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Introduction 

Genetic dissection of G protein-coupled signal transduction 
pathways in flies and worms. 

Hendrik C. Korswagen 

Division of Molecular Biology, The Netherlands Cancer Institute 
Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands 

Abstract 
Heterotrimeric G proteins are a highly conserved family of signaling molecules that connect 
seven-helical transmembrane receptors to a variety of intracellular effectors. Model organisms 
such as Caenorhabditis elegans and Drosophila melanogaster allow genetic analysis of G 
protein function in vivo, which has resulted in important insights into the function and 
regulation of these conserved signal transduction pathways. In this chapter I will give an over
view of our understanding of G protein-coupled signal transduction in these two metazoan 
model organisms. 

Introduction 
G protein-coupled signal transduction 
Signaling pathways using seven-helical transmembrane receptors (7-TM receptors) and their 
associated heterotrimeric guanine nucleotide-binding proteins (G proteins) play a key role in 
triggering physiological responses to a wide variety of hormones, neurotransmitters and 
sensory stimuli (reviewed in Simon et al., 1991, Hepler and Gilman, 1992 and Neer, 1995). 
Heterotrimeric G proteins consist of a guanine nucleotide-binding Ga-subunit and a closely 
associated Gßy-subunit, both of which are anchored to the plasma membrane through lipid 
modifications (reviewed in Kaziro et al., 1991 and Casey, 1994). G proteins function as 
specialized GTPase-driven switches in signal transduction (reviewed in Bourne et al., 1991 and 
Hamm, 1998). In the inactive state, the Ga-subunit is associated with a molecule of GDP and 
is complexed with the Gßy-subunit. Ligand binding by an appropriate 7-TM receptor will 
induce the Ga-subunit to exchange GDP for GTP, resulting in the dissociation of the two 
subunits. Both the Ga and the Gßy-subunit have signaling functions and interact with specific 
targets in the cell (reviewed in Hepler and Gilman, 1992 and Clapham and Neer, 1993). These 
can be adenylyl or guanylyl cyclases, phosphodiesterases, phospholipases, ion-channels and 
other signal transduction components (Table I), resulting in the production or breakdown of 
second messengers, amplification of the signal and the generation of an appropriate physio
logical response. The intrinsic GTPase activity of the Ga-subunit results in the hydrolysis of 
the bound GTP back to GDP, and the reassociation of the two subunits to the inactive, 
heterotrimeric complex. A number of additional proteins ensure rapid down regulation of G-
protein signaling. Regulator of G protein-signaling (RGS) proteins enhance the slow intrinsic 
GTPase catalytic activity of the Ga-subunit (reviewed in Neer, 1997 and Koelie, 1997). 
Furthermore, the ligand-bound receptor is inactivated by phosphorylation and binding of 
arrestin, which prevents the receptor from activating additional G proteins (reviewed in 
Lefkowitz et al., 1992). Another mechanism of G protein regulation involves proteins such as 

1 



Chapter 1 

Table I. Mammalian Goc-subunits and some of their intracellular targets-
Family Subunit Effector'  

Gq 

G12 

as 

dolf 

adenylyl cyclaseT 
Ca2+ channelst 
Na+ channelsi 

CCil,2,3 

a0 

a2 

adenylyl cyclase^ 
Ca2+ channelsi 
K+ channelst 

a, 
ag 

cGMP-pho sphodiesteraset 

aq phospholipase C-ßt 
Ctn,14,15,16 

Ctl2,13 Na+/H+ exchangert2 

pll5RhoGEF2 

'Adapted from (Hepler and Gilman, 1992). described in Lin et al., 1996; Hart et al., 1998, 
and Kozasa et al., 1998. Arrows indicate activation or inhibition by the indicated Ga-subunit. 

phosducin, which form a specific complex with Gßy that modulates its ability to interact with 
Got (Schroder and Lohse, 1996). 

Multiple 7-TM receptors, G protein subunits and effectors have been identified in 
vertebrates. Indeed, 7-TM receptors are one of the largest gene families in the mammalian 
genome, with many members functioning specifically in odorant perception (Buck and Axel, 
1991). This large family of 7-TM receptors is connected to a limited set of G proteins (Table 
I). In humans, 23 distinct Ga-subunits have been cloned that are divided into four subfamilies 
(Gas, Gotj, Gaq and Gan) based on sequence similarity and shared intracellular effector 
molecules. In addition, there are at least 5 different Gß-subunits and at least 6 Gy-subunits 
(Neer, 1995). Heterotrimeric G proteins have been studied extensively both at the functional 
and structural levels. Comprehensive mutagenesis studies have been performed to identify 
important functional domains within G-protein subunits (reviewed in Clapham and Neer, 1993) 
and structure analysis has resulted in important insights into the molecular mechanisms of Ga 
function. Determination of the crystal structure of transducin and Gau showed that the Ga-
subunit consists of a guanine-nucleotide binding domain that is structurally homologous to 
small G proteins such as p21ras and elongation factor Tu, and a helical domain that is unique to 
heterotrimeric G proteins (Noel et al., 1993; Coleman et al., 1994). This domain has functions 
that are performed by separate proteins in small G proteins. Thus, the helical domain prevents 
dissociation of GDP from the guanine-nucleotide-binding core and the helical domain functions 
in GTP hydrolysis (Markby et al., 1993, reviewed in Bourne, 1993). The catalytic mechanism 
of the Ga GTPase activity and the conformational changes necessary for Gßy dissociation and 
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effector interactions were determined from the structures of Ga GDP, Ga.GTP, and the com
plete heterotrimeric complex (Sondek et al., 1994; Lambright et al., 1994; Mixom et al., 1995; 
Sondek et al., 1996; Wasserman et al., 1995; Wall et al, 1995, reviewed in Clapham, 1996). 
Recently, structural analysis has also revealed molecular interactions between Ga;i and the 
regulator of G protein signaling RGS4 (Tesmer et al., 1997a) and between Gas and its effector, 
the catalytic core of adenylyl cyclase (Tesmer et al., 1997b). The general picture that emerges 
from these studies is that differential binding of guanine nucleotides induces specific confor
mational changes in the Ga-subunit that allow it to release or bind the Gßy-subunit and enable 
it to interact with its effectors. 

G proteins form complex signaling networks in vivo. Multiple G protein-coupled signal 
transduction pathways may operate in a single cell, connecting different 7-TM receptors to 
intracellular effectors. Despite the extensive data on the biochemical and structural properties 
of G proteins, it is still poorly understood how G protein-coupled signal transduction pathways 
are regulated and how information from different G protein pathways is integrated. Genetic 
analysis in model organisms can give insight into the complexity of G protein-coupled signal 
transduction. Heterotrimeric G proteins are present in all eukaryotic organisms, ranging from 
unicellular organisms such as the yeast Saccharomyces cerevisiae and the slime mold Dictyo-
stelium discoidium to vertebrates. In yeast and Dictyostelium, G proteins are used exclusively 
to transmit developmental signals (reviewed in Parent and Devreotes, 1996 and Marsh et al., 
1991). In higher multicellular organisms, G proteins have been adapted to transduce a more 
complex set of developmental, endocrine and sensory signals. Therefore, it is not surprizing 
that G proteins are involved in a number of human diseases, including endocrine disorders and 
cancer. Clear homologues of the four mammalian subfamilies of Goc-subunits are present in the 
fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans and these 
organisms serve as an important model for conserved G protein-coupled signal transduction. 

Genetic analysis of conserved signal transduction pathways in Drosophila and C. elegans. 
In the past decade it has become clear that many signal transduction components have been 
conserved in evolution. Indeed, many of the major signal transduction pathways have been 
conserved as discrete signaling modules. Such modules are structurally conserved, but may 
have different functions in different organisms. Relatively simple metazoan organisms such as 
C. elegans and Drosophila are important genetic models for vertebrate signal transduction 
(reviewed in Hoffman et al., 1992, Sternberg, 1993 and Stern and DeVore, 1994). An example 
is the receptor tyrosine kinase (RTK)-ras pathway. Genetic analysis of the inductive signaling 
required for C. elegans vulva- and Drosophila photoreceptor fate specification showed that in 
both cases a RTK-ras pathway is used to transduce the inductive signal in the receiving cell 
(reviewed in Sundaram and Han, 1996; Kayne and Sternberg, 1995 and Wasserman et al, 
1995). Molecular genetic analysis resulted in the construction of a genetic and molecular 
pathway that transmits the inductive signal to the nucleus and results in the activation of target 
genes. In addition to components of this pathway that were already identified through classical 
biochemistry, a number of novel components were identified as well. This illustrates how 
genetic analysis of signal transduction pathways complements biochemical analysis—molecular 
genetic experiments can validate biochemically characterized pathways and can identify novel 
components that are refractory to biochemical study. 
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Several advantages of C. elegans and Drosophila have made these organisms the model of 
choice for molecular genetic analysis of signal transduction: 
(1) Powerful genetic tools. The small size and rapid generation time allow mutant hunts that 
would not be feasible in higher organisms. Using chemical mutagens such as ethyl methane-
sulfonate (EMS), very high mutation rates can be obtained, enabling screens for novel mutants 
that are disrupted in a function of interest, or screens for extragenic modifiers that enhance or 
suppress a mutant phenotype. Genetic pathways can subsequently be determined by epistasis 
analysis. The high-density genetic maps of the C. elegans (reviewed in Hodgkin et al., 1995) 
(see also Korswagen et al., 1996, Chapter 2 of this thesis) and Drosophila genomes allow 
rapid positional cloning of mutations. In addition, mutations can be obtained by insertional 
mutagenesis, using transposons such as Tel in C. elegans (Moerman et al., 1986) and P-
elements in Drosophila (Spradling and Rubin, 1982). 
(2) Genomics. C. elegans will be the first metazoan animal of which the complete genomic 
sequence will be determined, and currently over 80% of its genome has been sequenced (C. 
elegans genome consortium, personal communication). The high gene density of the C. 
elegans genome allows the prediction of genes from genomic sequence and in combination 
with the mapping of expression tags (ESTs), a detailed picture of the estimated 14,000 genes is 
available. The sequence map of the C. elegans genome outlines all the genes that are in a gene 
family of interest and describes the complexity and possible redundancy within such a family. 
Determination of expression patterns and null phenotypes can then address the function of 
these genes (reviewed in Plasterk, 1996). Efficient methods for transgenesis in C. elegans and 
Drosophila allow expression studies using reporter gene fusions and enhancer trap screens 
using engineered P-elements. Loss-of-function phenotypes can be studied in C. elegans by 
micro-injection of gene specific double-stranded RNA (Fire et al, 1998; Montgommery and 
Fire, 1998) and null alleles can be efficiently obtained using libraries of chemically induced 
deletions (Jansen et al,, 1997). 
(3) High resolution phenotypic analysis. The past decades of C. elegans and Drosophila 
developmental biology have resulted in detailed knowledge of the development and behavior of 
these organisms. Pioneering work of John Sulston (Sulston and Horvitz, 1977; Sulston et al., 
1983), for example, has resulted in the determination of the complete embryonic cell lineage of 
C. elegans. Furthermore, a wiring diagram of the 302 neuron nervous system of the nematode 
was determined by John White and coworkers using serial section electron microscopy (White 
et al., 1986). This work provides an invaluable framework for the study of the signaling events 
that underlie developmental processes and the functioning of the nervous system. 

Not all components of a signal transduction pathway can be uncovered by genetic analysis. 
A major drawback is functional redundancy—when the products of two genes can functionally 
substitute for each other, both genes will have to be mutated to give a mutant phenotype. Such 
redundant positions within a genetic pathway will be difficult to identify. Components of a 
signal transduction pathway may also have functions that are essential for viability. Null alleles 
of such genes will be lethal and will not be recovered in forward genetic screens. However, 
given the wide spectrum of mutations created by chemical mutagens such as EMS, hypo-
morphic alleles of such essential genes can usually be obtained. 
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G protein-coupled signal transduction pathways have been studied extensively in Drosophila 
and C. elegans. I will first discuss G protein signaling in Drosophila, and than focus in more 
detail on G protein signaling in C. elegans. 

G protein signaling in Drosophila melanogaster 
Homologs of the four mammalian subfamilies of Ga-subunits have been identified in Droso
phila: DGas (Quan et al., 1989), DGci; (Provost et al., 1988), DGcc0 (Schmidt et al., 1989, 
Yoon et al., 1989, de Sousa et al., 1989), DGaq (Lee et al., 1994; Lee et al., 1990) and DGai2 

(encoded by concertina) (Parks and Wieschaus, 1991) share 70-83% identity of amino acid 
positions with their mammalian counterparts. In addition, also an atypical Ga-subunit, Gaf, has 
been cloned (Quan et al., 1993). Drosophila expresses at least two Gß-subunits. The gbb gene 
encodes a Gß-subunit that is over 80% identical to mammalian Gß isoforms (Yarfitz et al., 
1988). Also a less well conserved, eye-specific Gß-subunit was cloned, gbe is 45% identical to 
mammalian Gß-subunits (Yarfitz et al., 1991) and is required for phototransduction (Yarfitz et 
al., 1994; Dolph et al., 1994). Only a single Gy gene has been identified in Drosophila: DGy-1 
is 46% identical to bovine Gy2 and is predominantly expressed in the central nervous system 
(Ray and Ganguly, 1992). Molecular genetic analysis has revealed functions for a number of 
Drosophila Ga proteins, which I will discuss briefly below. 

A Gas-coupled signal transduction pathway is involved in Drosophila olfactory associative 
learning and memory storage. Although DGas itself has not been identified in screens for 
learning mutants, other components of the Gas pathway have been isolated. These include 
rutabaga, which encodes a calcium-dependent adenylyl cyclase (Levin et al., 1992) and dunce, 
which encodes a cAMP-dependent phosphodiesterase (Chen et al., 1986). Furthermore, 
expression of a protein kinase A peptide inhibitor (Drain et al., 1991) and engineered mutations 
in the cAMP-dependent transcription factor CREB disrupt or enhance long-term memory (Yin 
et al., 1994; Yin et al., 1995). More direct evidence for a role of DGas in learning came from 
ectopic expression studies. Expression of constitutively active DGcts in the mushroom bodies— 
brain structures involved in learning and memory storage—specifically interferes with asso
ciative learning (Connolly et al., 1996). This indicates that learning depends on regulated Gas 

signaling. It cannot be excluded, however, that constitutive activation of Gas interferes 
aspecifically with the learning pathway. A current model of Drosophila associative olfactory 
learning implicates the Rutabaga adenylyl cyclase as a coincidence detector that is responsible 
for integrating input from conditioned- and unconditioned stimuli (reviewed in Kandel and 
Abel, 1995). Thus, input from the unconditioned stimulus is provided by a neuropeptide 
encoded by amnesiac, which shows similarity to the mammalian pituitary adenylyl cyclase 
activating peptide PACAP (Feany and Quinn, 1995). Amnesiac activates a Gas pathway 
necessary for Rutabaga stimulation. The conditioned stimulus, on the other hand, generates an 
intracellular calcium influx that is also required for Rutabaga activation. Therefore, only when 
both components are present Rutabaga will be active, demonstrating the molecular basis of the 
requirement for both a conditioned- and unconditioned stimulus in associative learning. 

As in vertebrates, DGoc0 is predominantly expressed in the central nervous system 
(Schmidt et al, 1989; Yoon et al., 1989; de Sousa et al., 1989, Wolfgang et al., 1991). The 
function of DGct0 has only been studied indirectly. Since DGa0 is the major (and possibly only) 
substrate of pertussis toxin (PTX) in Drosophila, expression of the toxin will specifically 
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inactivate this G protein (Guillen et al., 1990). Expression of PTX results in pleiotropic 
defects, including a block of embryonic development, inhibition of feeding behavior and an 
alteration of the visual response that is probably caused by loss of DGa0 function in the lamina, 
a nervous system structure involved in processing of photoreceptor signals (Fitch et al., 1993). 
Validation of these DGoc0 loss-of-function phenotypes awaits the isolation of DGcc0 mutants. 

The only Drosophila Ga-subunit identified in forward genetic screens is the Gctn 
homolog encoded by the gastrulation gene concertina (Parks and Wieschaus, 1991). During 
early stages of Drosophila development, two populations of cells invaginate. At the posterior 
end of the embryo, the posterior midgut invagination brings endodermal precursors into the 
interior. Along the ventral side of the embryo, the ventral furrow internalizes cells that will 
form the mesoderm. Two genes have been identified that are required for these invaginations: 
folded gastrulation (fog) (Costa et al., 1994) and concertina (eta) (Parks and Wieschaus, 
1991). In fog and eta mutant embryos, the cell shape changes that are necessary for these 
invaginations take place, but the timing and extent of these changes is affected, resulting in 
incomplete gastrulation. It appears that patterning genes such as snail induce individual cells at 
the midline to undergo the apical constrictions required for gastrulation. To ensure rapid and 
ordered invagination, intercellular signaling subsequently involves all cells in the process. Fog 
and Cta function in these cell-cell interactions, fog encodes a secreted protein that is 
specifically expressed at the invagination primordia and, as mentioned above, cta encodes a 
ubiquitously expressed Ga-subunit. Thus, Fog may induce apical constriction in neighboring 
cells through activation of a Cta-coupled pathway. Indeed, ubiquitous expression of Fog from 
a heat-shock promoter induces ectopic cell shape changes that are dependent on cta. 
Moreover, constitutive activation of Cta results in similar ectopic cell-shape changes (Morize 
et al., 1998). These results confirm that Fog functions upstream (and possibly as a ligand) of a 
Cta coupled pathway, and suggests a role for this pathway in regulating the ordered cell shape 
changes necessary for gastrulation. What are the downstream targets of Cta? The cell-shape 
changes induced by Cta are dependent on the small GTP-binding protein Rho, which is 
involved in organizing the actin cytoskeleton. A direct downstream target of Cta may be the 
Rho guanine nucleotide-exchange factor RhoGEF, which activates Rho by promoting the 
exchange of GDP for GTP (Barrett et al., 1997, Hacker and Perrimon, 1998). RhoGEFs are 
also targets of Ga.12 and Gct^ in mammalian cells. Interestingly, RhoGEFs contain an RGS 
domain that has a specific GTPase activating function towards the Ga12 family members (Hart 
et al., 1998; Kozasa et al., 1998). 

The Drosophila dgq locus encodes at least three different, alternatively spliced, Gaq 

isoforms (Alvarez et al., 1996). Of these, DGqB is most conserved and shows a general 
expression pattern. Another splice variant, DGqA (or DGql) is specifically expressed in the 
eye and, as discussed below, is involved in phototransduction (Scott et al., 1995; Lee et al., 
1994; Lee et al., 1990; Alvarez et al., 1996). This Gaq isoform is less well conserved and may 
represent an isoform that is specifically adapted for interaction with rhodopsin. Interestingly, a 
third isoform of Gocq (DGqC) that shares the visual system specific exons of DGqA, is 
expressed together with rhodopsin2 and arrestinl in the male gonads. This may represent a 
novel light detection pathway that functions in the testes-autonomous pacemaker of 
Drosophila (Alvarez et al., 1996). 
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One of the best genetic models of G protein-coupled signal transduction is provided by the 
Drosophila phototransduction system, which I will discuss in detail below. 

The Drosophila visual system 
Phototransduction is the mechanism used by photoreceptor cells to encode the absorption rate 
of photons into a neuronal signal. Phototransduction is provided by a light-detecting 7-TM 
receptor, rhodopsin, which is connected to a G protein-coupled signal transduction pathway. 
The phototransduction pathway shows a very high sensitivity to light, illustrated by the 
observation that photoreceptor cells can register the capture of single photons. The gain in the 
transducing system is such that over 500 ion-channels can be opened in response to a single 
photon, resulting in a light-induced conductance that leads to neurotransmitter release and 
transmission of the signal to the central nervous system. To allow a high temporal resolution, 
the transducing machinery has been optimized for speed and rapid termination of signaling. 
Furthermore, elaborate adaptation mechanisms ensure sensitivity to a wide range of light 
intensities. Because of these properties, phototransduction is an important model of a highly 
regulated signal transduction pathway. 

Both in vertebrates and invertebrates, phototransduction starts with the capture of a 
photon by rhodopsin. Rhodopsin consists of opsin, a member of the seven-helical (7-TM), G 
protein-coupled receptor family, covalently linked to a chromophore, 1 l-c«-retinal. Photo-
isomerization of retinal from the W-cis to the a\\-trans form results in a series of 
conformational changes that transform the inactive rhodopsin to the active metarhodopsin. In 
vertebrate phototransduction (reviewed in Stryer, 1991), metarhodopsin catalyzes the 
exchange of GTP for GDP on transducin (Ta), a photoreceptor specific Ga-subunit. Ta-GTP 
activates a cGMP-phosphodiesterase (PDE) which hydrolyzes cGMP into GMP, resulting in a 
transient decrease in cGMP concentration. Because the vertebrate light-regulated ion-channels 
are opened by cGMP, the reduction in cGMP levels causes these cation-selective channels to 
close. This results in a brief hyperpolarization of the photoreceptor cell, which triggers neuro-
tranmitter release. Termination of phototransduction is achieved by inactivating different 
components of the pathway. Phosphorylation of metarhodopsin by rhodopsin kinase and 
subsequent binding of arrestin inactivates the light-stimulated receptor. Furthermore, hydro
lysis of Ta-GTP into Ta-GDP inactivates PDE. Also intracellular calcium has an important 
function in quenching phototransduction The closure of light-activated cation-channels results 
in a drop in intracellular calcium levels. This lower calcium concentration is detected by 
recoverin, which in turn activates a guanylyl cyclase. Stimulation of guanylyl cyclase elevates 
cGMP levels, resulting in reopening of channels and a restoration of the dark state. In addition, 
calcium regulates the lifetime of metarhodopsin through modulation of rhodopsin kinase and 
calcium/calmodulin (CAM) may regulate the affinity of the cGMP-gated ion-channels for 
cGMP 

Invertebrate phototransduction shares the rhodopsin and G protein components of the 
vertebrate system, but most invertebrate phototransduction systems use a phospholipase C 
(PLC) pathway that generates a depolarizing photoreceptor potential. Drosophila has become 
the model of choice for invertebrate phototransduction (reviewed in Zuker, 1996 and Ranga-
nathan et al., 1995). Two strategies have resulted in a detailed molecular and genetic dissection 
of phototransduction in Drosophila. First, classical genetic screens for mutants defective in 



Chapter 1 

phototransduction have yielded several members of this pathway. Since phototransduction has 
evolved as a dedicated system, many components function exclusively in the eye and because 
the eye is not required for viability, mutations in such genes can readily be obtained. Further
more, the accessibility of the compound eye for electrophysiology has resulted in the isolation 
of mutants with specific defects in phototransduction. A second approach is based on the 
assumption that components of the visual system are exclusively expressed in the eye and 
subtractive hybridization and enhancer trap experiments have resulted in the cloning of several 
phototransduction components. I will now discuss in detail the steps leading to photoreceptor 
excitation and than focus on how signaling is rapidly terminated to allow high temporal 
resolution and adaptation to varying light intensities (Figure 1). 

The different steps leading to photoreceptor excitation are as follows: 
(1) Rhodopsin activation. The major rhodopsin of Drosophila, Rhl, is encoded by the ninaE 
gene (Zuker et al., 1985). As in vertebrate rhodopsin, capture of a photon converts the inactive 
rhodopsin to the active metarhodopsin. An interesting spin-off from the genetic analysis of 
visual mutants was the cloning oîninaA (Colley et al., 1991). In ninaA mutants, Rhl fails to 
accumulate in the rhabdomere, the specialized structure of the photoreceptor cell. ninaA 
encodes a photoreceptor specific cyclophilin homolog that is required for post-translational 
processing and export of rhodopsin from the endoplasmic reticulum to the rhabdomeres. 
(2) G proteins. Generation of metarhodopsin results in the activation of an eye specific G 
protein. The Ga-subunit of this G protein (DGq) was cloned based on its specific expression in 
the eye (Lee et al., 1990) and was shown to be expressed exclusively in the photoreceptor 
rhabdomeres, the specialized structure that contains the phototransduction machinery (Lee et 
al., 1994). As mentioned above, DGq is similar to mammalian Gaq> the G protein that couples 
to PLC-ß. Functional evidence that DGq indeed mediates phototransduction was provided by a 
dgq loss-of-function allele (Scott et al, 1995). This mutation (that does not disrupt the 
ubiquitously expressed DGqB splice variant) results in a dramatic loss of light responsiveness. 
The Gß-subunit that interacts with DGq was also cloned based on its specific expression in the 
eye (Yarfitz et al, 1991). Like DGq, Gße is localized in the rhabdomeres (Yarfitz et al., 1994) 
and is essential for phototransduction. Two loss-of-function alleles of Gße were isolated, Gße 
and the hypomorphic allele Gße2, which still expresses about 5% of wild type Gß levels (Dolph 
et al., 1994). Both alleles show a severe reduction in light-sensitivity, but activation kinetics are 
normal in Gße2, showing that a low level of Gß is still sufficient for normal activation kinetics. 
Aso the rate of deactivation was decreased in these Gße mutants. This unexpected function of 
Gß in signal termination is more dependent on Gß levels, since deactivation kinetics were also 
affected in Gße2. The deactivation kinetics of these Gße alleles are similar to the deactivation 
kinetics observed in mutant alleles of eye-PKC, and suggests a link between Gß and PKC in 
the regulation of phototransduction (see below). Further evidence that Gße is the Gß subunit 
involved in phototransduction came from the observation that Gße mutants are defective in 
light-induced GTPyS binding (a non-hydrolizable GTP analogue) (Yarfitz et al., 1994) and 
light-induced phospholipase C activity (Running Deer et al., 1995). 

(3) Phospholipase C and eye-CDS. Mutations in the no receptor potential A (norpA) gene 
completely abolish the light-response. norpA encodes a phospholipase Cß that is expressed at 
high levels in the retina (Bloomquist et al., 1988). Activated phospholipase Cß (PLC-ß) 
generates the second messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) 
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Figure 1. Diagram of Drosophila phototransduction (Zuker, 1996). The different steps of 
excitation and signal termination are discussed in the text. Absorption of a photon by 
rhodopsin (R) causes a conformational change that converts the inactive rhodopsin into the 
active metarhodopsin (M*). Metarhodopsin stimulates exchange of GDP for GTP on DGa„ 
which subsequently results in the activation of phospholipase Cß. PLCß catalyzes the 
breakdown of PIP2 into IP3 and DAG which in turn leads to the opening of the TRP and TRPL 
light-activated conductance channels. Extracellular sodium and calcium enter the cell, resulting 
in depolarization of the photoreceptor. The calcium that enters the cell is also essential for 
termination of the photoresponse; calcium activates calmodulin (CAM) and in combination 
with DAG, calcium activates PKC. CAM and PKC are required for signal termination. The 
active metarhodopsin is phosphorylated by rhodopsin kinase (RoK), which is followed by 
binding of arrestin (Arr) Subsequent dephosphorylation of photoconverted metarhodopsin by 
rdgC recycles metarhodopsin back to rhodopsin. PIP2 pools are restored by the recycling of 
DAG by the actions of rdgA and CDS. 

from the phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2) (Berridge, 1993). These 
second messengers have important signaling functions in the cell, DAG activates members of 
the protein kinase C (PKC) family, whereas IP3 has a role in mobilizing calcium from internal 
stores. Given the importance of PIP2 in signal transduction, it is expected that PiP2 levels are 
tightly regulated Indeed, it was found that mutation of eye-cds, a gene that encodes an 
essential enzyme required for PIP2 synthesis, results in a phototransduction defect (Wu et al., 
1995) This enzyme, CDP-diacylglycerol synthase (CDS), generates CDP-diacylglycerol from 
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phosphatidic acid and CTP. CDP-diacylglycerol is an essential precursor in phospatidylinositol 
biogenesis and failure to produce this precursor will severely compromise PIP2 stores. The 
phenotype of cds photoreceptors became apparent when assayed for their ability to maintain a 
continuously activated state. Whereas wild type photoreceptors can readily enter such a pro
longed activated state, cds mutants cannot. Continuous signaling by the phototransduction 
pathway requires a steady supply of PIP2, that cannot be replenished in cds mutants. Indeed, 
artificially replenishing PIP2 levels enables prolonged activation in these cds photoreceptors. 
An interesting conclusion from these studies is that CDS regulates the level of amplification of 
the phototransduction pathway by controlling a limiting pool of PIP2. Thus, loss of CDS 
severely disables phototransduction, whereas overexpression of CDS results in an increased 
receptor potential. 
(4) TRP and TRPL cation-selective ion-channels. The light-induced conductance is primarily 
the result of calcium influx through TRP cation-selective ion-channels. TRP channels are 
similar to vertebrate voltage-gated calcium channels (Montell and Rubin, 1989), but lack the 
sequence motifs that enable gating by changes in membrane potential, trp mutants are defective 
in generating a light-activated conductance and only show a transient receptor potential. This 
transient influx of calcium in trp mutants is generated by another light-activated ion-channel, 
TRPL. TRP and TRPL are related ion-channels and share 40% of amino acid positions 
(Phillips et al., 1992). Since TRP carries most of the light-induced conductance, trpl mutants 
do not show a defect in response kinetics. However, the transient receptor potential in trp 
mutants is completely eliminated in trp;trpl double mutants, demonstrating that TRP and TRPL 
together are responsible for generating the light-induced conductance (Niemeyer et al., 1996). 
The gating mechanism of the TRP and TRPL channels is still an unresolved issue. Because trp 
mutants still show a transient increase in intracellular calcium levels after light stimulation, it 
was proposed that TRP is gated by an intracellular calcium signal. In this view, production of 
IP3 by PLC-ß mobilizes calcium from internal stores, which is followed by TRP channel 
activation. Even though internal calcium stores are necessary for photoreceptor excitation 
(Arnon et al., 1997), it is now clear that the light-induced increase in intracellular calcium is 
entirely dependent on extracellular calcium influx (Ranganathan et al., 1994). Indeed, as 
mentioned above, the transient calcium influx in trp mutants is the result of TRPL channel 
activity. Furthermore, mutation of the single IP3 receptor oîDrosophila does not affect photo
transduction (Acharya et al., 1997). This makes it unlikely that IP3 and release of calcium from 
internal stores play a role in TRP/TRPL gating. Indeed, TRP may be directly gated by PLC-ß 
(Shieh et al., 1997), since PLC-ß and TRP directly interact through complex formation via the 
adapter molecule InaD (see below) (Shieh et al., 1997). 

An important mediator of phototransduction termination is the calcium that enters the 
photoreceptor cell through the light-activated conductance channels. In addition, the active 
metarhodopsin is inactivated by phosphorylation and binding of arrestin. Mechanisms of photo
transduction deactivation are as follows: 
(1) Receptor inactivation: Rhodopsin kinase, Arrestin and RdgC. Because of the inherent 
stability of metarhodopsin, a system is required to terminate signaling by the active receptor. 
Metarhodopsin inactivation is provided by two proteins; rhodopsin kinase and arrestin. Since a 
similar mechanism has been demonstrated for ß-adrenergic receptor desensitization, serpentine 
receptor-kinases and arrestins may have evolved as a general system used for serpentine 
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receptor inactivation (reviewed in Lefkowitz et al, 1992). Indeed, a family of 7-TM receptor-
kinases has been identified in Drosophila (Cassil et al., 1991). Although metarhodopsin 
inactivation in Drosophila has not been studied in as much detail as in vertebrate photo-
transduction, it is clear that a similar conserved mechanism is used. Thus, metarhodopsin is 
phosphorylated at multiple Ser and Thr residues at its C-terminus. Phosphorylation of meta
rhodopsin has only a limited effect on its activity, but allows binding of arrestin. This abundant 
cytosolic protein terminates the active state of the receptor by preventing its coupling to G 
proteins. The Drosophila genome contains two genes encoding arrestins, arrl and arr2 (Dolph 
et al., 1993). Of these, Arr2 is most abundantly expressed and is localized specifically in the 
rhabdomeres. Mutation of arr2 leads to a sustained photoresponse. This is the result of 
continuous signaling by metarhodopsin that is no longer inactivated in arr2 mutants. It was 
found that phosphorylated metarhodopsin and arrestin interact stoichiometrically, and that a 
sustained depolarization of the photoreceptor cell develops when metarhodopsin is in excess of 
arrestin (Ranganathan and Stevens, 1995). After photoconversion of the arrestin-bound meta
rhodopsin to rhodopsin, the phosphorylated rhodopsin is recycled to rhodopsin by the phos
phatase RdgC (Steele et al., 1992; Vinos et al., 1997). 
(2) Calcium, CAM and eye-PKC'. As in vertebrate phototransduction, the extracellular calcium 
entering through the TRP and TRPL ion-channels is a key regulator of signal termination 
(Ranganathan et al., 1991). Two proteins are essential for this calcium dependent inactivation; 
the eye-specific PKC encoded by inaC and calmodulin (CAM) (Smith et al., 1991; Scott et al., 
1997). inaC mutant photoreceptors show normal activation kinetics, but are unable to carry 
out the rapid deactivation phase (Ranganathan et al., 1991). inaC was found to encode an eye-
specific PKC isoform that specifically localizes to the rhabdomeres (Smith et al., 1991). The 
mechanism of eye-PKC-dependent deactivation has not been elucidated, but the presence of 
eye-PKC in a complex with PLC-ß and TRP suggests that these are direct targets of eye-PKC 
(see below) (Tsunoda et al, 1997). The other effector of calcium is calmodulin. CAM is 
localized to the photoreceptor rhabdomeres through its interaction with the unconventional 
myosin NinaC (Porter et al., 1993) and as is the case with inaC, mutation of cam results in a 
specific deactivation defect. CAM regulates at least two components of the phototransduction 
pathway (Scott et al., 1997). First, CAM inactivates the TRPL light induced conductance 
channel. It was found that the transient nature of TRPL channel activity in trp mutants is the 
result of CAM regulation and represents a calcium feedback mechanism. Thus, in camjrp 
double mutants, the transient receptor potential carried by TRPL is transformed into a 
prolonged conductance. Moreover, mutation of the CAM binding domain of TRPL in trp 
animals results in a similar prolonged light-activated conductance. A second target of CAM 
regulation is metarhodopsin lifetime, possibly through interaction of CAM with arrestin. 

Important insight into the structural organization of the phototransduction pathway was 
gained from the cloning of inaD (Shieh and Niemeyer, 1995; Shieh and Zhu, 1996). Mutation 
of inaD results in mislocalization of PLC-ß, TRP and eye-PKC, disrupting their specific 
expression in the rhabdomeres (Tsunoda et al., 1997). inaD encodes a novel adapter protein 
that contains five PDZ domains—sequence motifs that mediate protein-protein interactions. 
Mutational analysis of the different PDZ domains showed that PDZ domains 1 and 5 interact 
with PLC-ß, PDZ3 interacts with TRP and PDZ4 interacts with eye-PKC. InaD does not 
interact with rhodopsin, DGq or TRPL, and in inaD mutants, these proteins show normal 
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expression in the rhabdomeres (Tsunoda et al, 1997). As expected, mutation of the PLC-ß 
sequences that mediate interaction with InaD also results in mislocalization of the protein 
(Shieh et al., 1997; van Huizen et al, 1998). Thus, InaD acts as an organizing scaffold that 
assembles the different components of the phototransduction pathway into one complex, the 
transduciosome. This complex may enable the rapid signaling required for phototransduction. 
Because the components are in close contact, there is no need for the slow passive diffusion 
required for individual signaling components to find each other. Furthermore, assembly of the 
phototransduction machinery into one complex will prevent cross-talk with other signaling 
systems. 

Taken together, Drosophila phototransduction shows how a G protein-coupled signal 
transduction pathway is used as a highly sensitive light-detector. Rapid signal transfer between 
the different components is achieved by an efficient architectural organization, and high 
temporal resolution is obtained by elaborate inactivation and regulation mechanisms. 

G protein signaling in Caenorhabditis elegans. 
As in Drosophila, homologs of the mammalian classes of G protein subunits are present in C. 
elegans (reviewed in Bargmann and Kaplan, 1998). These include GSA-1, which is 66% 
identical at the amino acid level to mammalian Gcts (Park et al., 1997), GOA-1, which is 82% 
identical to mammalian Ga0 (Lochrie et al., 1991), egl-30, which encodes a Ga-subunit that is 
80% identical to mammalian Gaq (Brundage et al., 1996), and GPA-12, which may belong to 
the Geen family and shares 49-52% identity with mammalian Gan and Drosophila Concertina 
(L. Brundage and M. Simon, personal communication). In addition to these highly conserved 
Ga-subunits, the sequenced area of the C. elegans genome contains an additional 15 Goc-
subunits that share typically between 40-45% amino acid positions with the conserved Ga-
subunits and with each other (Lochrie et al., 1991; Fino Silva and Plasterk, 1990; Roayaie et 
al., 1998 and P. Werner and G. Jansen, personal communication). This family of atypical Ga-
subunits may be specifically required for chemosensation (see below). C. elegans expresses 
two different Gß-subunits, GPB-1 which is 86% identical to mammalian Gß-subunits (van der 
Voorn et al., 1990), and a more divergent Gß-subunit, GPB-2, which shares 49% identity with 
GPB-1 (P. Werner and R. Plasterk, personal communication). So far, only a single Gy-subunit 
has been identified within the sequenced regions of the genome (R. Zwaal and R. Plasterk, 
personal communication). The G protein-coupled signal transduction pathways that have thus 
far been studied in C. elegans function primarily in the nervous system and in muscle cells: G 
proteins are required for chemosensory signal transduction and for the regulation of muscle 
activity. 

Ch emosensation 
As a soil nematode, C. elegans uses mainly chemical cues to interact with its environment. 
Such chemical stimuli can have profound effects on its behavior and development. Metabolites 
from bacteria, the main food source of the nematode, modulate behaviors such as feeding, 
locomotion and egg-laying and pheromones regulate entry into the alternative dauer larva stage 
and are required for mating between males and hermaphrodites (reviewed in Bargmann and 
Mori, 1997, and Kaplan, 1996). C. elegans can sense water soluble chemicals such as salts and 
amino acids (Bargmann and Horvitz, 1991b), but can also sense volatile chemicals such as 
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alcohols, ketones and aldehydes (Bargmann et al, 1993). These chemicals can be attractive or 
repulsive, resulting in Chemotaxis towards an attractive substance or avoidance of a repellant. 
C. elegans has three sensory structures that are exposed to the environment and may be 
involved in chemosensation: these are the bilaterally symmetric amphids in the head and 
phasmids in the tail and the six inner labial sensory organs (Figure 2). Chemosensory functions 
were assigned to individual neurons in these sensory structures by ablating the two bilaterally 
symmetric sister neurons, followed by behavioral analysis. These studies demonstrated that 
only the amphid neurons have a clear chemosensory function. Based on dendritic morphology 
and function, the twelve pairs of amphid neurons can be subdivided into three groups (Table 
II). These are: (1) the exposed cells. As the other amphid neurons, the cell bodies of the 
exposed cells are located just posterior of the nerve ring and send dentrites to the tip of the 
nose. At this position, these dentrites form long and slender ciliated structures that are exposed 
to the environment through an opening in the cuticle. The exposed cells function primarily in 
the detection of water soluble compounds and dauer pheromone, with individual neurons 
detecting different spectra of chemicals and eliciting different behavioral responses (Bargmann 
and Horvitz, 1991b; Bargmann and Horvitz, 1991a). Thus, some neurons function in attraction 
to certain chemicals, whereas others such as for example the ASH neurons, function in 
aversion of repulsive chemicals and mechanical stimuli (Kaplan and Horvitz, 1993). (2) A 
second group consists of the wing cells. These have more flattened and branched cilia and are 
enclosed within a specialized support cell, the sheath cell. The wing cells function in the 
sensation of volatile odorants (Bargmann et al., 1993). (3) The third group of amphid neurons 
are the AFD or finger cells. These neurons show a brush like structure at the end of the 
dendrite which is embedded within the sheath cell. The AFD neurons do not function in 
chemosensation, but are critical for thermosensation (Mori and Ohshima, 1995). 

Amphid sensory neurons induce different behavioral responses. Thus, AWA is required for 
Chemotaxis towards volatile odorants, whereas AWB is necessary for avoidance of repulsive 
odorants. How is this behavioral specificity determined? The behavioral specificity of the 
chemosensory neurons is encoded by the synaptic contacts they make with their post-synaptic 
partners. Thus, the ASH and ADL sensory neurons which are required for avoidance, synapse 
onto the AVA and AVE) interneurons which in turn activate the motoneurons required for 
backward locomotion (White et al., 1986). Furthermore, it was elegantly shown by Emily 
Troemel (Troemel et al., 1997) that ectopic expression of the receptor for the attractant 
diacetyl on AWB rather than AWA results in avoidance of this odorant. Thus, the 
chemosensory cell rather than the chemosensory receptor determines the resulting behavioral 
response. 

Chemosensation is mediated through multiple 7-TM receptors. Important insight into the 
mechanism of chemosensation was gained from the cloning of odr-10 (Sengupta et al., 1996). 
odr-10 mutant animals are specifically defective in diacetyl sensation, an attractive odorant 
sensed by AWA. odr-10 encodes a 7-TM G protein-coupled receptor and is specifically 
expressed in the AWA sensory cilia. Expression of odr-10 in odr-7 mutant animals, which are 
defective in the sensation of most AWA specific odorants, restores sensitivity to diacetyl. 
Moreover, expression of ODR-10 in human cells confers sensitivity to this odorant (Zhang et 
al, 1997). Thus, odr-10 is required and sufficient for diacetyl sensation. Vertebrates employ a 
large family of 7-TM receptors for olfaction (Buck and Axel, 1991) The cloning of the 
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Phasmids Amphids 

% Amphid neurons 

Figure 2. Localization of the 
amphid and phasmid chemo-
sensory neurons of C. elegans. 
The amphid neurons extend 
processes to the tip of the nose. 
Some of these endings are 
directly exposed to the environ
ment. 

Table II. Chemosensory neurons and expression of atypical Ga-subunits. 
Neuron pair Function Got expression 

Exposed cells ADF 

ADL 

ASE 
ASG 

ASH 

ASI 

ASJ 

ASK 

Wing cells AWA 
AWB 
AWC 

Finger cell AFD 

Other URX 

Chemotaxis to water soluble compounds and 
dauer induction 
Avoidance of water soluble compounds and 
volatile odorants 
Chemotaxis to water soluble compounds 
Chemotaxis to water soluble compounds and 
dauer induction 
Avoidance of osmotic strength, volatile odorants 
and touch 
Chemotaxis to water soluble compounds and 
dauer induction 
Dauer recovery 

Chemotaxis to water soluble compounds 

Chemotaxis to volatile odorants 
Avoidance of volatile odorants 
Chemotaxis to volatile odorants 

Thermosensation 

3, 10, 13 and 
odr-3 
1,3, Hand 15 

1.3, 11, 13, 14, 
15 and odr-3 
3.4, 10 and 14 

1,2,3,9, 10 
and 14 
2, 3 and 15 

5, 6 and odr-3 
odr-3 
2, 13 and odr-3 

'Numbers indicate gpa genes. Expression patterns are from Roayaie et al., 1998, and Zwaai et 
al., 1997 and G. Jansen, personal communication. The exposed cells function in detection of 
water-soluble chemicals and dauer pheromone, the wing cells detect volatile odorants and the 
ADF cells are required for thermosensation.  
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ODR-10 odorant receptor shows that also C. elegans uses 7-TM receptors as chemosensory 
receptors. Interestingly, the C. elegans genome project has revealed a large family of candidate 
7-TM chemosensory receptors in the nematode as well. At least 80 odr-10 like receptor genes 
were identified (Chou et al., 1996). In addition, five families of sr (serpentine receptor) genes, 
each consisting of 10-30 members were identified as well (Troemel et al, 1995). These sr 
genes encode candidate chemosensory receptors, since the majority of these genes is 
specifically expressed in the amphid neurons. The chemosensory receptor repertoire of C. 
elegans is estimated to be over 200 (Chou et al., 1996), a number that is comparable to 
vertebrate olfactory receptor diversity. Individual amphid neurons express multiple odorant 
receptors (Troemel et al., 1995). This is to be expected when a large repertoire of chemo
sensory receptors is to be used by only eleven sensory neurons. The expression of multiple 
receptors explains why individual chemosensory neurons can sense multiple chemical stimuli. 
The AWA sensory neurons, for example, specifically sense benzaldehyde, butanone and 
isoamyl alcohol (Bargmann et al., 1993). To distinguish between different chemical stimuli, the 
chemosensory neurons can downregulate one odorant response after prolonged exposure to 
that odorant, while maintaining responsiveness to other odorants (Colbert and Bargmann, 
1995). Therefore, elaborate adaptation mechanisms must exist to regulate the different 
receptors and downstream signaling pathways (see below). The expression of multiple chemo
sensory receptors on a single sensory neuron is in stark contrast to vertebrate olfaction— 
vertebrate olfactory neurons express only a single olfactory receptor (reviewed in Mombaerts 
et al., 1996 and Buck, 1996). An attractive hypothesis is that C. elegans, which has only eleven 
pairs of chemosensory cells available for chemosensation, uses elaborate regulatory mecha
nisms to integrate information from multiple receptors within the sensory cell to enable sen
sitivity to a wide spectrum of chemicals with only a limited set of sensory neurons. 

In addition to the multiple 7-TM receptors and G proteins expressed in the amphid 
neurons, also a large family of membrane spanning guanylyl cyclases has been identified (Yu et 
al., 1997). These transmembrane guanylyl cyclases may also function as chemosensory 
receptors and may complement the 7-TM family of chemosensory receptors. 

A large family of atypical Ga-subunits may transduce chemosensory signals. Stimulation 
of vertebrate olfactory neurons probably leads to the activation of a single G protein-coupled 
signal transduction pathway. Thus, odorant detection results in the activation of Ga0if, 
followed by the generation of cAMP and the opening of cAMP-gated ion channels (reviewed 
in Reed, 1992). Chemosensation in C. elegans may involve multiple G protein-coupled signal 
transduction pathways. The chemosensory amphid neurons of C. elegans express up to seven 
different Ga-subunits (Table II). These Ga-subunits are clearly members of the heterotrimeric 
G protein-family, but are distinct from mammalian Ga-subunits. Fifteen atypical Ga-subunits 
(designated gpa for G protein a-subunit) have so far been identified within the sequenced 
regions of the C. elegans genome. Interestingly, most of these Ga-subunits are specifically 
expressed in the amphid and phasmid sensory neurons (G Jansen, personal communication). 

One of the atypical Ga-subunits, ODR-3, was identified in forward genetic screens for 
animals that fail to be attracted to benzaldehyde (Bargmann et al., 1993; Roayaie et al., 1998). 
odr-3 mutant animals are defective in Chemotaxis to all volatile attractants sensed by AWA and 
AWC and are defective in the avoidance responses mediated by ASH. These results suggest 
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that ODR-3 plays an important role in sensory transduction in different sensory neurons. The 
odr-3 defect in sensation of volatile odorants is not absolute. High concentrations of these 
odorants are still detected, suggesting that other Ga-subunits expressed in the AWA and AWC 
sensory neurons can substitute for ODR-3 function. This functional redundancy was demon
strated for the AWC sensed attractant butanone. Butanone Chemotaxis is only partially 
defective in odr-3 mutant animals, but in odr-3 gpa-2 double mutants, butanone sensation is 
severely affected. As expected, ODR-3 localizes to the ciliated endings of the AWA, AWB and 
AWC wing cells and to the ciliated endings of the exposed ASH and ADF sensory cells. 

Atypical Ga-subunits may also function in dauer pheromone detection. Dauer pheromone 
is sensed by a subset of the exposed amphid sensory neurons (Table II) (Bargmann and 
Horvitz, 1991a) and induces repression of daf-7, a gene encoding a TGFß homolog that is 
secreted by the amphid sensory neurons to promote non-dauer development (Ren et al, 1996, 
Schackwitz et al., 1996) Analysis of gpa-2 and gpa-3 suggests that these Ga-subunits 
function in pheromone sensation (Zwaal et al., 1997). Both genes are expressed in subsets of 
chemosensory neurons (Table II) and loss of both gpa-2 and gpa-3 results in a diminished 
response to dauer pheromone. Furthermore, constitutive activation of GPA-2 and GPA-3 
induces dauer larvae formation in the absence of pheromone. It is not clear how constitutive 
activation of GPA-2 and GPA-3 can induce dauer development. A possibility is that down
stream targets of GPA-2 and GPA-3 regulate daf-7 expression. 

In addition to sensory signal transduction, Ga-subunits may have other functions in the 
amphid sensory neurons. An example is odr-3, which is required for AWC sensory cilium 
development (Roayaie et al., 1998). In wild type animals, the AWA cilia are filamentous and 
extensively branched, whereas the AWC cilia form a sheet-like structure that encircles the tip 
of the nose. In animals that lack odr-3, the cilium structure of AWC resembles that of AWA. 
Overexpression of odr-3 results in an opposite morphological change; the AWA neurons now 
form a sheet-like structure that resembles the AWC cilium architecture. Thus, odr-3 is required 
for formation and maintenance of the fan-like structure of the AWC olfactory cilia. The 
structure of the ASH cilia is not affected in odr-3 mutant animals. The ASH cilia are however 
abnormal in transgenic animals that overexpress a constitutively active GPA-3 mutant protein, 
as demonstrated by the inability of the ASH neurons to take up the fluorescent dye DiO (Zwaal 
et al., 1997). Thus, G protein-signaling is required for proper sensory cilium formation. 
However, it cannot be excluded that some aspects of these changes in sensory cilium structure 
are an indirect result of the defects in sensory signaling. 

What is the function of the other atypical Ga-subunits expressed in the amphid neurons? It 
is likely that next to chemosensory signal transduction, some of these Ga-subunits will be 
involved in the regulatory mechanisms necessary to distinguish signals from different chemo
sensory receptors. An example of such a regulatory role is provided by gpa-5 (G. Jansen and 
R. Plasterk, personal communication) gpa-5 is expressed in the AWA neurons and has a 
negative regulatory function in trimethylthiazole (TMT) perception. Thus, animals that lack 
gpa-5 are more attracted to TMT than wild type animals, whereas animals that express 
constitutively active GPA-5 are less attracted to this odorant. A comprehensive study of 
atypical Ga-subunits that is ongoing in the Plasterk laboratory should reveal more functions of 
these signal transduction molecules. 
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Two types of ion-channels function downstream in chemosensory signal transduction. 
Sensory cells use ion channels to encode sensory stimuli into changes of membrane potential 
that can be interpreted by the nervous system. Two distinct types of ion channels that function 
in chemosensory and thermosensory signal transduction have been identified in C. elegans. The 
ion channel encoded by tax-2 and tax-4 is required for Chemotaxis towards AWC sensed 
odorants, ASE and ASK sensed water-soluble attractants and for thermosensation (Coburn 
and Bargmann, 1996; Komatsu et al., 1996). tax-2 and tax-4 encode subunits of a cyclic 
nucleotide-gated ion channel that is similar to the vertebrate cyclic nucleotide-gated ion 
channels functioning in phototransduction and olfaction. The channel formed by TAX-2 and 
TAX-4 is most sensitive to cGMP, which suggests that cGMP functions as a second messenger 
in chemosensory transduction. Indeed, daf-11, which is required for AWC and ASE mediated 
Chemotaxis, encodes a transmembrane guanylyl cyclase (Vowels and Thomas, 1994) (D. 
Birnby and J. Thomas, personal communication). Furthermore, the recently identified family of 
amphid-specific transmembrane guanylyl cyclases may be a source of cGMP as well (Yu et al., 
1997). Mutation of either tax-2, tax-4 or daf-11 does not disturb AWA-mediated Chemotaxis, 
suggesting that these neurons use an alternative pathway. AWA-mediated chemosensory trans
duction is dependent on osm-9 (Colbert et al., 1997). osm-9 encodes a predicted trans
membrane protein that is similar to the TRP and TRPL phototransduction ion channels of 
Drosophila (see section on Drosophila phototransduction) and to the capsaicin receptor of 
vertebrates (Caterina et al., 1997). OSM-9 is expressed in the ciliated endings of AW A, but is 
also expressed in the ciliated endings of other amphid sensory neurons. In addition to its 
function in AW A, OSM-9 is also required for ASH-mediated avoidance of osmotic stimuli and 
nose touch and for odorant specific adaptation in the AWC neurons. In osm-9 mutants, Chemo
taxis towards AWC-detected odorants is normal, but the AWC neurons cannot be adapted to 
the odorants butanone and isoamyl alcohol (Colbert and Bargmann, 1995). This suggests that 
the AWC neurons require OSM-9 in addition to the cGMP-gated TAX-2/TAX-4 ion channel 
to mediate adaptation to specific odorants. 

Conserved G protein signaling pathways. 
The Gaq homolog EGL-30 is required for muscle activity. 
A Gaq homolog of C. elegans was cloned based on its similarity to mammalian Gaq and was 
subsequently shown to be mutated in alleles of the genetically identified locus egl-30 
(Brundage et al., 1996). egl-30 mutants show severely reduced muscle activity, resulting in 
arrested larval development in strong egl-30 alleles, and defects in pharyngeal pumping, body-
wall muscle tone (flaccid paralysis) and egg-laying muscle activity in weaker egl-30 alleles 
(Trent et al., 1983). Overexpression of EGL-30 in transgenic animals results in opposite 
phenotypes; animals that overexpress EGL-30 move more actively and show hyperactive egg-
laying. Moreover, animals that express a constitutively active EGL-30 mutant protein show a 
severe hypercontraction of body-wall muscle (C. Bastiani and M. Simon, personal 
communication). 

Several lines of evidence suggest that EGL-30 is required for muscle activity (Brundage et 
al., 1996). egl-30 alleles suppress the hypercontraction of pharyngeal muscle cells that is 
induced by the acetylcholine agonist arecoline (Avery, 1993). This arecoline-induced hyper
contraction is independent of the pharyngeal nervous system, indicating that arecoline acts 
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directly on the pharyngeal muscle cells. Since the arecoline-induced hypercontraction is 
prevented in egl-30 mutants, this suggests that EGL-30 functions directly in the pharyngeal 
muscle cells. These results also indicate that EGL-30 is required for acetylcholine signaling, a 
conclusion that is supported by the isolation of additional egl-30 alleles as suppressors of 
acetylcholine esterase inhibitors (Miller et al., 1996). In addition to a function of EGL-30 in the 
pharyngeal muscle cells, EGL-30 may also be required in other muscle cells. Pharmacological 
evidence suggests that EGL-30 is required in the vulva muscles Furthermore, the flaccid para
lysis of egl-30 mutants suggests a loss of body-wall muscle function (Reiner et al., 1995). 
Taken together, these results indicate that EGL-30 directly influences muscle activity. Thus, 
loss-of egl-30 decreases muscle activity, whereas overexpression or constitutive activation of 
EGL-30 increases muscle activity. 

One of the principle targets of Gaq in vertebrates and Drosophila is phospholipase Cß, 
activation of which results in the generation of the second messengers DAG and IP3 (see 
section on Drosophila phototransduction). Also the C. elegans Gocq homolog EGL-30 acti
vates PLC-ß. Transfection of EGL-30 in COS cells stimulates endogenous phospholipase Cß 
activity (Brundage et al., 1996). Furthermore, egl-8, which shows a similar range of pheno-
types as egl-30, encodes a C. elegans PLC-ß isoform (M. Lackner and J Kaplan, personal 
communication). Genetic screens for suppressors of the constitutively active EGL-30-induced 
body-wall muscle hypercontraction have resulted in several complementation groups that may 
identify additional downstream components of the Gaq-coupled signal transduction pathway in 
C. elegans (C. Bastiani and M. Simon, personal communication). 

The Ga0 homolog GOA-1 mediates several aspects of serotonin signaling. 
A homolog of mammalian Ga0 is encoded by goa-1 (Lochrie et al., 1991). As in mammals and 
insects, goa-1 is expressed in the nervous system (Mendel et al., 1995; Ségalat et al., 1995); all 
neurons in the hermaphrodite and male show expression of goa-1 reporter constructs. In 
addition, goa-1 is expressed in the pharyngeal muscle cells, the vulva and uterine muscle cells, 
the intestinal muscle cells and the male specific diagonal muscle cells. Mutant alleles of goa-1 
were isolated in a forward genetic screen for hyperactively moving animals (Ségalat et al., 
1995) and by a reverse genetic approach (Mendel et al., 1995, Chapter 3 of this thesis). 
Animals that lack goa-1 show hyperactive locomotion, premature egg-laying and defective 
male mating. Overexpression or constitutive activation of GOA-1, on the other hand, induces 
reciprocal phenotypes, paralysis and a defect in egg-laying. These phenotypes are opposite to 
the loss- and gain-of-function phenotypes of egl-30 and suggest that GOA-1 signaling inhibits 
muscle activity. 

GOA-1 may mediate several aspects of serotonin signaling in C. elegans (Ségalat et al., 
1995). The neurotransmitter serotonin is required for the modulation of several nematode 
behaviors. One of these serotonin-regulated behaviors is foraging. Addition of exogenous sero
tonin to nematodes mimics the response to a food signal, which results in the inhibition of 
locomotion and stimulation of feeding (B. Sawin and R. Horvitz, personal communication). 
Lack of serotonin in mutants such as cat-1, which encodes a monoamine vesicular transporter 
necessary for the transport of serotonin or dopamine into vesicles (S. Nurrish and J. Kaplan, 
personal communication), or cod-5, which encodes a tryptophan hydroxylase essential for 
serotonin synthesis (J. Sze and P. Sternberg, personal communication) results in an opposite 
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phenotype; hyperactive locomotion. The mutant phenotypes of goa-1 resemble these effects of 
serotonin on locomotion. Furthermore, goa-1 mutant animals are partially resistant to the 
inhibitory action of serotonin on locomotion, suggesting that GOA-1 is indeed required for 
serotonin signaling. Another muscle activity that is modulated by serotonin is the defecation 
cycle. The contraction of the enteric muscles, which results in the expulsion of intestinal 
contents, is inhibited by serotonin. This serotonin-induced inhibition of enteric muscle contrac
tion is reduced in goa-1 mutant animals, indicating that GOA-1 mediates at least part of 
serotonin signaling in the defecation cycle as well. In addition to serotonin signaling, GOA-1 
may also function in the response to other neurotransmitters. Thus, GOA-1 is required for 
octopamine signaling in the pharynx (C. Franks, personal communication) and GOA-1 may 
function as a negative regulator in acetylcholine signaling (K. Miller, personal communication). 

Mutation of goa-1 also affects the egg-laying system—loss-of goa-1 results in hyperactive 
egg-laying, whereas overexpression or constitutive activation of GOA-1 results in an egg-
laying defect. Egg-laying is regulated by the serotonergic HSN neurons, which synapse with 
the vulva muscle cells. Release of serotonin from the HSN neurons induces the vulva muscle 
cells to contract, resulting in the expulsion of an egg from the uterus (Trent et al., 1983). This 
is an oversimplification of HSN function, since other neurotransmitters such as acetylcholine 
may be required for egg-laying as well (Weinshenker et al., 1995). The function of GOA-1 in 
the egg-laying system is probably complex. Pharmacological evidence indicates that GOA-1 is 
required both presynaptically in the HSN neurons and postsynaptically in the vulva muscle cells 
(Mendel et al., 1995). Thus, the constitutively active GOA-1-induced egg-laying defect is 
partially rescued by exogenous serotonin, which suggests that GOA-1 mediates some aspects 
of serotonin signaling in the vulva muscle cells. The egg-laying defect is however completely 
unresponsive to imipramine, a reuptake inhibitor of endogenous serotonin (Mendel et al., 
1995), which indicates that GOA-1 is also required in the HSN neurons to supply the 
necessary serotonin. 

What are the down-stream targets of GOA-1? Screens for extragenic suppressors of the 
constitutively active GOA-1-induced paralysis and egg-laying defects have resulted in the 
isolation of several mutations that inhibit these activated GOA-1-induced phenotypes. One of 
these suppressors, dgk-1, encodes a diacylglycerol kinase (S. Nurrish and J. Kaplan, personal 
communication). Diacylglycerol kinases play an important role in phosphatidyl inositol lipid 
metabolism and may also function in G protein signaling. Another suppressor of activated 
GOA-1, sag-2, encodes an RGS protein (see below), suggesting that these regulatory proteins 
may also function as effectors in G protein signaling, sag-2 is allelic to eat-16, a mutation that 
results in defects in pharyngeal muscle activity (W. Chen and P. Sternberg, personal communi
cation). Interestingly, a calcium/calmodulin-dependent protein kinase II homolog encoded by 
itnc-43 may interact with the G0 pathway as well Suppressors of the locomotion and egg-
laying defects induced by a gain-of-function mutation in unc-43 were alleles of goa-1, dgk-1 
and sag-2, indicating that interaction of UNC-43 with the G0 pathway is required for regulation 
of locomotion and egg-laying (M. Robatzek and J. Thomas, personal communication). 

egl-10 encodes an RGS protein that interacts with GOA-1. 
Important insight into the regulation of G protein signaling was gained from the cloning of egl-
10 (Koelie and Horvitz, 1996). Mutation of egl-10 results in phenotypes that are opposite to 

19 



Chapter 1 

those of goa-1 and epistatic analysis suggests that EGL-10 acts as a negative regulator of 
GOA-1. egl-JO encodes a protein that is similar to yeast Sst2p, a negative regulator of 
pheromone signaling in yeast. Also an extensive family of mammalian proteins with high 
similarity to EGL-10 and Sst2p was identified and was named RGS for regulator of G protein 
signaling. RGS proteins function as Got-specific GTPase activating proteins that reduce the 
half-life of the active, GTP-bound Ga-subunit (reviewed in Koelie, 1997, and Neer, 1997). 

In addition to EGL-10, the C. elegans genome contains at least 10 other genes that 
encode putative RGS proteins (M. Koelie, personal communication). Most of these RGS 
proteins show a general neuronal expression pattern, and overexpression of at least two of 
these genes results in similar phenotypes as overexpression of EGL-10. However, over-
expression of the RGS protein contained on cosmid C16C2 results in opposite phenotypes, 
suggesting that this RGS protein may negatively regulates EGL-30 or GSA-1 (see below). In 
addition to the generally expressed RGS proteins, an RGS protein encoded by C29H12.3 is 
specifically expressed in the amphid and phasmid sensory neurons. This suggests that specific 
RGS proteins may also function in the regulation of chemosensory signal transduction. 

Constitutive activation of the Gas homolog GSA-1 induces neuronal degeneration. 
A homolog of mammalian Gccs is encoded by gsa-1 (Park et al., 1997). gsa-1 is ubiquitously 
expressed in neurons and muscle cells and is an essential gene; loss-of gsa-1 results in early 
larval lethality (Korswagen et al, 1997, Chapter 4 of this thesis). This larval lethality is mor
phologically similar to the lethal phenotype of animals in which the canal-associated neurons 
(CAN) have been killed by laser ablation and suggests that GSA-1 has an essential function in 
these cells. This conclusion is supported by the observation that a null allele of the adenylyl 
cyclase gene acy-2, which is specifically expressed in the CAN cells, results in a similar larval 
lethal phenotype. Thus, ACY-2 may be a downstream target of GSA-1 in the CAN cells 
(Korswagen et al., 1998, Chapter 5 of this thesis). 

Overexpression of GSA-1 results in hyperactive locomotion and egg-laying (Korswagen et 
al., 1997), phenotypes that are similar to EGL-30 overexpression. This suggests that also 
GSA-1 positively regulates muscle activity. Overexpression of a constitutively active GSA-1 
protein results in a more dramatic phenotype. Overexpression of activated GSA-1 induces 
hypercontraction of body-wall muscle cells and swelling and vacuolization of ventral nerve 
cord motoneurons and neurons located in the head and tail ganglia. This neuronal cell death is 
morphologically distinct from programmed cell death and is not affected by loss-of the 
apoptotic pathway (Korswagen et al., 1997; Berger et al., 1998). The activated GSA-1-
induced neuronal degeneration is similar to the necrotic cell death observed in degenerin 
mutants of C. elegans (Chalfie and Wolinsky, 1990; Driscoll and Chalfie, 1991; Hall et al., 
1997). The degenerins deg-1 and mec-4 encode proteins which are similar to subunits of 
mammalian amiloride-sensitive sodium channels and form mechanosensory channels in C. 
elegans (Hong and Driscoll, 1994; Huang and Chalfie, 1994). The degeneration-inducing 
mutations in deg-1 and mec-4 presumably hyperactivate these channels, resulting in an 
increased or altered ion-influx that is followed by cell death. The morphological similarity of 
activated GSA-1-induced neuronal degeneration to degenerin-induced cell death suggests that 
GSA-1 directly or indirectly hyperactivates ion-channels This could be a direct interaction of 
GSA-1 with ion channels, or could be indirect through, for example, the activation of an 
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adenylyl cyclase, resulting in the generation of cAMP. Increased levels of cAMP can sub
sequently open cAMP-gated ion-channels or open ion channels through activation of cAMP-
dependent protein kinase A (reviewed in Sunahara et al., 1996; Walsh and Van Patten, 1994 
and Wickman and Clapham, 1995). That the latter is indeed the case, was shown by the 
cloning of a suppressor of the activated GSA-1-induced neuronal degeneration. 

Mutation of sgs-1 (suppressor of activated Gs) completely suppresses the activated GSA-
1-induced neuronal cell death (Korswagen et al., 1997; Korswagen et al., 1998, Chapter 5 of 
this thesis), sgs-1 encodes an adenylyl cyclase that is most similar to mammalian adenylyl 
cyclase type IX (this gene was named acy-l in Berger et al., 1998). As expected, sgs-1 
reporter fusions are widely expressed in the nervous system, demonstrating that sgs-1 is indeed 
expressed in the neurons that are susceptible to the activated GSA-1-induced cell death. In 
addition, sgs-1 is also expressed in the vulva muscle cells and at low levels in body-wall muscle 
cells. Mutation of sgs-1 does not result in obvious developmental or behavioral defects, 
indicating that sgs-1 is not an essential gene and that SGS-1 may not be the only target of 
GSA-1 in neurons. Screens for suppressors of the activated GSA-1-induced neuronal 
degeneration have yielded at least one additional suppressor locus, sgs-2, which maps to 
linkage group V (H. Korswagen and R. Plasterk, unpublished observation). Cloning of 
additional suppressors will uncover more components of the GSA-1-coupled signal 
transduction pathway in C. elegans and may elucidate the mechanism with which overactivity 
of GSA-1 and SGS-1 induces neurotoxicity. 

The Gß-subunit GPB-1 is required early in embryogenesis to specify mitotic spindle 
orientation. The C. elegans genome contains at least two Gß-subunits; the highly conserved 
GPB-1 subunit and the more divergent GPB-2 subunit. Only GPB-1 has been studied in detail 
(Zwaal et al., 1996). GPB-1 is ubiquitously expressed throughout development in somatic 
tissues and in the germline. A null allele oîgpb-1 shows an early larval lethal phenotype that is 
morphologically similar to the lethal phenotype of gsa-1 null mutant animals. This suggests 
that the larval lethality of gpb-1 results from the absence of an essential Gs-coupled signal 
transduction pathway early in development (see above). Changes in Gß activity also affect 
locomotion and egg-laying, overexpression of GPB-1 induces paralysis and egg-laying defects, 
whereas gpb-1 null mutant animals that mosaically express GPB-1 exhibit reciprocal pheno-
types such as constitutive egg-laying and hyperactive locomotion. These effects of GPB-1 on 
behavior may represent a direct signaling function of the Gßy-subunit, but may also be an 
indirect influence of Gßy levels on Gcc-signaling. 

In addition to the zygotic larval lethal phenotype, gpb-1 null mutant animals also display a 
maternal phenotype. Progeny of mosaic animals that lack GPB-1 expression in the germline 
arrests early in embryogenesis. Development of these embryos is disrupted because the 
positions of early blastomeres in the embryo are changed. These blastomeres are now unable to 
make their appropriate contacts, which results in disorganized development. Interestingly, it 
was shown that GPB-1 localizes to the mitotic spindle and that the orientation of this spindle, 
which dictates the plane of division, is randomized in maternal gpb-1 null mutant animals. This 
is a novel function of Gß and at present it is not clear whether this represents a function of the 
Gß-subunit itself, or if it also involves a Ga-subunit. 
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Future prospects of G protein research in C. elegans. 
Comprehensive studies of the 7-TM receptors and Ga-subunits expressed in the amphid 
sensory neurons should unravel how nematodes sense their chemical environment. An 
interesting question in this field is how a single sensory neuron can distinguish signals from 
different chemosensory receptors. Undoubtedly, G proteins will play an important role in these 
regulatory mechanisms. 

Gain- and loss-of-function phenotypes of the highly conserved Ga-subunits and the Gß-
subunit GPB-1 all directly or indirectly affect muscle activity. Some increase muscle activity 
(EGL-30 and GSA-1), whereas others decrease muscle activity (GOA-1 and GPB-1). At 
present, it is not known how the signaling pathways that originate from these different G 
protein-subunits influence muscle activity. A possibility is that these pathways modulate a 
common downstream component (such as an ion channel) or have similar effects (such as on 
membrane excitability). It is, however, also likely that some of these pathways function in 
tissues different from muscle. Analysis of cellular focus and, importantly, analysis of downs
tream targets through suppressor screens, will reveal how these G protein pathways modulate 
muscle activity. 

Concluding remarks 
This review gives an overview of the G protein field in flies and worms. A common theme that 
emerges from the analysis of G proteins in these two organisms is that G protein-coupled 
signal transduction is highly conserved. Homologs of mammalian G proteins are present in flies 
and worms and many of their downstream targets are conserved as well. Thus, G protein-
coupled signal transduction pathways consist of conserved signaling modules that are used as 
building blocks in signal transduction. What is the advantage of studying these signaling 
pathways in model organsims? As I already pointed out in the introduction, genetic analysis in 
flies and worms allows unbiased screens for novel components of these pathways. Such 
components may either have been overlooked in classical biochemical studies, or may be 
refractory to biochemical analysis. Examples of important novel components of G protein-
coupled signal transduction pathways that were identified through genetic analysis are for 
example the InaD adaptor protein that assembles components of the Drosophila photo-
transduction pathway into one complex and the family of RGS proteins that were identified in 
yeast and C. elegans as negative regulators of G protein signaling. Future studies in flies and 
worms will undoubtedly uncover many more interesting components of G protein-coupled 
signal transduction pathways. 
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Outline of this thesis 
The main focus of this thesis is the genetic analysis of conserved G protein-coupled signal 
transduction pathways in C. elegans. In addition, the development of an efficient mapping 
strategy to clone novel mutations is discussed as well. 

Chapter 2 describes a gene mapping strategy for C. elegans that is based on polymorphic 
insertion sites of the transposon Tel. Using this mapping scheme, a mutation can be located 
with high resolution to the genetic map of the C. elegans genome. In principle, this resolution 
allows direct identification of the mutated gene by transformation rescue experiments with 
overlapping cosmid clones. 

Chapter 3 discusses the genetic analysis of the C. elegans Ga0 homolog, GO A-1. We show 
that goa-1 reporter constructs are ubiquitously expressed in the nervous system and in the 
pharyngeal- and vulva muscle cells. Furthermore, we demonstrate that GOA-1 modulates 
behaviors such as locomotion and egg-laying. 

Chapter 4 shows that the C. elegans Gas homolog GSA-1 is ubiquitously expressed in the 
nervous system and in muscle cells and that changes in GSA-1 levels , like GOA-1, influence 
behaviors such as locomotion and egg-laying Mutation of GSA-1 has, however, a reciprocal 
effect on these behaviors. We also show that constitutive activation of GSA-1 induces 
degeneration of neurons. This neuronal cell death is restricted to specific neuronal lineages and 
is independent of programmed cell death. 

Chapter 5 discusses a screen for extragenic modifiers that suppress the activated GSA-1 -
induced neuronal degeneration. One of these suppressors, sgs-J, was cloned and was shown to 
encode an adenylyl cyclase. This demonstrates that the adenylyl cyclase SGS-1 acts down
stream of activated GSA-1 in the induction of neurotoxicity. 
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