on the Paramecium calcium chan-
nel.

Further dissection of the possible effects of G-protein mod-
ulators on the VDCC was made possible by the finding that
pyrethroid insecticides are potent agonists of this channel in
Paramecium (Clark et al. 1995). Deltamethrin-evoked Ca&* in-
flux produced long bouts of backwards swimming and even-
tually killed the cell (Table 1, 2). PTX pretreatment of the cells
both delayed cell death and reduced the duration of backward
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swimming evoked by deltamethrin, suggesting that G-protein
modulators that prevent dissociation of the heterotrimer reduce
the pyrethroid-mediated calcium influx through the VDCC. Our
studies also demonstrated a potent synergistic effect of GTP-y-
S on deltamethrin-evoked calcium influx through the VDCC in
ciliary vesicles, while GDP-B-S depressed calcium entry (Fig.
4). Again, G-protein modulators such as GDP-B-S, which traps
G-proteins in the inactive trimeric form, ameliorated the effects
of deltamethrin, while the GTP-y-S, known to liberate Ga and
GBvy, had the opposite effect. We therefore propose that either
Ga (putatively of the G;,, subclass) or GBvy facilitates calcium
influx through the voltage-dependent calcium channel in Par-
amecium, and that the sequestration of G-protein subunits is
responsible for the reduced calcium entry through this channel.
This possibility isintriguing since binding studies using tritiated
pyrethroid analogues have shown that pyrethroids predomi-
nantly bound to a 36-kDa membrane protein in rat brain that
was identified as the B-subunit of G protein from the rod outer
segments of rat retina (Rossignol 1991, 1995). This implicates
GBy complexes as potential targets of pyrethroids. Alteration
of the normal interaction between the «,-subunit of the calcium
channels and GRvy could be one possible mechanism that cou-
ples the toxicological action of deltamethrin at the ciliary volt-
age-gated calcium channel, resulting in increased Ca2+ influx,
backward swimming and cell death by osmotic lysis (Clark et
al. 1995). Pretreatment of pyrethroid-exposed cells with G-pro-
tein modulators that reduce free GBy complexes (GDP-B-S,
PTX) thus reduces the effects of deltamethrin (Table 1, 2 and
Fig. 4), while GTP-vy-S, in freeing up GRv, increases its effect
(Fig. 4). Nevertheless, a complete pharmacological and molec-
ular characterization of the ciliary calcium channel from Par-
amecium is necessary to establish such relationships.

We also have observed that phospholipase C (PLC) activity
is increased by exogenously added GB+ in bioassays using dis-
rupted ciliary vesicles, and that activation of PLC activity in
ciliary vesicles was greatly increased by the toxic 1R isomer of
deltamethrin (Symington, Zhang, and Clark 1999). These re-
sults not only support our current contention that G-proteins are
present in Paramecium, but suggest yet another potential path-
way for the toxic effects of deltamethrin.

In order to more fully characterize the role of G-proteins in
Paramecium, however, the genes encoding these proteins need
to be identified and cloned. Currently, work is in progress to
obtain protein microsequences by MALDI-TOF and to amplify
and clone the genes for these G-protein subunits.
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