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Introduction 

All living organisms react to signals from their 
environment such as light, temperature, sound 
and chemical substances in order to survive and 
adapt to their surroundings. In multicellular or- 
ganisms communication between cells is neces- 
sary to regulate growth and differentiation [3]. 
Neighbouring cells can communicate with each 
other by direct cell-cell contact through plasma- 
membrane-bound signalling molecules or through 
the formation of gap junctions [ 176]. Cells are 
able to communicate with other cells some dis- 
tance away through secretion of chemical signals. 
The secreted signals can be soluble molecules 
such as most hormones and neurotransmitters; 
they bind to receptors on the cell surface of tar- 
get cells. Hydrophobic signal molecules such as 
the steroid and thyroid hormones are able to pass 
the lipid bilayer of the plasma membrane and 
bind to specific proteins inside the cell [76]. The 
complex of hydrophobic hormone bound to its 
receptor protein is directly able to influence gene 

transcription by binding to specific DNA se- 
quences [ 221 ]. 

This review discusses some of the mechanisms 
by which cells communicate with their surround- 
ings through extracellular signals which bind to 
cell surface receptors. The receptors are able to 
transduce signals across the plasma membrane 
by activating intracellularly located proteins of 
the transmembrane signal transduction pathway. 
Many pathways were originally characterized in 
lower eukaryotes and were later shown to be 
present in higher organisms. Genetic analysis 
demonstrates that many components have been 
conserved during evolution and are shared by 
mammals and other vertebrates, invertebrates 
and microorganisms. 

Cell surface receptors 

The receptors are classified into different families 
based on structural similarities and modes of 
transduction. Transmitter-gated ion channels, 
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such as the nicotinic acetylcholine, glycine and 
y-aminobutyrate  (GABA)  receptors,  are hetero- 
pentameric  proteins surrounding a membrane  
pore. These  receptors contain intrinsic channel- 
ling activity to allow the passage of  ions across 
the cell membrane  when activated by ligand bind- 
ing [250, 100, 161]. The surface receptors that 
will be discussed here directly modulate  the 
activity of  proteins inside the cell upon binding of  
their ligand. G-protein-l inked receptors have a 
putative structure containing seven t ransmem- 
brane-spanning domains (Fig. 1A). Intracellu- 
larly the receptor  couples to an intermediate pro- 
tein to regulate an enzyme or ion channel. Within 
the family of  catalytic receptors binding of  ligand 
and generation of  the intracellular signal are func- 
tions of  one molecule. These receptors contain a 
single membrane-spanning domain.  The  catalytic 

receptors operate directly as enzymes through an 
intracellularly located domain with guanylyl, 
cyclase, tyrosine kinase or tyrosine phosphatase  
activity (Fig. 1B-D) .  

G-protein-coupled receptors 

Proteins belonging to the G-protein-coupled re- 
ceptor  superfamily share two properties. First, 
binding of  ligand to the receptor  induces the 
activation of  a heterotrimeric guanine nucleotide- 
binding protein, or G-protein.  Through G- 
proteins these receptors are linked to intracellu- 
lar effector enzymes such as adenylyl cyclase, 
phospholipase C, c G M P - d e p e n d e n t  phosphodi-  
esterase, and some ion channels. Second,  the de- 
duced amino acid sequences of  cloned G-pro-  
tein-coupled receptor  genes predict  a common  

A B C D 
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Fig. 1. Structure of cell surface receptor proteins. In the plasma membrane surface receptors the amino terminus is extracellular, 
whereas the carboxy terminus is cytoplasmic. Conserved regions: open oval, cystein rich domain; open box, protein tyrosine kinase 
catalytic domain; half circle, immunoglobuline-like region; diagonally striped box, protein tyrosine phosphatase domain; filled box, 
fibronectin type III repeat; hatched box, guanylyl cyclase catalytic domain. A. G-protein-linked receptors (GPR) contain seven 
hydrophobic stretches which are proposed to be embedded in the plasma membrane. The length of the extracellular domain varies 
great in the different receptors belonging to this family. B. Protein tyrosine kinase receptors. The insulin receptor and growth factor 
receptor subclasses PDGF (platelet-derived growth factor), EGF (epidermal grow factor) and FGF (fibroblast growth factor) have 
an intracellulary located protein tyrosine kinase domain. The kinase domains of the PDGF and EGF receptors contain an insertion 
sequence. C. Protein tyrosine phosphatase receptors. Structures of the leucocyte common antigen (LCA) receptor, LCA-related 
receptor (LAR), and human protein tyrosine phosphatase fl (HPTPfl) receptor. HPTPB receptor contains a single protein tyrosine 
phosphatase domain. D. Guanyly cyclase (GC) receptors contain an intracellularly located guanylyl cyclase catalytic domain and 
a protein tyrosine kinase-like domain. 
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structure consisting of seven hydrophobic trans- 
membrane-spanning ~ helices (Fig. 1A). This 
structure is based on hydropathy plots, and 
is predicted to be similar to that of bacterior- 
hodopsin (which however does not bind a 
G-protein), identified by electron crystallography 
[ 112]. In the seven-membrane-spanning structure 
model the amino terminus is extracellular, the 
carboxyl terminus cytoplasmic, with the helices 
arranged counterclockwise in the membrane. 
Based on structural similarities and amino acid 
sequence homology G-protein-coupled receptors 
can be divided into different groups. 

A homogeneous group is formed by G-protein- 
linked receptors in mammalian cells that are ac- 
tivated by small peptide ligands. This group con- 
sists of receptors for a family of related brain-gut 
peptides, such as secretin and vasoactive inten- 
sinai peptide, and receptors for calcium-regulating 
peptide hormones, such as calcitonin and par- 
athyroid hormone [256]. These receptors show a 
high degree of similarity to each other in the hy- 
drophobic membrane-spanning regions, but are 
not homologous to other G-protein-linked recep- 
tors (less than 12~o). They contain a large (ca. 
130 amino acids) amino-terminal domain with 
conserved cysteine residues. 

Recently, a Ca 2 + -sensing receptor gene from 
bovine and human parathyroid containing seven 
putative membrane-spanning domains was 
cloned [30]. The receptor is thought to regulate 
calcium homeostasis by sensing extracellular 
Ca 2 + levels [ 230 ]. It shares similarity (30 ~o) with 
a separate group of G-protein-linked receptors, 
the metabotropic glutamate receptors [204]. The 
sequences of both receptor types predict a very 
large putative extracellular domain (over 600 
amino acids) containing conserved cysteine resi- 
dues and a hydrophobic segment in the amino 
terminus. The Ca 2 ÷ -sensing receptor shows clus- 
ters of acidic amino acid residues possibly in- 
volved in calcium binding. The presence of other 
extracellular ion-sensing receptors, for example 
for K + and PO43-, is assumed [30]. 

The main group of G-protein-linked receptors 
in mammalian cells bind diverse ligands: glyco- 
proteins such as thyroid-stimulating and follicle- 
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stimulating hormones, small organic molecules 
such as adrenaline and acetylcholine, hydropho- 
bic compounds such as the cannabinoids, and the 
chromophore retinal. The putative extracellular 
amino-terminal domains of the receptors vary 
greatly in length. The receptors share a limited 
number of conserved amino acid sequences, 
mainly in the putative membrane-spanning re- 
gions [233]. Olfactory receptors were cloned 
using a polymerase chain reaction (PCR) strategy 
based on the assumption that the receptors would 
contain conserved transmembrane amino acid 
sequences [32]. A gustatory receptor, expressed 
in taste buds, is similar to the olfactory receptors 
(56~ amino acid identity) and may be a taste 
receptor [1]. Through examination of features 
common to G-protein-linked receptors, regions 
for interaction between receptor and ligand, and 
receptor and G-protein are predicted [reviewed 
in 243]. A region with less sequence identity 
among this group of diverse receptors is the pro- 
posed third cytoplasmic loop between the fifth 
and sixth transmembrane regions; this region is 
thought to be involved in the interaction of the 
receptor with specific G-proteins. However, for 
rhodopsin a small loop is predicted, but it is 
capable of activating a variety of G-proteins. The 
membrane-spanning regions are proposed to form 
a ligand-binding pocket in the c~- and fl-adrenergic 
receptors, muscarinic acetylcholine receptors, 
and the receptors involved in vision, the opsins 
[ 166, 206, 207]. In the photoreceptor system, reti- 
nal is proposed to be surrounded by the trans- 
membrane domains of the visual light pigment 
rhodopsin and activated when photons are ab- 
sorbed. The three colour pigment receptor mol- 
ecules expressed in cones are proposed to be ar- 
ranged in a similar way. Visual pigments of the 
fruit fly Drosophila photoreceptor cells, R1-R8, 
were shown to share sequence homology with 
mammalian rhodopsin [217, 322]. Mammalian 
and Drosophila opsin genes are thus proposed to 
derive from a common ancestor. 

The proposed topology of seven hydrophobic 
membrane-spanning domains in receptors linked 
to G-proteins is found in microorganisms. Con- 
served receptors are cAMP receptors of Dictyos- 
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telium discoideum and pheromone receptors of the 
yeasts Saccharomyces cerevisiae and Schizosac- 
charomyces pombe. The cellular slime mould 
Dictyostelium discoideum is an ideal system for 
studying signal transduction processes [63, 306]. 
Growth and cellular differentiation are entirely 
separated processes. The differentiation pro- 
gramme is induced by starvation during which 
cells communicate with each other by means of  
chemotactic signals. The four cAMP receptors 
involved in chemotaxis and development are ex- 
pressed at distinct stages of Dictyostelium devel- 
opment [143, 129, 244]. In the budding yeast 
S. eerevisiae and the fission yeast S. pombe mat- 
ing involves the fusion of two opposite cell types 
to produce a diploid cell [119, 312]. Each part- 
ner produces a peptide pheromone that is de- 
tected by surface receptors of the opposite type 
(Fig. 2). In S. cerevisiae the a- and a-mating fac- 
tors are produced by a and ~ cell types, respec- 
tively. The a cell type produces a unique receptor 
protein encoded by the STE2 gene, whereas the 
c~ cell type produces a receptor protein encoded 
by the STE3 gene. Although the protein sequences 
encoded by STE2 and STE3 are predicted to 

have the same structure characteristic of the 
G-protein-coupled receptors, amino acid similar- 
ity between the two receptors is absent [33,205, 
105]. In S. pombe the two mating types are called 
h + and h - ;  the pheromones secreted by these 
cells are called P-factor and M-factor, respec- 
tively. The deduced amino acid sequences of the 
mam2 gene encoding the receptor for P-factor 
and the map3 gene encoding the receptor for 
M-factor are very different [ 142, 287]. However, 
the Mam2 receptor of S. pombe shows significant 
homology (26~o amino acid identity) with the 
a-factor receptor Ste2 of S. cerevisiae, and the 
Map3 receptor is homologous to the a-factor re- 
ceptor Ste3. In S. pombe the mating factors are 
not only involved in the initiation of mating, as in 
S. cerevisiae but also in meiosis. 

Receptor protein tyrosine kinases 

Receptor tyrosine kinases contain an extracellu- 
lar amino-terminal ligand-binding domain, a 
single putative membrane-spanning domain and 
intracellularly, a tyrosine kinase domain. The re- 
ceptors belonging to this family can be divided 

S. cerevisiae S. pombe 

factor or a factor 

I Ste2 Ste3 
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Fig. 2. Activation of yeast signal transduction pathways by heterotrimeric G-proteins. In Saccharomyces cerevisiae f17 subunits of 
G-proteins transduce the pheromone signal, whereas in Schizosaceharomyces pombe an c~ subunit and a Ras protein are involved. 

[6] 



into four subclasses based on sequence similarity 
and structural characteristics [302]: the epider- 
mal growth factor (EGF) receptor, the insulin 
receptor, the platelet-derived growth factor 
(PDGF) and the fibroblast growth factor (FGF) 
receptor subfamilies (Fig. 1B). The EGF and in- 
sulin receptors share homologous cysteine repeats 
in their extracellular domains. The extracellular 
domains of PDGF receptors have an immuno- 
globulin-like structure. Members of the FGF re- 
ceptor subclass contain three immunoglobulin- 
like sequence repeats, similar to the five repeats 
in the PDGF receptor. Binding of ligand to the 
extracellular domain induces receptor dimeriza- 
tion, which in turn is thought to induce the acti- 
vation of the intracellular tyrosine kinase domain 
[reviewed in 246]. The monomeric ligand EGF, 
and the dimeric PDGF mediate dimerization of 
neighbouring receptors [ 111, 99]. The insulin re- 
ceptor is a dimer, which is stabilized upon bind- 
ing of its ligand. Activation of receptor tyrosine 
kinases induces cells to proliferate and differen- 
tiate in the case of the growth factor receptors, or 
to turn on metabolic pathways in the case of the 
insulin receptor [247]. 

The tyrosine kinase domain is the most con- 
served region between all receptor tyrosine kinase 
molecules. It contains the consensus sequence for 
ATP binding, resembling the catalytic subunit of 
cAMP-dependent protein kinases. Mutations in 
the ATP binding site result in the absence of pro- 
tein tyrosine kinase activity and abolish all signal 
transduction processes [see references in 302]. 
The kinase domains of the PDGF and FGF re- 
ceptor classes contain an insertion sequence of 
hydrophilic amino acid residues, dividing the 
kinase domain in half. The kinase insertion se- 
quence is probably not involved in kinase activ- 
ity, but is thought to play a role in receptor inter- 
actions with substrate proteins [ 138]. 

Autophosphorylation of the receptor plays an 
important role in both enzyme activation and in- 
teraction with the substrate protein [147]. The 
activated receptors transduce extracellular signals 
not only by phosphorylation, but also by direct 
protein-protein interactions. Many protein sub- 
strates of growth factor receptor tyrosine kinases 
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contain the src homology domains SH2, a motif 
originally found in the cytoplasmic tyrosine ki- 
nases related to c-Src. The SH2 domains bind to 
autophosphorylated tyrosine residues on the re- 
ceptors [reviewed in 233 ]. In the PDGF and EGF 
receptors phosphorylation sites are found in the 
non-catalytic regions of the cytoplasmic domains. 
Substrate proteins include phospholipase C71, 
the phosphotyrosine phosphatase Syp, the GTP- 
ase-activating protein of Ras (GAP), and Gbr2 
(growth factor receptor-bound protein 2), an 
adaptor protein involved in Ras signalling [139, 
140, 184, 179, 4, 197]. The receptor tyrosine ki- 
nases are thus able to couple to many, diverse 
intracellular signalling pathways, each of the sub- 
strate proteins binding at specifc phosphoryla- 
tion sites within the receptor [38, 78, 267]. The 
activated insulin receptor phosphorylates an 
SH2-docking protein, named IRS 1, on multiple 
tyrosine residues [280]. This intermediate pro- 
tein is able to bind the SH2 domains of Grb2, 
Syp, and phosphatidylinositol 3-kinase [280, 
2231. 

The receptor tyrosine kinase homolognes iden- 
tified in nonmammals control cell fate determi- 
nation during development. In Drosophila the 
Sevenless receptor is required for photoreceptor 
cell R7 development [103], and the EGF recep- 
tor homologue DER affects the correct dorsoven- 
tral patterning of the eggshell and the embryo 
[232]. The structure of the torso receptor of 
Drosophila is reminiscent of the mammalian 
PDGF receptor, and involved in determination of 
terminal cell fates [268]. The Let-23 receptor ty- 
rosine kinase from the nematode Caenorhabditis 
elegans is structurally similar to the mammalian 
EGF receptor, and is required for vulval induc- 
tion [7]. The developmental pathways activated 
by receptor tyrosine kinases in invertebrates 
have been investigated genetically, and shown to 
involve signalling through Ras proteins (see 
below). 

Receptor protein tyrosine phosphatases 

The overall putative structure of receptor tyrosine 
phosphatases resembles that of receptor tyrosine 
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kinases, with an extracellular amino-terminal do- 
main, a single membrane-spanning domain, and 
intracellulary the catalytic domain [87]. The dif- 
ferent receptor forms share conserved catalytic 
domains with the soluble protein tyrosine phos- 
phatases; there is no similarity with serine/ 
threonine phosphatases. After the first, soluble, 
protein tyrosine phosphatase, named PTP-1B, 
was purified from human placenta, part of its 
sequence was recognized to be similar to the tan- 
dem C-terminal homologous domains of the leu- 
cocyte common antigen (LCA), CD45 [41, 42]. 
CD45 is expressed as a major surface component 
on nucleated hematopoietic cells and contains 
high intrinsic phosphatase activity [300]. Its pu- 
tative structure includes a cysteine-rich extracel- 
lular domain, a hydrophobic region that has the 
characteristics of a membrane-spanning structure 
and two intracellular tyrosine phosphatase do- 
mains (Fig. 1C). Only one tyrosine phosphatase 
domain contained in vitro enzymatic activity when 
expressed in Escherichia coli whereas the other, 
carboxyl-terminal domain, although showing no 
detectable catalytic activity, influenced substrate 
specificity [276]. CD45 is involved in regulating 
T-cell receptor (TCR) signalling, as CD45- 
deficient T-cells failed to proliferate or produce 
cytokines after induction with antigen [228, 309]. 
CD45 is proposed to link the TCR to intracellular 
signalling pathways such as phosphatidylinositol 
hydrolysis and calcium mobilization, by dephos- 
phorylating a putative negative regulatory site of 
cytosolic protein tyrosine kinases [151, 152]. In 
particular, CD45 is proposed to activate the Lck 
and Fyn tyrosine kinases [198, 260]. As ligands 
for receptor tyrosine phosphatases are undefined, 
a chimaeric tyrosine phosphatase receptor was 
constructed, in which the extracellular and trans- 
membrane domains of CD45 were replaced with 
those of the EGF receptor [62]. This chimaeric 
receptor was able to restore TCR signalling in 
CD45-deficient cells. Interestingly, addition of 
EGF ligand to these cells abolished all TCR me- 
diated signalling, indicating that in vivo CD45 ty- 
rosine phosphatase activity may be constitutively 
functional and negatively regulated by ligand 
binding. 

[8] 

Members of the family of receptor protein ty- 
rosine phosphatases contain structural diverse 
amino-terminal domains (Fig. 1C). The extracel- 
lular domain of CD45 is heavily glycosylated and 
contains a cystein-rich region. The leucocyte 
common antigen-related (LAR) receptor, isolated 
by cross-hybridization to an LCA cDNA probe, 
is expressed on cells of epithelial origin [274]. The 
amino-terminal region of LAR and its Drosophila 
homologues DLAR and DPTP, contain immu- 
noglobulin- and fibronectin type III-like domains, 
similar to domains found in neural cell adhesion 
molecules [275]. Thus, it is possible that LAR, 
DLAR and DPTP are cell adhesion receptors. 
Other receptor tyrosine phosphatases, mamma- 
lian HPTP~ and HPTPe, contain very short ex- 
ternal segments [153]. HPTPfl and Drosophila 
DPTP10D contain multiple fibronectin type III 
domains and are unique in that they have only 
one of the conserved intracellular tyrosine phos- 
phatase domains [ 153,295]. Mammalian HPTP~ 
contains a domain with homology to the enzyme 
carbonic anhydrase besides fibronectin type III 
repeats [ 12]. 

Apart from CD45 function, a definitive role for 
receptor protein tyrosine phosphatases in cellular 
signalling has not been established yet. The in vivo 
function of non-receptor tyrosine phosphatases 
has been established during recent years through 
genetic studies in lower eukaryotic organisms. 
Non-receptor protein tyrosine phosphatases ap- 
pear to play a role in the development of Dicty- 
ostelium and Drosophila, and in cell-cycle regula- 
tion in Schizosaccharomyces pombe. The fission 
yeast S. pombe contains three tyrosine phos- 
phatases, pypl, pyp2 and pyp3, which play a role 
in the timing of the onset of mitosis through regu- 
lation of the cell-cycle cdc2 protein kinase [98]. 
Pyp 1 and pyp2 phosphatases negatively regulate 
mitosis; deletion of both genes is lethal, whereas 
overexpression of these proteins results in a delay 
in mitotic onset [194, 216]. Deletion of the pyp3 
gene has no effect, indicating that it does not have 
an essential role in the cell cycle, but overproduc- 
tion advances the onset of mitosis [193]. The 
differences in function of these phosphatases 
could be reflected in their structure; pypl and 



pyp2 contain a long amino-terminal extension 
preceding the catalytic domain, which is lacking 
in pyp3. In vitro, pyp3 was shown to directly ac- 
tivate cdc2 by removing an inhibitory phosphate 
of the kinase [reviewed in 158]. Pypl and pyp2 
do not interact directly with cdc2, but positively 
regulate the activity of kinases involved in inhib- 
iting cdc2 through phosphorylation. 

In Dictyostelium the PTP 1 tyrosine phosphatase 
is involved in regulating development [ 118 ]. Gene 
disruptants formed normal fruiting bodies, but 
the developmental process was accelerated. Cells 
overproducing PTP 1 showed a delayed develop- 
ment, which was not completed to form normal 
fruiting bodies. In Drosophila, the corckscrew gene 
encodes a putative non-receptor tyrosine phos- 
phatase containing two adjacent SH2 domains in 
its amino-terminal non-catalytic region [226]. It 
is a positive transducer of the signal generated by 
the receptor tyrosine kinase torso, possibly by 
binding to the activated torso receptor tyrosine 
kinase [227]. Corckscrew mammalian homo- 
logues are PTP1C, PTP1D, SH-PTP1 and SH- 
PTP2 in man, and Syp in mouse [258, 307, 89, 
81 ]. Syp and PTP 1D were shown to be regulated 
by binding to EGF and PDGF receptors through 
their SH2 domains. Binding of the phosphatases 
did not dephosphorylate the receptors, but the 
interaction with the activated receptor tyrosine 
kinases phosphorylates and thereby activates the 
phosphatases. 

Guanylyl cyclases 

Cyclic GMP is an ubiquitous mediator regulating 
cGMP-dependent ion channels, phosphodi- 
esterases and protein kinases, involved in pro- 
cesses as diverse as renal and intestinal ion trans- 
port, maintenance of blood pressure, and light 
response in photoreceptor cells [125, 277]. 
Soluble and membrane-bound guanylyl cyclase 
enzymes have been cloned. The ligands that ac- 
tivate membrane-bound guanylyl cyclases are 
peptides [reviewed in 93]. In mammals guanylyl 
cyclase type A [45, 178] is activated by the atrial 
and brain natriuretic peptides ANP and BNP, 
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guanylyl cyclase type B [40, 253] by type C natri- 
uretic peptide, and guanylyl cyclase type C [254] 
is activated by enterotoxin of E. coli and by an 
endogenous peptide from the gut named guanylin. 
Guanylyl cyclase in sea urchin spermatozoa is 
stimulated by the peptides resact and speract se- 
creted by sea urchin eggs [294, 266]. These pep- 
tides influence sperm motility. The ligand for the 
mammalian receptor cyclase, human retinal gua- 
nylyl cyclase, is as yet unidentified [263]. This 
cyclase could be responsible for the resynthesis of 
cGMP after phototransduction. Recoverin, a cal- 
cium sensor in vision, was initially proposed to be 
a soluble activator of retinal guanylyl cyclase [70, 
159]. However, further experiments demon- 
strated that it was not recoverin that stimulates 
photoreceptor guanylyl cyclase, but an at present 
unidentified factor [ 121]. Calcium-bound recov- 
erin is proposed to be involved in prolonging the 
photoresponse, possibly by blocking phosphory- 
lation of activated rhodopsin [ 137]. 

GBanylyl cyclase receptors are predicted to be 
singi~ membrane spanning proteins, analogous to 
receptor tyrosine kinases (Fig. 1 D) [ 321 ]. The ex- 
tracellular amino terminus is proposed to bind 
ligand. The cyclase catalytic domain is located at 
the carboxy terminus. Guanylyl cyclase receptors 
contain an intracellular domain homologous to 
protein kinases. The position of the kinase do- 
main in the protein appears to be similar to that 
in receptor tyrosine kinases, and many of the 
amino acids highly conserved among the catalytic 
regions of protein kinases are present. However, 
no protein kinase activity has been detected in the 
guanylyl cyclase receptors. Deletion of the kinase- 
like domain resulted in a constitutive activation of 
guanylyl cyclase, proposing a role for this domain 
in the regulation of the catalytic domain of gua- 
nylyl cyclase receptors [44, 150]. The guanylyl 
cyclase catalytic domain shows a high degree of 
conservation with each of the catalytic domains 
of adenylyl cyclases. Dimerization of two cyclase 
catalytic domains is proposed to be required for 
catalytic activity, analogous to dimerization of re- 
ceptor tyrosine kinases [93]. 

The soluble forms of guanylyl cyclase are not 
stimulated directly by hormones, but contain a 
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1246 

prosthetic heme group and are regulated by nitric 
oxide, presumably through binding of nitric oxide 
to the heme group [reviewed in 248]. Mammalian 
soluble guanylyl cyclase isoforms are hetero- 
dimers with each subunit containing a cyclase 
catalytic domain similar to that of the membrane- 
bound form [see references in 46, 97]. Transfec- 
tion experiments suggest that expression of both 
subunits is required for catalytic activity [202, 
108, 109]. Unlike the membrane-bound forms, 
the soluble guanylyl cyclase do not contain a re- 
gion homologous to protein kinases. A head- 
specific soluble guanylyl cyclase has been cloned 
from Drosophila [320]. Activation of this cyclase 
is thought to be involved in opening of the 
cGMP-dependent light-activated channel in in- 
vertebrate photoreceptor cells. Guanylyl cyclase 
in the protozoans Paramecium and Tetrahymena 
is tightly associated with the cytoskeleton and 
plays a role in cell motility. The genes have not yet 
been identified. The Ca 2+ flux across the ciliary 
membranes of Paramecium and Tetrahymena 
stimulates guanylyl cyclase through direct binding 
with a Ca 2 +/calmodulin complex [ 144, 251,252]. 
In these organisms an increase in intracellular 
Ca 2 + stimulates enzyme activity in the cilia. In 
Dictyostelium, guanylyl cyclase is activated by ex- 
tracellular cAMP. The enzyme activity appears to 
be controlled through a cAMP surface receptor 
and G-protein pathway [127]. Like human reti- 
nal guanylyl cyclase, the Dictyostelium enzyme is 
inhibited by Ca 2 + ions [ 303 ]. Cloning of the gene 
will have to reveal to which class Dictyostelium 
guanylyl cyclase belongs. 

G-proteins 

G-proteins are a superfamily of proteins that bind 
and hydrolyze GTP. They include proteins in- 
volved in protein synthesis, such as the elongation 
factor Tu (EF-Tu), and two classes of proteins 
that transduce signals; large heterotrimeric G- 
proteins and small proteins such as the proto- 
oncogene Ras [reviewed in 28]. Heterotrimeric 
G-proteins consist of e,/~ and 7 subunits. Acti- 
vated by binding of GTP, the protein dissociates; 
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the t3 and ~ subunits form a tightly associated 
complex, free from the e GTP-bound subunit. 
The crystal structures of proteins representative 
of each G-protein family have been reported [16, 
210, 218]. Although bacterial EF-Tu, Ras (or p21, 
the products of the ras oncogenes) and Gta (the 
e-subunit of the hetrotrimeric G-protein transdu- 
cin) share less than 20~o amino acid sequence 
identity, their GTPase domains demonstrate the 
same overall structure. In the GTPase core, five 
sequence regions conserved in all GTPases are 
found in loops that bind GTP and GDP. 
G-proteins function as molecular switches which 
cycle between the GTP-bound active form and 
the GDP-bound inactive form. The interconver- 
sion between the active and inactive state occurs 
by GTP hydrolysis, and from the inactive to the 
active state by nucleotide exchange. The inter- 
conversion of Ras from the GDP to the GTP 
bound state and vice versa is regulated by acces- 
sory proteins [reviewed in 24]. Guanine-nucle- 
otide exchange factors (GEFs) mediate the re- 
placement of GDP with GTP. Through the 
association of a GEF with the G-protein, GDP 
dissociates from the complex at an increased rate. 
Subsequently, the 'empty' Ras/GEF complex 
binds GTP, leading to the dissociation of GEF 
and activation of the Ras G-protein. GTPase- 
activating proteins (GAPs) accelerate the G- 
protein's intrinsic GTPase activity. In hetero- 
trimeric G-proteins the situation is different: 
G-protein e subunits contain both intrinsic GEF 
and GAP activities. The 3-dimensional structure 
of Gt~ predicts a unique e-helical domain, in- 
serted in the GTPase core domain [210]. To- 
gether these domains surround the guanine nucle- 
otide. The e-helical domain in the GTPase core 
has been proposed to be involved in GDP release 
as well as acting as a built-in GAP for G~. In 
heterotrimeric G-proteins the bound GDP is in- 
accessible, unlike the situation in other G-proteins 
which bind the nucleotide in a partially exposed 
surface cleft. Activation of an appropriate G- 
protein-linked receptor is proposed to stimulate 
opening of the closed structure of G~ to allow 
exchange of GDP for GTP. 



Heterotrimeric G-proteins 

Binding of GTP to a heterotrimeric G-protein 
results in dissociation and the formation of an 
active ~ subunit and/or active f17 subunit com- 
plex. The regions of the Ge-protein that interact 
with 37 subunits, receptors and effectors have 
been reviewed recently by Conklin and Bourne 
[55]. A single receptor can activate multiple 
G-protein molecules thereby amplifying the ex- 
ternal signal. Some e subunits possess specific 
residues that can be covalently modifided by bac- 
terial toxins through ADP-ribosylation of the 
subunit. Modification by pertussis toxin un- 
couples receptors from G-proteins thereby inhib- 
iting signalling, whereas cholera toxin consti- 
tutively activates the G-protein by inhibiting 
GTPase activity [310, 305]. 

Amino acid sequence comparisons of the 
subunits present in mammalian cells reveal four 
subfamilies after which the heterotrimeric G- 
protein is named: Gs, Gi, Gq and G~2 [272, 113]. 
As G-protein were first identified functionally, 
names were assigned in accordance with the role 
they performed; for instance, members of the Gs 
family stimulated adenylyl cyclase, whereas Gi 
inhibited this enzyme. Other a subunits were iso- 
lated by genetic techniques; cellular functions are 
not always known. The e subunit of the G-protein 
involved in odorant signalling, Golf, belongs to the 
Gs family [ 130]. It couples the odorant receptors 
with a distinct form of adenylyl cyclase. Struc- 
turally, the G-proteins involved in vertebrate vi- 
sion, transducins (Gt) , belong to the Gi family. 
Activated transducin binds to one of the two in- 
hibitory ? subunits of a cGMP-dependent phos- 
phodiesterase (PDE). The activated PDE in- 
creases the rate of cGMP hydrolysis which leads 
to closure of cGMP-gated cation channels in 
the plasma membrane [277]. Gtl is activated by 
rhodopsin in retinal rods, while Gtz , expressed 
in cones, is activated by cone opsins [170]. 
Gustducin, a member of the Gi family, is 
expressed specifically in taste buds and is pre- 
sumably involved in taste sensing [188]. The 
function of G~o also classified as a Gi protein, is 
unclear; it could be involved in regulating various 
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ion channels [113]. Members of the Gq family 
stimulate a specific group of phosphoinositide- 
specific phospholipase C isoforms [292, 264, 22]. 
Functions for the G12 family have not been iden- 
tified yet. 

Structurally, the G-protein ~s, 0q, % and oc o 
subunits from Drosophila show a clear relation to 
the classes found in mammals [reviewed in 122]. 
The concertina gene is most similar to ~ subunits 
of mammalian Gl2, and is required for normal 
gastrulation [222]. The functions of the other 
G-proteins remain to be identified. Drosophila C~q 
is expressed only in photoreceptor cells, where it 
is proposed to play a role in the activation of 
phospholipase C in phototransduction. In the 
nematode C. elegans G~ subunits homologous to 
as, aq and c~ o were found, but also three unique Gc~ 
proteins [175, 86, R.H.A. Plasterk, personal 
communication]. A cDNA cloned from Xenopus 
laevis oocytes is 89~o identical to the ~ subunit of 
rat Go [213]. 

Eight G~ genes have been identified in Dicty- 
ostelium that are expressed at distinct stages of 
the developmental cycle [234, 101, 314]. Out- 
side of the proposed guanine nucleotide-binding 
domains, they bear no specific homology to a 
mammalian subtype. Some are essential for che- 
motaxis and development. Deletion of G~2, ex- 
pressed at high levels during aggregation, resulted 
in cells which could not aggregate and in which 
all cAMP-receptor-mediated signalling was lost 
[155, 141]. G~4 is essential for proper develop- 
ment and spore production [102]. Deletion of 
G~I, expressed during vegetative growth and early 
development, did not result in a growth or devel- 
opmental phenotype, suggesting it is not essential 
under normal conditions. It appears to play a role 
in cytokinesis, as cells overexpressing G~I during 
the growth phase yield very large, multinucleated 
cells [155]. 

The budding yeast S. cerevisiae contains two 
G-protein a subunit genes, GPAI and GPA2 [200, 
201]. These e subunits have an extra region of 
80-100 amino acids inserted near the amino- 
terminus compared to mammalian ~ subunits. 
Disruption of the GPA1 gene leads to cell cycle 
arrest in G1 phase [195, 66]. Gpal  plays a nega- 

[11] 
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tive role in mating signal transduction, as in the 
absense of Gpal  the pheromone response path- 
way is constitutively activated. Disruption of 
GPA2 did not cause any obvious phenotype [201 ]. 
In the fission yeast S. pombe also two ~ subunits 
have been identified. Disruption of S. pornbe gpal 
resulted in viable, but sterile cells, indicating it is 
required in the developmental pathway for mat- 
ing and sporulation (Fig. 2) [211 ]. S. pombe Gpa2 
is involved in the monitoring of nutrition [ 123]. 
Disruption of the gpa2 gene resulted in smaller 
cells, which grew slower than the wild type. cAMP 
levels were only one-third of wild-type level, and 
gpa2 null cells did not produce cAMP in response 
to glucose stimulation, coupling Gpa2 to adenylyl 
cyclase. 

The /3 and 7 subunits of G-proteins form a 
tightly associated/~7 complex. The amino-termi- 
nus of the /3 subunit has been identified as an 
essential region by [37 interaction, presumably 
through the formation of a structure called an 
a-helical coiled coil with the 7 subunit [94]. The 
heterotrimer is associated with the plasma mem- 
brane, although none of the G-protein subunits 
contain potential membrane-spanning domains. 
Lipid modifications in the 7 subunits (prenyla- 
tion) serve to anchor the subunits to the mem- 
brane. The fly subunits were first merely thought 
to be inhibitors of G-protein activity and non- 
specific anchors. However, it is now evident that 
/37 subunits are capable of activating effector pro- 
teins themselves [21]. In mammals /37 subunits 
have been demonstrated to interact with some 
forms of adenylyl cyclase and phospholipase C, 
and stimulate opening of K + channels [36, 289, 
177]. The activation of effector molecules can 
depend on the combined interaction of ~ and/~7 
subunits, derived from two different G-proteins, 
as will later be discussed for activation of adeny- 
lyl cyclase. 

In Dictyosteliurn, a single 13 subunit is expressed 
during its entire life-cycle [ 171 ]. This suggests the 
/3 subunit couples to all of the transiently 
expressed G-protein ~ subunits. Deletion of this 
gene does not influence growth, but inhibits 
chemotaxis and further development. 

In the budding yeast S. cerevisiae/37 subunits 
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are involved in responses to mating factors 
(Fig. 2). Mutations in the STE4 or STE18 genes, 
encoding the/~ and 7 subunits respectively, sup- 
press the lethality of mutations in the GPA1 
GENE [311]. By fly subunits ofS.  cerevisiae par- 
ticipate in the activation of a mitogen-activated 
protein (MAP) kinase cascade, linking receptor 
activation to intracellular phosphorylation. In 
S. pombe however, interaction between the Gpal  

subunit of a heterotrimeric G-protein and a Ras 
homologue is required for activation of a MAP- 
kinase cascade (discussed further in Ras signal- 
ling). 

Ras signalling pathways 

The superfamily of Ras-related G-proteins con- 
sists of small, monomeric proteins. Based on their 
structural and functional homology they are di- 
vided into four subfamilies [ 106]. Two subgroups 
containing Ras- and Rho-like proteins control ex- 
tracellular signalling pathways. Ras-like proteins 
play a role in the control of normal and trans- 
formed cell growth and differentiation. The Rho- 
like proteins control signal pathways involved in 
the organization of the actin cytoskeleton. The 
Rab- and ARF-like (ADP-ribosylation factor) 
members of the Ras-related superfamily are in- 
volved in intracellular vesicle transport [25, 271, 
257]. Recently, ARF was shown to activate phos- 
pholipase D [31, 54]. Therefore, assembly of coat 
proteins and regulation of the phospholipid con- 
tent of membranes could both the mediated by 
ARF [131]. 

Ras genes have been identified in virtually all 
eukaryotic organisms examined. Post-transla- 
tional modifications are necessary to localize Ras 
to the plasma membrane. Ras proteins act as key 
signal-transducing elements, coupling receptor- 
activated pathways to a cascade of protein ki- 
nases which regulate the activity of nuclear tran- 
scription factors. Biochemical studies in animal 
cells and genetic studies in lower eukaryotes have 
led to the identification of proteins involved in the 
activation of Ras by receptor tyrosine kinases. In 
addition to SH2 domains, many proteins involved 
in transducing signals contain a related conserved 



src homology domain, SH3 [ 147]. The number of 
SH2 and SH3 domains differs and some proteins 
only contain SH2 or SH3 domains. Adaptor pro- 
teins containing one SH2 and two SH3 domains 
regulate the specificity of protein-protein inter- 
actions from the activated receptor to the nucle- 
otide exchange factor. In mammalian cells the 
adaptor protein Grb2 binds, via its SH3 domains, 
to a nucleotide exchange factor for Ras, named 
mSos [179, 43]. After cell stimulation the Grb2/ 
mSos complex binds to phosphorylated receptor 
tyrosine kinases via the SH2 domain of Grb2. 
The result is translocation o f m S o s  to the plasma 
membrane where it is now able to activate Ras 
(Fig. 3). Similar pathways for Ras activation were 
identified in Drosophila and C. elegans [reviewed 
in 247]. Sem-5 is the C. elegans homologue of 
Grb2 in the Let-23 tyrosine kinase pathway in- 
volved in vulval induction [51]. In Drosophila 
the adaptor protein Drk binds to the activated 
Sevenless receptor tyrosine kinases [265, 214]. 
Mammalian Sos is named after the Drosophila 
Son of sevenless (Sos) guanine nucleotide ex- 
change factor [26]. 

cytosol 
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Fig. 3. Activation of Ras by protein tyrosine kinase growth 
factor receptors. Upon ligand activation, a growth factor re- 
ceptor autophosphorylates tyrosine residues in its cytoplasmic 
domain. The adaptor protein Grb2 binds to a specific phos- 
phorylated tyrosine in the receptor via its SH2 domain. The 
SH3 domains of Grb2 bind to a proline-rich, carboxyl-terminal 
region in Sos and target the complex to the plasma membrane, 
where Sos activates Ras by stimulating exchange of GDP for 
GTP. Ras activation leads to activation of nuclear transcrip- 
tion factors through the Raf, Mek and Erk protein kinases. 
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Downstream targets of Ras in mammalian cells 
are the mitogen-activated protein (MAP) kinases, 
Erkl  and 2 [27, 110]. MAP kinases were shown 
to be activated in response to growth factors, and 
are postulated to include nuclear transcription 
factors such as Fos and Jun as substrates [225, 
96]. The MAP kinase cascade consists of MAP 
kinase kinase kinase (MAPKKK),  MAP kinase 
kinase (MAPKK or MEK) and MAP kinase 
(Table 1). MAP kinases become activated only 
when both tyrosine and threonine residues are 
phosphorylated on a specific TEY sequence in the 
protein [2, 208]. This phosphorylation is cata- 
lyzed in mammals  by Mek, a unique kinase with 
dual specificity for both tyrosine and serine/ 
threonine [259, 56, 255]. In the Ras signalling 
pathway Mek is activated by phosphorylation on 
serine and threonine residues by Raf, a mamma- 
lian M A P K K K  [61, 157]. The direct effector of 
Ras in this pathway remains to be identified, it is 
proposed to be Raf (Fig. 3). Besides Ras, protein 
kinase C was shown to activate Raf (see 
'Phospholipid-dependent protein kinases'). 

A similar protein kinase cascade is activated 
during pheromone-induced mating in yeast cells 
(Table 1) [reviewed in 74]. In S. cerevisiae /3Y 
subunits of G-proteins participate in the activa- 
tion of MAP kinases instead of Ras. The/3y sub- 
units activate, probably directly, the protein ki- 
nase Ste20 [163]. Ste20 mediates activation of a 
MAPKKK,  Stel 1, which in turn activates Ste7, 
the yeast homologue of mammalian Mekl .  Acti- 
vation of the S. cerevisiae MAP kinases Fus3 and 
Kssl  required tyrosine and threonine phospho- 
rylation, which is achieved through Ste7 activity 
[75]. In the fission yeast S. pombe the pathway is 
activated by the Gpa l  ~ subunit, in combination 

Table 1. Components of the MAP kinase cascade. The MAP 
kinase cascade is conserved from yeasts to vertebrates (see 
text for abbreviations). 

Mammals S. cerevisiae S. pombe 

Activator Ras/PKC G/~ y + Ste20 Gc~ + Ras 
MAPKKK Raf Stell Byr2 
MAPKK Mek Ste7 Byrl 
MAPK Erkl, 2 Fus3, Kssl Spkl 

[13] 
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with a Ras homologue, instead of f17 subunits 
[211]. The protein kinases Byr2, Byrl and Spkl 
of S. pombe are structurally related to Ste 11, Ste7 
and Fus3/Kssl,  respectively (Table 1). A mam- 
malian homologue of Ste 11/Byr2 called Mekk has 
been identified, which is able to catalyse the phos- 
phorylation of Mek [ 160]. Therefore it is possible 
that heterotrimeric G-proteins also stimulate the 
MAP kinase pathway in mammals. 

Dictyostelium contains at least two Ras genes 
encoding proteins homologous to mammalian 
Ras, expressed at different stages of development 
[237, 240]. DdrasG is expressed during growth 
and early development, Ddras during multicellu- 
lar development. Dictyostelium cells overexpress- 
ing a mutant Ddras protein, Ddras-Thr t2, show 
an abnormal development, forming multiple tips 
during culmination [238 ]. The phospholipid turn- 
over in these cell is increased which is due to 
increased phosphatidylinositol kinase activity, 
leading to increased levels of inostiol 1,4,5- 
trisphosphate in a compartment with a high meta- 
bolic turnover [ 304]. 

S. cerevisiae contains two closely related R A S  
genes [57, 231]. Although neither are essential 
genes by themselves, deletion of both genes is 
lethal, indicating that some Ras function is re- 
quired for cell growth [ 133, 290]. The activity of 
Ras is regulated by yeast proteins encoded by 
CDC25 [35, 29], a GDP/GTP exchange protein 
homologous in its carboxyl-terminal domain to 
Sos, and IRA1 AND IRA2, encoding GTPase- 
activating proteins [286]. Ras in S. cerevisiae 
was shown to activate adenylyl cyclase [297]. 
S. pombe has a single ras gene which encodes a 
protein similar in size to the mammalian Ras pro- 
teins, and does not contain the large inserts found 
in the C-terminal regions of S. cerevisiae Ras pro- 
teins [90]. 

Effectors catalysing the formation of second mes- 
sengers 

Upon stimulation of cell surface receptors, the 
activity of second messenger-generating enzymes, 
adenylyl cyclase and PLC, is regulated. Adenylyl 
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cyctase catalyses the formation of cAMP, a ubiq- 
uitous intracellular second messenger in many cell 
types, cAMP plays an important role in signal 
transduction through its activation of cAMP- 
dependent protein kinase and regulation of ion 
channel functions [ 3 ]. It is firmly established that 
many hormones and neurotransmitters stimulate 
the hydrolysis of Ptdlns(4,5)P2 to form the second 
messenger Ins(1,4,5)P3 and diacylglycerol by ac- 
tivating phosphoinositide-specificic phospholi- 
pase C enzymes [ 19]. Diacylglycerol is also gen- 
erated through hydrolysis of other phospholipids, 
mainly phosphatidylcholine (PC) [173]. Hor- 
mone-induced breakdown of PC can be achieved 
through activation of a variety of phospholipases, 
namely PC-specific PLC, phospholipase D (PLD) 
and phospholipase A2 (PLA2) [reviewed in 52]. 
Activation of cytosolic PLA2 is involved in gen- 
eration of arachidonic acid which is further 
metabolized to eicosanoids; its role in intracellu- 
lar signalling is still unclear. PC hydrolysis by 
PLC yields diacylglycerol, while hydrolysis by 
PLD yields phosphatidic acid (PA) which can be 
converted to diacylglycerol by PA phosphohydro- 
lase. Activation of phospholipase-induced PC 
breakdown can be achieved by different mecha- 
nisms: by G-proteins, by protein kinase C (PKC), 
by Ca 2+ , and by growth factor receptors [re- 
viewed in 77]. No sequences for PLD enzymes 
have been reported yet. A sequence for cytosolic 
PLA2 from mammalian cells reveals a calcium 
regulatory domain present in some isoforms 
of PKC (see 'Phospholipid-dependent protein ki- 
nases') [50]. 

Adenylyl cyclase 

In mammalian cells six distinct membrane bound 
adenylyl cyclase enzymes have been identified and 
their genes cloned [ 154, 80, 11, 92, 135]. All share 
considerable sequence homology and based on 
hydropathy plots a similar topology has been pre- 
dicted. The proposed structure of the mammalian 
membrane-bound forms consists of twelve trans- 
membrane-spanning regions, divided in two do- 
mains of six spans each (Fig. 4A; [154]). It 
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Fig. 4. Effector enzymes adenylyl cyclase and phospholi- 
pase C. Conserved regions: hatched box, adenylyl cyclase cata- 
lytic domain; zig zag line, repeated domain similar to domain 
in human glycoproteins; X and Y box, proposed catalytic do- 
mains in PLC; vertically striped box, SH2 domain; horizontally 
striped box, SH3 domain. A. Mammalian adenylyl cyclase 
types I to VI (AC I-VI), Dictyosteliurn adenylyl cyclase ex- 
pressed during aggregation (ACA) and Drosophila Rutabaga 
contain two domains with six hydrophobic stretches each, 
which are proposed to traverse the plasma membrane. Dicty- 
ostelium adenylyl cyclase expressed during germination (ACG) 
contains a single membrane-spanning domain. Yeast adenylyl 
cyclase (CYR1) does not contain potential membrane- 
spanning domains. B. Phosphoinositide-specific phospholi- 
pase C enzymes PLC #, 7 and b contain two conserved do- 
mains, X and Y. In PLC 7 regulatory SH domains are located 
between domains X and Y. 

resembles the structure of various plasma mem- 
brane channels and transporters, although no evi- 
dence for channel activity has been found in ade- 
nylyl cyclase. The catalytic core consists of two 
large cytoplasmic domains; one located between 
the two membrane-spanning clusters, the other at 
the carboxyl end of the enzym. These domains 
within the protein sequence are similar to one 
another, and to the catalytic domains of guanylyl 
cyclases. The mammalian adenylyl cyclase sub- 
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types are all activated by Gs~ subunits, but dif- 
fer in their response to regulation by Ca2+/ 
calmodulin and/37 subunits of heterotrimeric G 
proteins [reviewed in 48]. Type I and III adenylyl 
cyclase are stimulated by Ca2+/calmodulin. 
Type I can be stimulated directly by Ca 2 + and 
calmodulin, or indirectly by stimulation of mus- 
carinic receptors that mediate mobilization of in- 
tracellular Ca 2+ . Type III, the adenylyl cyclase 
found in olfactory neurons [ 11 ], requires activa- 
tion of the enzyme by G-protein coupled recep- 
tors before stimulation by the Ca2+/calmodulin 
complex can occur [47]. The "s and 0q subunits 
of G proteins were initially classified as stimulat- 
ing or inhibiting adenylyl cyclase, respectively. 
Now it is clear that/37 subunits can differentially 
regulate adenylyl cyclase activity [289]. In the 
presence of activated Gs~, addition of#7 subunits 
inhibited type I adenylyl cyclase activity, en- 
hanced stimulation of type II and IV adenylyl cy- 
clase activity, but did not affect the activity other 
types [288]. In vivo the #7 subunits of Gi proteins 
were proposed to mediate these effects [79]. Thus, 
this appears to represent a mechanism for cross- 
talk between signalling pathways. 

The Drosophila adenylyl cyclase rutabaga gene 
is most  similar to the mammalian type I enzyme 
in sequence and Ca 2 +/calmodulin responsiveness 
[ 169]. In flies this adenylyl cyclase is involved in 
learning and memory processes; it is expressed in 
the mushroom bodies of the fly brain. Expression 
of rutabaga in mammalian cells shows its activity 
is regulated by endogenous G proteins and calm- 
odulin [ 169]. 

In Dictyostelium the adenylyl cyclase expressed 
during aggregation, ACA, is responsible for re- 
ceptor and G protein-regulated adenylyl cyclase 
activity [229]. The proposed structure resembles 
that of mammalian membrane-bound adenylyl 
cyclases. Cells with a disrupted aca gene fail to 
aggregate, but are not affected in growth or 
chemotaxis. The proposed topology of a second 
adenylyl cyclase, ACG, expressed during germi- 
nation, consists of a large extracellular domain 
connected to a single transmembrane-spanning 
domain and one cytoplasmic catalytic domain at 
the carboxyl terminus (see Fig. 4A). Although this 

[15] 
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structure resembles that of membrane-bound 
guanylyl cyclases, ACG was shown to contain 
adenylyl and not guanylyl cyclase activity [229]. 
ACG expressed in cells with a disrupted aca gene 
secrete cAMP constitutively and cAMP produc- 
tion is not regulated by surface receptors. 

S. cerevisiae adenylyl cyclase, encoded by the 
CYRI gene, is required for cell growth [186]. It 
resembles the above discussed adenylyl cyclases 
only in its carboxyl terminal catalytic domain, 
and lacks potential transmembrane-spanning do- 
mains (see Fig. 4A; [134]). CYR1 contains mul- 
tiple copies of a 23 amino acid repeating unit 
similar to a repeat found in human glycoproteins. 
Budding yeast adenylyl cyclase is not regulated by 
heterotrimeric G proteins, but stimulated by Ras 
proteins. S. pombe adenylyl cyclase is similar to 
CYR1 of the budding yeast [317]. Its structure 
predicts the 23-amino acid repeats and a car- 
boxyl-terminal adenylyl cyclase domain, but 
S. pombe adenylyl cyclase misses an amino- 
terminal segment present in S. cerevisiae adenylyl 
cyclase. The Gpa2 ~ subunit of a heterotrimeric 
G-protein regulates cAMP production in S. 
pombe as cells defective Gpa2 fail to produce 
cAMP in response to glucose stimulation [123]. 

Phosphoinositide-specific phospholipase C 

The enzyme phospholipase C (PLC) generates 
two second messengers upon phosphatidylinosi- 
tol 4,5-bisphosphate (PtdInsP2) hydrolysis: mem- 
brane-bound diacylglycerol and water-soluble 
inositol 1,4,5-trisphosphate (InsP3). Through its 
activation of PKC, diacylglycerol is involved in 
regulating protein phosphorylation, while InsP3 
regulates intracellular Ca 2+ [209, 273, 19]. Cal- 
cium, contained within intracellular stores, is re- 
leased to the cytosol when InsP3 binds to its re- 
ceptor (see below). 

The mammalian phospholipase C enzyme fam- 
ily specific for hydrolysing polyphosphatidylinosi- 
tols is divided into three classes based upon 
sequence conservation, each class containing iso- 
forms [see references in 53,239]. All groups con- 
tain two conserved amino acid domains, named 
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X and Y, which are thought to form the catalytic 
site (Fig. 4B). PLC-fl isoforms contain a large 
carboxyl-terminal domain after the conserved Y 
region which is involved in PLC activation by 
G-protein ~ subunits [219, 315]. PLC-7 isoforms 
contain the src homology domains SH2 and SH3 
located in between the X and Y domains [279, 
270]. This region is not essential for PtdlnsP2 
hydrolysing activity [73], but the SH2 domains 
target PLC to tyrosine phosphorylated sequences 
in growth factor receptors, as described previ- 
ously. The SH3 domain is involved in targeting 
the enzyme to cytoskeletal components [13]. 
PLC-b does not contain a large carboxyl-terminal 
sequence, nor the SH domains. The amino- 
terminal domain of PLC-b was shown to form 
part of a PtdInsP2-binding site proposed to bind 
the enzyme to the membrane surface during hy- 
drolysis [236, 49]. On the protein level the exist- 
ence of a PLC-e isoform has been implicated. 
However, a sequence claimed to encode PLC-c~ 
[ 15 ], with no sequence similarity to known PLC 
isoforms, was in fact shown to be protein disul- 
phide isomerase [269]. The PLC-e proteins, with 
a low molecular weight, could be proteolytic frag- 
ments derived from other PLCs. 

The activity of the three PLC classes are regu- 
lated differently, although all depend on the pres- 
ence of Ca 2 +. The PLC-7 family is activated by 
tyrosine phosphorylation, as discussed above. In 
a reconstitution system with purified proteins, m 1 
muscarinic receptor and G-proteins of the Gq 
family were sufficient to stimulate PLC-/~I [17]. 
Furthermore, with this system it was also shown 
that addition of PLC-/3~ stimulated hydrolysis of 
Gq-bound GTP. Thus, this PLC isoform serves 
as a GAP for the G-protein that mediates its 
activation [ 18 ]. Another e subunit of the Gq fam- 
ily, God6, was the most efficient in activating 
PLC-fl2 [164]. G-protein fl~, subunits increased 
PLC-fll, -f12 and -f13 activity two-, four- and eight- 
fold, respectively [39, 220]. In PLC-fl2 regions for 
r7  interaction were shown to be located in the 
amino-terminal region of the PLC protein, and 
are thus separate from Ge-activating regions 
[316]. PLC-b I activity was increased two-fold 
after stimulation with r7  subunits [220]. In 



permeabilized HL60 cells, G-protein-stimulated 
PLC activity depended on the presence of a cy- 
tosolic compound identified as phosphatidylinosi- 
tol transfer protein, involved in transporting the 
lipid [293]. 

In Swiss 3T3 cells, diacylglycerol levels in the 
nucleus increased and PtdlnsP2 levels decreased 
upon stimulation with insulin-like growth factor 1 
[67]. PLC activity in the nucleus has been re- 
ported, as have other enzymes involved in the 
inositide cycle [68, 69, 185]. However, immuno- 
logically only the PLC-fl, isoform could be de- 
tected in the nucleus. Therefore, the regulation of 
PLC in the nucleus remains unclear, as PLC-fl 
has been reported to be regulated by G-proteins, 
not by growth factor receptors. 

Activation of PLC activity has proven to be not 
essential for induction of DNA synthesis in mam- 
malian cell lines [ 114, 196]. The role of PLC in 
several invertebrates and microorganisms has 
well been studied. In Drosophila PLC is impli- 
cated to be involved in phototransduction [23, 
249]. No receptor potential A (norpA) mutants 
fail to respond to light stimulation. These mutants 
contain no PLC activity in the head region. The 
norpA gene encodes a protein with similarity to 
bovine retinal PLC-fl [82]. A second PLC in 
Drosophila, also of the fl type, is expressed in the 
central nervous system [262]. Xenopus contains a 
PLC protein with 64 ~ identity to the mammalian 
PLC-fl3 subtype [181]. Injection of oocytes with 
PLC antisense oligonucleotides significantly re- 
duced receptor stimulated CI- currents. The mi- 
croorganisms S. cerevisiae and Dictyostelium con- 
tain a PLC-b like sequence [318, 71]. Deletion of 
PLC in yeast resulted in viable cells which how- 
ever were retarded in cell growth when growing 
conditions were not optimal [88, 224]. In Dicty- 
ostelium deletion of the DdPLC gene resulted in 
cells containing no measurable PLC activity [72 ]. 
Surprisingly, the cells were able to grow and de- 
velop. Analysis of the InsP3 concentration re- 
vealed that levels in cells with a deleted plc gene 
were only slightly lower (20 ~/o) than in wild-type 
cells. As there are no indications for other PLCs, 
alternative pathways for synthesizing InsP3 have 
to be considered. 

1253 

Proteins activated by second messengers 

Cytosolic protein kinases are divided into differ- 
ent families, based on their primary structure and 
functional studies. We will discuss two types 
regulated by second messengers: protein kinase C 
and cyclic nucleotide-dependent protein kinases. 
The number of identified genes belonging to the 
protein kinase family has risen dramatically dur- 
ing the past years [120]. Sequence alignments 
have identified a conserved catalytic core of about 
260 residues shared by all protein kinases [107]. 
For many, only the deduced protein sequences 
have been reported, with no known protein func- 
tion yet. The structure of the catalytic domain is 
derived from the crystal structure of cAMP- 
dependent protein kinase [145]. It consists of a 
bilobed structure with an ATP-binding site on the 
smaller lobe, and a substrate-binding site on the 
larger lobe. Transfer of 7-phosphate of ATP from 
the protein kinase to a serine, threonine or ty- 
rosine residue of the substrate is considered to 
alter the conformation, and thus the activity, of 
the substrate protein. 

Several ion channels are activated by second 
messengers. The cGMP-gated cation channel of 
rod photoreceptor cells and the cAMP-gated 
channel from olfactory neurons contain a car- 
boxyl-terminal cyclic-nucleotide-binding region, 
similar to the tandem repeat in cGMP-dependent 
protein kinase and cAMP-dependent protein ki- 
nase, respectively [136, 65]. The ryanodine re- 
ceptor and the InsP3 receptor are intracellular 
calcium channels regulated by Ca 2 + and InsP3. 
The InsP3 receptor is conserved as genes encod- 
ing similar proteins have been found in mammals, 
Xenopus and Drosophila. 

Cyclic nucleotide-dependent protein kinases 

The intracellular second messengers cGMP and 
cAMP regulate physiological functions by activa- 
tion of specific family of serine/threonine protein 
kinases, the cyclic nucleotide-dependent protein 
kinases. The cAMP-dependent protein kinase 
(PKA) plays a role in the expression of a large 

[17] 
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number of genes and has been shown to regulate 
the function of ion channels and the activity of 
metabolic enzymes. The cGMP-dependent pro- 
tein kinase (PKG) is involved in platelet aggre- 
gation and the relaxation of hormonally con- 
tracted smooth muscle. Through phosphorylation 
of calcium channels, PKG regulates cytosolic cal- 
cium levels, although the mechanism by which 
PKG induces a reduction in the calcium concen- 
tration is still unresolved [189]. Although they 
bind different cyclic nucleotides, PKA and PKG 
show considerable similarity in amino acid se- 
quence, especially in their catalytic domains (70 ~o 
homology), and their cyclic nucleotide-binding 
domains. Each of the cyclic nucleotide-binding 
domains of PKA and PKG shows similarity in 
amino acid sequence (20 ~o) to the cAMP-binding 
domain of the catabolite gene activator protein 
(CAP) from E. coli [187]. 

In mammalian cells, inactive PKA is a tetramer, 
consisting of two regulatory (R) subunits and two 
catalytic (C) subunits (R2C2). In the absence of 
cAMP, the R subunit functions to inhibit the ac- 
tivity of the C subunit. The C subunit is proposed 
to recognize the R subunit in a manner compa- 
rable to the recognition of protein substrates, each 
R subunit binding to one C subunit at its catalytic 
site. Upon cAMP binding, the holoenzyme dis- 
sociates into R2 dimers and active monomeric C 
subunits. Three different mammalian genes for 
the C subunit of PKA have been identified, C~, C a 
and C~. which are 80~o similar to each other [ 14]. 
The conserved protein kinase catalytic domain 
comprises most of the PKA C subunit, from 
amino acid residue 40 to 300 (see Fig. 5A; total 
length ca. 350 amino acids). Two different types 
of mammalian R subunits, RI and Rn, have been 
found [296, 284]. The R subunit is composed of 
an amino-terminal dimerization domain, a pseu- 
dosubstrate domain which is able to bind the pro- 
tein kinase inhibitor PKI [ 146] and is involved in 
interaction with the C subunit, and at the carboxy 
terminus two tandem cAMP-binding domains 
(Fig. 5A). 

Three S. cerevisiae catalytic subunit genes with 
predicted structural and amino acid sequence 
similarity to mammalian PKA catalytic subunits 

[18] 

have been identified, TPK1, TPK2 and TPK3 
[299]. Gene disruption experiments have demon- 
strated that the proteins have overlapping func- 
tions, as the presence of at least one C subunit is 
sufficient for normal growth. Haploid spores 
lacking all three genes are able to germinate, but 
grow extremely slowly [299]. S. cerevisiae con- 
tains one gene for a PKA regulatory subunit en- 
coded by the BCY1 gene homologous to mam- 
malian isoforms [298, 37]. BCY1 expressed in 
E. coli was shown to bind 2 mol of cAMP per 
mole of R monomer [128]. 

In contrast to mammalian and yeast PKAs, the 
Dictyostelium holoenzyme is a dimer (RC) [58]. 
The R subunit ofdictyostelium PKA does not con- 
tain the amino-terminal domain suggested to be 
required for dimerization (see Fig. 5A; [199]). 
The pseudosubstrate domain is conserved, and 
Dictyostelium R subunits can form holoenzymes 
with mammalian C subunits [ 167]. Two potential 
cAMP-binding sites were found in the R subunit 
sequence, which was surprising since binding ex- 
periments indicated the presence of only one 
cAMP-binding site [64, 59]. The carboxyl- 
terminal cAMP-binding domain is predicted to 
bind cAMP with low affinity [ 199]. Dictyostelium 
contains one catalytic subunit gene pkaC [34, 
183] which encodes a protein that is twice as 
large as mammalian PKA C subunits [6]. Cells in 
which the pkaC gene has been disrupted do not 
aggregate, while cells overexpressing PKA C are 
accelerated in their development [183, 5]. 

Comparison of the predicted structures for 
PKA and PKG enzymes suggest that early in 
eukaryotic evolution the fusion of separate genes 
for a regulatory and a catalytic domain resulted 
in the formation of a chimaeric PKG gene [285]. 
Purified bovine PKG was shown to exist as a 
homodimer, consisting of two identical subunits 
[172, 313]. Amino acid sequence comparison of 
PKG genes from mammalian cells and Drosophila 
predict a polypeptide containing an N-terminal 
dimerization domain, two cGMP-binding do- 
mains and the catalytic domain (see Fig. 5A; [ 132, 
116]). Dimerization probably occurs via a hydro- 
phobic leucine/isoleucine-zipper motif, which 
is not found in the dimerization domain of 
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L P Cd PKA 

I PKG 

E; 

c2 I---q I PKC G, /31, /311, ? 

I I PKC 6, ~, "r/, 9. 

~ [ i - - -  P K C  

Fig. 5. Comparison of structures of cyclic nucleotide activated protein kinases and protein kinase C. Conserved regions: open box, 
protein kinase catalytic domain; closed box, pseudosubstrate domain; hatched box, cyclic nucleotide binding domain; zig zag line, 
leucine/ isoleucine-zipper motif; filled oval, zink-finger-like domain; C2, Ca =+ -activated domain. A. The regulatory subunit of 
Dictyostelium (Rd) cAMP-dependent protein kinase (PKA) misses an amino-terminal dimerization domain present in mammalian 
R (Rm) subunits. Compared to the mammalian catalytic (Cm) subunit of PKA, the catalytic subunit of Dictyostelium (Cd) con- 
tains an amino-terminal extension. The regulatory subunits of PKA contain a pseudosubstrate domain for binding to the C sub- 
unit. In cGMP-dependent protein kinase (PKG) the cyclic nucleotide-binding and catalytic domains are located in the same 
molecule. B. Protein kinase C (PKC) isoforms ct, flI, fill and ~ contain a calcium regulatory sequence, missing in the other isoforms. 
PKC ( has only one zinc-finger-like domain. 

mammalian PKAs [10]. Mammalian cells con- 
tain two distinct classes of P K G  genes that 
encode different P K G  proteins, showing homol- 
ogy in the catalytic and cGMP-binding domains, 
but no homology in the amino terminus [301]. 

P K G  enzymes purified from the lower eukary- 
otes Paramecium, Tetrahymena and Dictyostelium 
are found in the monomeric form [reviewed in 
116]. No sequences for these P K G  enzymes have 
been reported yet. The presence of monomeric 
c G M P  and cAMP kinases in some unicellular 

organisms suggests that dimerization of the 
kinases occurred later in evolution. 

Phospholipid-dependent protein kinases 

Protein kinase C (PKC) was originally character- 
ized as a phospholipid-diacylglycerol-Ca2+-de - 
pendent protein kinase [reviewed in 209]. Its as- 
sumed role in tumorigenesis arrises through the 
fact that PKC proteins serve as receptors for 

[191 
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phorbol ester tumour promoters. Tumour-pro- 
moting phorbol esters such as 12-O-tetrade- 
canoylphorbol-13-acetate (TPA) directly activate 
PKC in vitro and are used as analogues of the 
physiological PKC activator, diacylglycerol. Dia- 
cylglycerol produced by hydrolysis of phospho- 
lipids by phosphoinositide-specific PLC is in- 
volved in transient activation of PKC [173]. 
However, sustained activation of PKC is neces- 
sary for cell proliferation and differentiation [8]. 
Diacylglycerol produced from phosphatidylcho- 
line breakdown mediated by other signal-acti- 
vated phospholipases, notably phospholipase D, 
is proposed to be involved in the long-term acti- 
vation of PKC [77]. 

Molecular cloning and biochemical analysis 
have revealed the presence of twelve PKC iso- 
forms in mammalian tissues at present [see ref- 
erences in 209, 9, 60]. All require the presence of 
phospholipid for activation, but differ in their need 
for calcium and diacylglycerol. The conventional 
isoforms, PKC-~, -/~I, -/~II and -7, are activated 
b y  C a  2 + and DAG. The amino-terminal half of 
PKC proteins contain the regulatory domain con- 
sisting of a tandem repeat of a zinc-finger-like 
sequence and, in the contential PKC isoforms, a 
second conserved domain (C2) (see Fig. 5B). The 
regulatory domain also contains a strech of basic 
amino acids which appears to be an inhibitory 
pseudosubstrate domain [17]. The carboxyl- 
terminal region is the catalytic domain, consisting 
of the ATP-binding site and sequences similar to 
other protein kinases. The novel class of PKCs, 
PKC-b, -~, -~/ and -0, contain the cysteine-rich 
zinc-finger-like sequences, but not the C2 domain 
(Fig. 5B). Novel PKC isoforms are activated by 
DAG and the tumour-promoting phorbol esters, 
but are insensitive to Ca 2 +, proposing a role for 
the C2 domain in Ca 2+ activation [148, 212]. 
Regulation of the atypical PKC ~ has not yet been 
fully established, but this isoform is insensitive to 
Ca 2+, DAG and phorbol esters [175, 9]. The 
amino-terminal domain of PKC-~ contains only 
a single zinc-finger-like sequence [25]. PKC-~ has 
been shown to be activated by the phospholipids 
PS and phosphatidylinositol 3,4,5-trisphosphate 
(PIP3) [203 ]. Three new PKC isoforms have been 

[20] 

cloned, but their sequences have not been 
reported yet. 

Phorbol ester binding to PKC appears to be 
directly involved in down-regulating PKC activ- 
ity as conventional and novel PKCs were de- 
graded after prolonged treatment with phorbol 
ester, while PKC-~ protein levels remained un- 
changed [308, 174]. The presence of multiple 
PKC isotypes has led to the suggestion that they 
perform specific functions within the cell. PKC-7 
and -~ expression is restricted to the central ner- 
vous tissues, PKC-~/to the lung and skin, while 
other PKCs are expressed in many different cell 
types. 

Phorbol ester stimulation of cells results in the 
increased transcription of many genes and phos- 
phorylation of a variety of nuclear proteins. 
PKC-~ was shown to directly phosphorylate and 
activate the Raf kinase [ 149]. Raf-1 is involved in 
activating nuclear transcription factors through 
MEK and MAP kinase, as discussed previously. 
Thus PKC provides an alternative route besides 
ras to activate oncogene class transcription fac- 
tors. Upon stimulation, translocation of specific 
PKC isozymes to the nucleus was demonstrated 
in different cell lines; translocation was shown to 
coincide with an increase in nuclear PKC activ- 
ity [67, 115, 162]. Translocation of PKC to the 
nucleus is suggested to be a second, direct way for 
PKC involvement in regulation of nuclear pro- 
teins. 

In the nematode Caenorhabditis elegans strains 
were isolated which were resistant to the phorbol 
ester tumour promotor TPA. These strains were 
mutated in the tpa-1 gene. The predicted tpa-1 
protein contains the kinase catalytic domain and 
the two zinc-finger-like structures, but lacks the 
C2 domain in its amino-terminal region [282]. 
Drosophila contains three PKC genes [241,245]. 
Two are transcribed predominantly in brain tis- 
sue, one encoding a conventional, the other a 
novel PKC-like protein. The third PKC gene is 
expressed specifically in photoreceptor cells 
[245]. Interestingly, it contains the potential cal- 
cium regulatory site and is proposed to function 
in Drosophila phototransduction adaptation. 

A PKC-like enzyme activity was demonstrated 



to be present in the micro-organism Dictyostelium 
[ 180]. The myosin heavy-chain kinase of Dicty- 
ostelium is a member of the PKC family [235]. In 
the regulatory domain it contains the basic pseu- 
dosubstrate domain and the two cystein-rich se- 
quences. In the C2 region it is only 10~ similar 
to the putative Ca 2 + regulatory domain. A gene, 
PKC1, encoding a PKC enzyme closely related to 
mammalian conventional PKC has been isolated 
from S. cerevisiae. PKC1 is implicated to play a 
role in the cell division cycle [169]. Deletion of 
PKC1 resulted in recessive lethality. The non- 
viable spores do germinate but are blocked in 
further growth. 

Inositol 1,4,5-trisphosphate receptors 

As mentioned above, InsP3 produced by phos- 
pholipase C-mediated hydrolysis of PtdlnsP2 is 
able to release calcium from intracellular stores. 
InsP 3 binds to specific receptors that are coupled 
to calcium channels located in the endoplasmic 
reticulum (see Fig. 6; [ 190, 242]). Reconstitution 
of purified InsP3-binding protein into liposomes 
showed that calcium was conducted as a function 
of ligand binding, suggesting that the same mol- 
ecule mediates both InsP3 binding and the release 
of Ca 2 + [83, 182]. Cloning of the InsP3 receptor 
from mammalian cerebellum revealed a primary 
structure containing several putative membrane- 
spanning domains and a striking homology with 
another intracellular calcium channel, the ryano- 
dine receptor of the sarcoplasmic reticulum [91, 
190, 283]. 

The InsP3 receptor and the ryanodine receptor 

cytosol 
ER 

Fig. 6. Structure of the InsP 3 receptor. The InsP 3 receptor is 
an intracellular calcium channel responsible for mobilizing 
stored calcium. Four subunits combined form a functional ion 
channel. The exact number of membrane-spanning domains 
remains to be determined; here six are proposed as in a num- 
ber of other ion channels. The amino-terminal InsP3-binding 
domain (hatched box) and carboxyl terminus are located in the 
cytosol. 
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show the greatest stretches of amino acid identity 
in their carboxyl termini, which contain the pu- 
tative membrane-spanning domains. Their ter- 
tiary structures are predicted to be similar as both 
receptor types are homotetrameric proteins, in 
which the carboxyl terminus of each receptor sub- 
unit is suggested to form a part of the calcium 
channel [95]. The InsP3 receptor contains an 
amino-terminal cytoplasmic domain with an 
InsP3-binding site (see Fig. 6; [191]). InsP3 re- 
ceptor sequences isolated from mammalian cells 
indicate the presence of distinct receptor subtypes 
[278 ]. Expression of the amino-terminal region of 
two different receptor types from rat brain dem- 
onstrated similar specificity for InsP3, but differ- 
ent affinities [278]. Binding of InsP3 results in a 
conformational change of the receptor, which is 
proposed to result in opening of the channel. The 
receptor is proposed to traverse the endoplasmic 
reticulum membrane an even number of times, 
although the precise number remains to be deter- 
mined. The region between the ligand-binding do- 
main and the calcium channel is proposed to be 
involved in regulation of the InsP3 receptor. This 
region contains putative PKA phosphorylation 
sites. PKA-induced phosphorylation of the InsP3 
receptor did not influence InsP3 binding to the 
receptor, but decreased InsP3-induced calcium 
release [281]. Autophosphorylation could also 
play a role as the receptor was shown to function 
as a protein kinase, phosphorylating both exo- 
genous substrates and the receptor itself [85]. 
ATP promotes InsP3-induced calcium release, 
and ATP-binding sites are predicted in the regu- 
latory domain of InsP 3 receptors [84, 182]. 

In Drosophila and Xenopus InsP 3 receptors ho- 
mologous to those in mammals were identified. 
The Drosophila InsP3 receptor shares 57 ~/o amino 
acid sequence identity with its mouse homologue 
[319]. The Drosophila InsP 3 receptor sequence 
however does not indicate it is a substrate for 
PKA. mRNA localization and InsP3 binding to 
membrane preparations show that the receptor is 
expressed highly in the leg and thorax region and, 
interestingly, in the retina and antenna. As InsP3 
is thought to act as a second messenger in Droso- 
phila vision, the InsP 3 receptor described here is 

[21] 
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proposed to play a role in depolarization of pho- 
toreceptor cells through InsP3-induced calcium 
release [319]. The Xenopus InsP3 receptor shows 
90 ~o amino acid sequence identity with its mouse 
homologue. It contains ATP-binding sites and 
PKA phosphorylation sites in between the ligand- 
binding amino terminus and calcium channel do- 
main in the carboxyl terminus [ 156]. Xenopus egg 
activation, measured by InsP3-responsive cortical 
contraction, was inhibited in eggs microinjected 
with InsP3 receptor antisense oligonucleotides. 
Immunocytochemical localization experiments 
suggest a role for the InsP3 receptor in the for- 
mation and propagation of Ca 2 + waves during 
fertilization [ 156]. 

The InsP3-induced calcium release measured 
in some studies indicates co-operative binding of 
InsP3 to each of the four binding sites of the 
tetrameric receptor, while other studies indicate 
that binding of one InsP3 molecule is sufficient to 
open the channel [reviewed in 291]. Calcium is 
not released gradually in response to increased 
InsP 3 concentration, but a fixed proportion is re- 
leased (quantal release), with the remainder be- 
coming accessible at higher InsP3 concentrations 
[261 ]. Besides InsP3, Ca 2 + itself also modulates 
channel opening [ 124]. Increased concentrations 
ofcytosolic calcium first stimulate its own release, 
which is then followed by an inhibitory effect 
[192]. Thus calcium is capable of both positive 
and negative feedback regulation of the InsP3 re- 
ceptor, and may be involved in regulation of cal- 
cium oscillations and waves in the cell [reviewed 
in 20]. 

Discussion and conclusions 

Comparisons between higher and lower eukary- 
otes show that many processes involved in signal 
transduction have been evolutionary conserved. 
Pathways for activation of intracellular proteins 
through heterotrimeric G-proteins and Ras pro- 
teins are found in micro-organisms, invertebrates 
and vertebrates. Stimulation of tyrosine kinase 
pathways results in phosphorylation of proteins 
and the formation of active protein complexes; 

[22] 

these reactions occur probably in all eukaryotes. 
Some proteins such as G-proteins, adenylyl cy- 
clase and phospholipase C are remarkably well 
conserved in diverse organisms, whereas only the 
overall structure is conserved in other proteins, as 
is the case for the seven transmembrane segments 
in G-protein-linked surface receptors. 

Although many proteins involved in transduc- 
ing signals are present in virtually all eukaryotes, 
their connection in pathways may form special- 
ized systems. Divergent pathways exist, as is the 
case for photoreceptor activation and activation 
of protein kinase cascades through Ras and het- 
erotrimeric G-proteins. In mammalian rod cells, 
rhodopsin activates a specialized G protein, Gt, 
which transduces the signal to PDE in order to 
regulate cGMP levels. However, in Drosophila, 
rhodopsin appears to activate PLC. The signal is 
most likely transduced by Gq, which also medi- 
ates activation of PLC in mammalian systems. A 
second example of divergence is Ras. Ras pro- 
teins in mammalian cells are stimulated via re- 
ceptor tyrosine kinases and activate a MAP 
kinase cascade. A Ras protein together with the 
c~ subunit of a heterotrimeric G-protein is involved 
in activating the MAP kinase pathway in 
S. pombe. In the yeast S. cerevisiae Ras has a 
completely different role as an activator of ade- 
nylyl cyclase; the MAP kinase cascade is acti- 
vated by G-protein/~7 subunits. 

Cellular effects are often the result of the inter- 
action of multiple signal transduction pathways 
(cross-talk). G-proteins are able to regulate some 
forms of adenylyl cyclase and phospholipase C 
through both e and 137 subunits. These subunits 
can be derived from different G-proteins, acti- 
vated through independent surface receptors. 
Thus the effect of one ligand can be either en- 
hanced or down regulated by the effect of an- 
other. Furthermore, PLC can be activated by two 
independent pathways, one coupled to tyrosine 
kinase-linked receptors, the other to heterotrim- 
eric G-proteins. On the other hand, the MAP 
kinase activation pathway serves as a conver- 
gence point at which multiple signalling pathways 
meet. One of the proteins involved, Mek, can be 
activated by different protein kinases, Raf and 



Mek kinase. These in turn are activated by mul- 
tiple proteins, including Ras, PKC and possibly 
heterotrimeric G-proteins. 

Feedback regulation of proteins plays an im- 
portant role in controlling signal transduction and 
signal termination. G-protein-linked receptors 
demonstrate diminished responsiveness to their 
ligand by an uncoupling process during which the 
receptor is phosphorylated. This can be achieved 
by second-messenger-activated kinases such as 
PKA and PKC, or by the recently characterized 
G-protein coupled receptor kinases (GRKs) [ 126, 
165]. fl-Adrenergic receptor kinase activity is en- 
hanced by t7 subunits [ 104]. Hereby G-protein 
/37 subunits negatively regulate the receptors' abil- 
ity to activate G-proteins. Negative feedback 
regulation by phosphorylation of receptors by 
PKA appears to be a major mechanism for de- 
sensitization of adenylyl cyclase. 

The mechanisms of signal transduction in 
plants are just beginning to be elucidated. It will 
be interesting to learn which pathways that are 
conserved between mammals and eukaryotic 
micro-organisms, are also present in plants. 
Knowledge of unique plant signal transduction 
cascades will be especially informative to dis- 
criminate between the general principles of sen- 
sory transduction and those used to provide spe- 
cialized cells. 

Acknowledgement 

We thank Hub+r Timmermans for preparing the 
figures. 

References 

1. Abe K, Kusakabe Y, Tanemura K, Emori Y, Arai S: 
Primary structure and cell-type specific expression of a 
gustatory G protein-coupled receptor related to olfac- 
tory receptors. J Biol Chem 268:12033-12039 (1993). 

2. Ahn NG, Seger R, Bratlien RL, Diltz CD, Tonks NK, 
Krebs EG: Multiple components in an epidermal growth 
factor-stimulated protein kinase cascade - in vitro acti- 
vation of a myelin basic protein/microtubule-associated 
protein 2 kinase. J Biol Chem 266:4220-4227 (1991). 

1259 

3. Alberts B, Bray D, Lewis J, RaffM, Roberts K, Watson 
JD: Molecular Biology of the Cell, pp. 681-726. Gar- 
land Publishing, New York/London (1989). 

4. Anderson D, Koch CA, Grey L, Ellis C, Moran MF, 
Pawson T: Binding of SH2 domains of phospholipase 
C? 1, GAP, and Src to activated growth factor receptors. 
Science 250:979-982 (1990). 

5. Anjard C, Pinaud S, Kay RR, Reymond CD: Over- 
expression of DdPK2 protein kinase causes rapid de- 
velopment and affects the intracellular cAMP pathway 
of Dictyostelium discoideum. Development 115:785-790 
(1992). 

6. Anjard C, Etchebehere L, Pinaud S, Veron M, Reymond 
CD: An unusual catalytic subunit for the cAMP- 
dependent protein kinase of Dictyostelium discoideum. 
Biochemistry 32:9532-9538 (1993). 

7. Aroian RV, Koga M, Mendel JE, Ohshima Y, Sternberg 
PW: The let-23 gene necessary for Caenorhabditis elegans 
vulval induction encodes a tyrosine kinase of the EGF 
receptor subfamily. Nature 348:693-699 (1990). 

8. Asaoka Y, Oka M, Yoshida K, Nishizuka Y: Metabolic 
rate of membrane-permeant diacylglycerol and its rela- 
tion to human resting T-lymphocyte activation. Proc 
Natl Acad Sci USA 88:8681-8685 (1991). 

9. Asaoka Y, Nakamura S, Yoshida K, Nishizuka Y: Pro- 
tein kinase C, calcium and phospholipid degradation. 
Trends Biochem Sci 17:414-417 (1992). 

10. Atkinson RA, Saudek V, Huggins JP, Pelton JT: IH 
NMR and circular dichroism studies of the N-terminal 
domain of cyclic GMP dependent protein kinase: a 
leucine/isoleucine zipper. Biochemistry 30:9387-9395 
(1991). 

11. Bakalyar HA, Reed RR: Identification of a specialized 
adenylyl cyclase that may mediate odorant detection. 
Science 250:1403-1405 (1990). 

12. Barnea G, Grumet M, Sap J, Margolis RU, Schlessinger 
J: Close similarity between receptor-linked tyrosine 
phosphatase and rat brain proteoglycan. Cell 76:205 
(1993). 

13. Bar-Sagi D, Rotin D, Batzer A, Mandiyan V, 
Schlessinger J: SH3 domains direct cellular localization 
of signalling molecules. Cell 74:83-91 (1993). 

14. Beebe SJ, Oyen O, Sandberg M, Fraysa A, Hansson V, 
Jahnsen T: Molecular cloning of a tissue-specific protein 
kinase (C~) from human testis - representing a third 
isoform for the catalytic subunit of cAMP-dependent 
protein kinase. Mol Endocrinol 4:465-474 (1990). 

15. Bennet CF, Balcarek JM, Varrichio A, Crooke ST: 
Molecular cloning and complete amino-acid sequence 
of form-I phosphoinositide-specific phospholipase C. 
Nature 334:268-270 (1988). 

16. Berchtold H, Reshetnikova L, Reiser COA, Schirmer 
NK, Sprinzi M, Hilgenfeld R: Crystal structure of active 
elongation factor Tu reveals major domain rearrange- 
ments. Nature 365:126-132 (1993). 

17. Bemstein G, Blank JL, Smrcka AV, HigashijimaT, 

[23] 



1260 

Sternweis PC, Exton JH, Ross EM: Reconstitution of 
agonist-stimulated phosphatidylinositol 4,5-bisphos- 
phate hydrolysis using purified ml  muscarinic receptor, 
Gq/11, and phospholipase Cfl 1. J Biol Chem 267:8081- 
8088 (1992). 

18. Bernstein G, Blank JL, Jhon DK, Exton JH, Rhee SG, 
Ross EM: Phospholipase Cfll is a GTPase-activating 
protein for G q / l l ,  its physiologic regulator. Cell 70: 
411-418 (1992). 

19. Berridge MJ, Irvine RF: Inositol phosphates and cell 
signalling. Nature 341:197-205 (1989). 

20. Berridge M J: Inositol trisphosphate and calcium signal- 
ling. Nature 361:315-325 (1993). 

21. Birnbaumer L: Receptor-to-effector signalling through G 
proteins: roles for fl'/dimers as well as c~ subunits. Cell 
71:1069-1072 (1992). 

22. Blank JL, Ross AH, Exton JH: Purification and char- 
acterization of two G-proteins that activate the fil 
isozyme of phosphoinositide-specific phospholipase C. 
J Biol Chem 266:18206-18216 (1991). 

23. Bloomquist BT, Shortridge RD, Schneuwly S, Per- 
dew M, Montell C, Steller H, Rubin G, Pak WL: Isola- 
tion of a putative phospholipase C gene of Drosophila, 
norpA, and its role in phototransduction. Cell 54: 723- 
733 (1988). 

24. Boguski MS, McCormick F: Proteins regulating Ras 
and its relatives. Nature 366:643-654 (1993). 

25. Boman AL, Taylor TC, Melan~on P, Wilson KL: A role 
for ADP-ribosylation factor in nuclear vesicle dynamics. 
Nature 358:512-51 (1992). 

26. Bonfini L, Karlovich CA, Dasgupta C, Banerjee U: The 
Son of sevenless gene product: a putative activator of 
Ras. Science 25:603-606 (1992). 

27. Boulton TG, Nye SH, Robbins DJ, Ip NY, 
Radziejewska E, Morgenbesser SD, DePinho RA, 
Panayotatos N, Cobb MH, Yancopoulos GD: ERKs: a 
family of protein-serine/threonine kinases that are acti- 
vated and tyrosine phosphorylated in response to insu- 
lin and NGF. Cell 65:663-675 (1991). 

28. Bourne HR, Sanders DA, McCormick F: The GTPase 
superfamily: conserved structure and molecular mecha- 
nism. Nature 349:117-127 (1991). 

29. Broek D, Toda T, Michaeli T, Levin L, Birchmeier C, 
Zoller M, Powers S, Wigler M: The Saccharomyces cer- 
evisiae CDC25 gene product regulates the RAS/ 
adenylate cyclase pathway. Cell 48:789-799 (1987). 

30. Brown EM, Gamba G, Riccardi D, Lombardi M, 
Butters R, Kifor O, Sun A, Hediger MA, Lytton J, 
Hebert SC: Cloning and characterization of an extra- 
c e l l u l a r  C a  2 + -sensing receptor from bovine parathyroid. 
Nature 366:575-580 (1993). 

31. Brown HA, Gutowski S, Moomaw CR, Slaughter C, 
Sternweis PC: ADP-ribosylation factor, a small GTP- 
dependent regulatory protein, stimulates phospholipase 
D activity. Cell 75:1137-1144 (1993). 

32. Buck L, Axel R: A novel multigene family may encode 

[24] 

odorant receptors: a molecular basis for odor recogni- 
tion. Cell 65:175-187 (1991). 

33. Burkholder AC, Hartwell LH: The yeast a-factor recep- 
tor; structural properties deduced from the sequence of 
the STE2 gene. Nucl Acids Res 13:8463-8475 (1985). 

34. Btlrki E, Anjard C, Scholder JC, Reymond CD: Isola- 
tion of two genes encoding putative protein kinases regu- 
lated during Dictyostelium discoideum development. Gene 
102:57-65 (1991). 

35. Camonis JH, Kakeline M, Bernard G, Garreau H, Boy- 
Marcotte E, Jacquet M: Characterization, cloning and 
sequence analysis of the CDC25 gene which controls the 
cyclic AMP level of Saccharomyces cerevisiae. EMBO J 
5:375-380 (1986). 

36. Camps M, Hou C, Sidiropoulos D, Stock JB, Jakobs 
KH, Gierschik P: Stimulation of phospholipase C by 
guanine-nucleotide-binding protein f17 subunits. Eur J 
Biochem 206:821-831 (1992). 

37. Cannon JF, Tatchell K: Characterization of Saccharo- 
myces cerevisiae genes encoding subunits of cyclic AMP- 
dependent protein kinase. Mol Cell Biol 7:2653-2663 
(1987). 

38. Cantley LC, Auger KR, Carpenter C, Duckworth B, 
Graziani A, Kapeller R, Soltoff S: Oncogenes and sig- 
nal transduction. Cell 64:281-302 (1991). 

39. Carozzi A, Camps M, Gierschik P, Parker PJ: Activa- 
tion of phosphatidylinositol lipid-specific phospholipase 
C f13 by G-protein fl~; subunits. FEBS Lett 315:340-342 
(1993). 

40. Chang MS, Lowe DG, Lewis M, Hellmiss R, Chen E, 
Goeddel DV: Differential activation by atrial and brain 
natriuretic peptides of two different receptor guanylate 
cyclases. Nature 341:68-72 (1989). 

41. Charbonneau H, Tonks NK, Walsh KA, Fischer EH: 
The leukocyte common antigen (CD45): a putative 
receptor-linked protein tyrosine phosphatase. Proc Natl 
Acad Sci USA 85:7182-7186 (1988). 

42. Charbonneau H, Tonks NK, Kumar S, Diltz CD, 
Harrylock M, Cool DE, Kregs EG, Fischer EH, Walsh 
KA: Human placenta protein-tyrosine-phosphatase: 
amino acid sequence and relationship to a family of 
receptor-like proteins. Proc Natl Acad Sci USA 86: 
5252-5256 (1989). 

43. Chardin P, Camonis J, Gale WL, Van Aelst L, 
Schlessinger J, Wigler MH, Bar-Sagi D: Human Sosl: 
a guanine nucleotide exchange factor for Ras that binds 
to GRB2. Science 260:1338-1343 (1993). 

44. Chinkers M, Garbers DL: The protein kinase domain of 
the ANP receptor is required for signalling. Science 245: 
1392-1394 (1989). 

45. Chinkers M, Garbers DL, Chang MS, Lowe DG, 
Chin H, Goeddel DV, Schulz S: A membrane form of 
guanylate cyclase is an atrial natriuretic peptide recep- 
tor. Nature 338:78-83 (1989). 

46. Chinkers M, Garbers DL: Signal transduction by gua- 
nylyl cyclases. Annu Rev Biochem 60:553-575 (1991). 



47. Choi EJ, Xia Z, Storm DR: Stimulation of the type III 
olfactory adenylyl cyclase by calcium and calmodulin. 
Biochemistry 31:6492-6498 (1992). 

48. Choi EJ, Xia Z, Villacres EC, Storm DR: The regulatory 
diversity of the mammalian adenylyl cyclases. Curr Opin 
Cell Biol 5:269-273 (1993). 

49. Cifuentes ME, Honkanen L, Rebecchi M J: Proteolytic 
fragments of phosphoinositide-specific phospholipase 
C61 - catalytic and membrane binding properties. J Biol 
Chem 268:11586-11593 (1993). 

50. Clark JD, Lin LL, Kriz RW, Ramesha CS, Sultzman 
LA, Lin AY, Milona N, Knopf JL: A novel araehidonic 
acid-selective cytosolic PLA 2 contains a Ca 2 + -depen- 
dent translocation domain with homology to PKC and 
GAP. Cell 65:1043-1051 (1991). 

51. Clark SG, Stern MJ, Horvitz HR: C. elegans cell- 
signalling gene sem-5 encodes a protein with SH2 and 
SH3 domains. Nature 356:340-344 (1992). 

52. Cockroft S: G-protein-regulated phospholipases C, D 
and Az-mediated signalling in neutrophils. Biochim Bio- 
phys Acta 1113:135-160 (1992). 

53. Cockroft S, Thomas GMH: Inositol-lipid-specific phos- 
pholipase C isoenzymes and their differential regulation 
by receptors. Biochem J 288:1-14 (1992). 

54. Cockroft S, Thomas GMH, Fensome A, Geny B, 
Cunningham E, Gout I, Hiles I, Totty NF, Truong O, 
Hsuan J J: Phospholipase D: a downstream effector of 
ARF in granulocytes. Science 263:523-526 (1994). 

55. Conklin BR, Bourne HR: Structural elements of Galpha 
subunits that interact with G protein/3y, receptors and 
effectors. Cell 73:631-641 (1993). 

56. Crews CM, Alessandrini A, Erikson RL: The primary 
structure of MEK, a protein kinase that phosphorylates 
the ERK gene product. Science 258:478-480 (1992). 

57. DeFeo-Jones D, Scolnick EM, Koller R, Dhar R: 
Ras-related gene sequences identified and isolated 
from Saccharomyces cerevisiae. Nature 306:707-709 
(1983). 

58. De Gunzburg J, Veron M: A cAMP-dependent protein 
kinase is present in differentiating Dictyostelium discoi- 
deum cells. EMBO J 1:1063-1068 (1982). 

59. De Gunzburg J, Part D, Guiso N, Veron M: An unusual 
adenosine 3'5'-phosphate dependent protein kinase 
from Dictyostelium discoideum. Biochemistry 23: 3805- 
3812 (1984). 

60. Dekker LV, Parker PJ: Protein kinase C - a question of 
specificity. Trends Biochem Sci 19:73-77 (1994). 

61. Dent P, Haser W, Haystead TAJ, Vincent LA, Robers 
TM, Sturgill TW: Activation of mitogen-activated pro- 
tein kinase kinase by v-Rafin NIH 3T3 cells and in vitro. 
Science 257:1404-1407 (1992). 

62. Desai DM, Sap J, Schlessinger J, Weiss A: Ligand- 
mediated negative regulation of a chimeric transmem- 
brane receptor tyrosine phosphatase. Cell 73:541-554 
(1993). 

63. Devreotes P: Dictyostelium discoideum: a model system 

1261 

for cell-cell interactions and development. Science 245: 
1054-1058 (1989). 

64. de Wit RJW, Arents JC, van Driel R: Ligand binding 
properties of the cytoplasmic cAMP-binding protein of 
Dictyostelium discoideum. FEBS Lett 145: 150-154 
(1982). 

65. Dhallan RS, Yau K, Schrader KA, Reed RR: Primary 
structure and functional expression of a cyclic nucle- 
otide-activated channel from olfactory neurons. Nature 
347:184-187 (1990). 

66. Dietzel C, Kurjan J: The yeast SCG1 gene: a Get-like 
protein implicated in the a and s-factor response path- 
way. Cell 50:1001-1010 (1987). 

67. DivechaN, Banff6 H, Irvine RF: The polyphosphoi- 
nositide cycle exists in the nuclei of Swiss 3T3 cells 
under the control of a receptor (for IGF-1) in the plasma 
membrane, and stimulation of the cycle increases nuclear 
diacylglycerol and apparently induces translocation of 
protein kinase C to the nucleus. EMBO J 10:3207-3214 
(1991). 

68. Divecha N, Banfic H, Irvine RF: Inositides and the 
nucleus and inositides in the nucleus. Cell 74:405-407 
(1993). 

69. Divecha N, Rhee SG, Letcher AJ, Irvine RF: Phosphoi- 
nositide signalling enzymes in rat liver nuclei: phosphoi- 
nositidase C isoform/31 is specifically, but not predomi- 
nantly, located in the nucleus. Biochem J 289:617-620 
(1993). 

70. Dizhoor AM, Ray S, Kumar S, Niemi G, Spencer M, 
Brolley D, Walsh KA, Philipov PP, Hurley JB, Stryer L: 
Recoverin: a calcium sensitive activator of retinal rod 
guanylate cyclase. Science 251:915-918 (1991). 

71. Drayer AL, van Haastert PJM: Molecular cloning and 
expression of a phosphoinositide-specific phospholi- 
pase C of Dictyostelium discoideum. J Biol Chem 267: 
18387-18392 (1992). 

72. Drayer AL, van der Kaay J, Mayr GW, van Haastert 
PJM: Role of phospholipase C in Dictyostefium: forma- 
tion of inositol 1,4,5-trisphosphate and normal develop- 
ment in cells lacking phospholipase C activity. EMBO 
J 13:1601-1609 (1994). 

73. Emori Y, Homma Y, Sorimachi H, Kawasaki H, 
Nakanisho O, Suzuki K, Takenawa TA: A second type 
of rat phosphoinositide-specific phospholipase C con- 
taining a src-related sequence not essential for phos- 
phoinositide-hydrolyzing activity. J Biol Chem 264: 
21885-21890 (1989). 

74. Errede B, Levin DE: A conserved kinase cascade for 
MAP kinase activation in yeast. Curr Opin Cell Biol 5: 
254-260 (1993). 

75. Errede B, Gartner A, Zhou Z, Nasmyth K, Ammerer G: 
Map kinase-related FUS3 from Saccharomyces cerevi- 
siae is activated by Ste7 in vitro. Nature 362:261-267 
(1993). 

76. Evans RM: The steroid and thyroid hormone receptor 
superfamily. Science 240:889-895 (1988). 

[25] 



1262 

77. Exton JH: Signalling through phosphatidylcholine 
breakdown. J Biol Chem 265:1-4  (1990). 

78. Fantl WJ, Escobedo JA, Martin GA, Turck CW, Cel 
Rosario M, McCormick F, Williams LT: Distinct phos- 
photyrosines on a growth factor receptor bind to specific 
molecules that mediate different signalling pathways. 
Cell 69:413-423 (1992). 

79. Federman AD, Conklin BR, Schrader KA, Reed RR, 
Bourne HR: Hormonal stimulation of adenylyl cyclase 
through Gi-protein fit subunits. Nature 356:159-161 
(1992). 

80. Feinstein PG, Schrader KA, Bakalyar HA, Tang WJ, 
Krupinski J, Gilman AG, Reed RR: Molecular cloning 
and characterization of a Ca 2 +/calmodulin-insensitive 
adenylyl cyclase from rat brain. Proc Natl Acad Sci 
USA 88:10173-10177 (1991). 

81. Feng GS, Hui CC, Pawson T: SH2-containing phos- 
photyrosine phosphatase as a target of protein-tyrosine 
kinases. Science 259:1607-1607 (1993). 

82. Ferreira PA, Shortridge RD, Pak WL: Distinctive sub- 
types of bovine phospholipase C that have preferential 
expression in the retina and high homology to the norpA 
gene product of Drosophila. Proc Natl Acad Sci USA 90: 
6042-6046 (1993). 

83. Ferris CD, Huganir RL, Supattapone S, Snyder SH: 
Purified inositol 1,4,5-trisphosphate receptor mediates 
calcium flux in reconstituted lipid vesicles. Nature 342: 
87-89 (1989). 

84. Ferris CD, Huganir RL, Snyder SH: Calcium flux me- 
diated by purified inositol 1,4,5-trisphosphate receptor 
in reconstituted lipid vesicles is allosterically regulated 
by adenine nucleotides. Proc Natl Acad Sci USA 87: 
2147-2151 (1990). 

85. Ferris CD, Cameron AM, Bredt DS, Huganir RL, 
Snyder SH: Autophosphorylation of inositol 1,4,5- 
trisphosphate receptors. J Biol Chem 267:7036-7041 
(1992). 

86. Fino Silva I, Plasterk RHA: Characterization of a 
G-protein ~-subunit gene from the nematode Caenorhab- 
ditis elegans. J Mol Biol 215:483-487 (1990). 

87. Fischer EH, Charbonneau H, Tonks NK: Protein ty- 
rosine phosphatases: a diverse family of intracellular 
and transmembrane enzymes. Science 253:401-406 
(1991). 

88. Flick JS, Thorner J: Genetic and biochemical charac- 
terization of a phosphatidylinositol-specific phospholi- 
pase C in Saccharomyces cerevisiae. Mol Cell Biol 13: 
5861-5876 (1993). 

89. Freeman RM, Plutzky J, Neel BG: Identification of a 
human src homology 2-containing protein-tyrosine- 
phosphatase: a putative homolog of Drosophila cork- 
screw. Proc Natl Acad Sci USA 89:11239-11243 
(1992). 

90. Fukui Y, Kaziro Y: Molecular cloning and sequence 
analysis of a ras gene from Schizosaccharomyces 
pombe. EMBO J 4:687-691 (1985). 

[26] 

91. Furuichi T, Yoshikawa S, Niyawaki A, Wada K, Maeda 
N, Mikoshiba K: Primary structure and functional ex- 
pression of the inositol 1,4,5-trisphosphate-binding 
protein P400. Nature 342:32-38 (1989). 

92. Gao B, Gilman AG: Cloning and expression of a widely 
distributed (type IV) adenylyl cyclase. Proc Natl Acad 
Sci USA 88:10178-10182 (1991). 

93. Garbers DL: Guanylyl cyclase receptors and their en- 
docrine, paracrine, and autocrine ligands. Cell 71 :1 -4  
(1992). 

94. Garritsen A, van Galen PJM, Simonds WF: The 
N-terminal coiled-coil domain of fl is essential for 7 
association: a model for G-protein f17 subunit inter- 
action. Proc Natl Acad Sci USA 90:7706-7710 (1993). 

95. Gill DL: Receptor kinships revealed. Nature 342:16-18 
(1989). 

96. Gille H, Sharrocks AD, Shaw PE: Phosphorylation of 
transcription factor p62 TcF by MAP kinase stimulates 
ternary complex formation at c-fos promotor. Nature 
358:414-417 (1992). 

97. Giuili G, Scholl U, Bulle F, Guella~n G: Molecular 
cloning of the cDNAs coding for the two subunits of 
soluble guanylyl cyclase from human brain. FEBS Lett 
304:82-88 (1992). 

98. Gould KL, Nurse P: Tyrosine phosphorylation of the 
fission yeast cdc2 + protein kinase regulates entry into 
mitosis. Nature 342:39-45 (1989). 

99. Greenfield C, Hils I, Waterfield MD, Federwisch W, 
Wollmer A, Blundell TL, McDonald N: EGF binding 
induces a conformational change in the external domain 
of its receptor. EMBO J 8:4155-4124 (1989). 

100. Grenningloh G, Rienitz A, Schmitt B, Methfessel C, 
Zensen M, Beyreuther K, Gundelfinger ED, Betz H: 
The strychnine-binding subunit of the glycine receptor 
shows homology with nicotinic acetylcholine receptors. 
Nature 328:215-220 (1987). 

101. Hadwiger JA, Wilkie TM, Stratmann M, Firtel RA: 
Identification of Dictyostelium G~ genes expressed dur- 
ing multicellular development. Proc Natl Acad Sci USA 
88:8213-8217 (1991). 

102. Hadwiger JA, Firtel RA: Analysis of G~4, a G-protein 
subunit required for multicellular development in Dicty- 
ostelium. Genes Devel 6 :38-49 (1992). 

103. Hafen E, Basler K, Edstroem JE, Rubin GM: Seven- 
less, a cell-specific homeotic gene of Drosophila, encodes 
a putative transmembrane receptor with a tyrosine ki- 
nase domain. Science 236:55-63 (1987). 

104. Haga K, Haga T: Activation by G protein f17 subunits 
of agonist- or light-dependent phosphorylation of mus- 
carinic acetylcholine receptors and rhodopsin. J Biol 
Chem 267:2222-2227 (1992). 

105. Hagen DC, McCaffrey G, Sprague Jr GF: Evidence the 
yeast STE3 gene encodes a receptor for the peptide 
pheromone a factor: gene sequence and implications for 
the structure of the presumed receptor. Proc Natl Acad 
Sci USA 83:1418-1422 (1986). 



106. Hall A: Ras-related proteins. Curr Opin Cell Biol 5: 
265-268 (1993). 

107. Hanks SK, Quinn AM, Hunter T: The protein kinase 
family: conserved features and deduced phylogeny of the 
catalytic domains. Science 241:42-51 (1988). 

108. Harteneck C, Koesling D, SOling A, Schultz G, B~hme 
E: Expression of soluble guanylyl cyclase - catalytic 
activity requires two enzyme subunits. FEBS Lett 272: 
221-223 (1990). 

109. Harteneck C, Wedel B, Koesling D, Malkewitz J, Brhme 
E, Schultz G: Molecular cloning and expression of a 
new ct-subunit of soluble guanylyl cyclase - interchange- 
ability of the ct-subunits of the enzyme. FEBS Lett 292: 
217-222 (1991). 

110. Hattori S, Fukuda M, Yamashita T, Nakamura S, 
Gotoh Y, Nishida E: Activation of mitogen-activated 
protein kinase and its activator by ras in intact cells and 
in a cell-free system. J Biol Chem 267:20346-20351 
(1992). 

111. Heldin CH, Ernlund A, Rorsman C, Rrnnstrand L: 
Dimerization of the B-type platelet-derived growth fac- 
tor receptors occurs after ligand binding and is closely 
associated with receptor kinase activation. J Biol Chem 
264:8905-8912 (1989). 

112. Henderson R, Baldwin JM, Ceska TA, Zemlin F, 
Beckmann E, Downing KH: Model for the structure of 
bacteriorhodopsin based on high-resolution electron 
cryo-microscopy. J Mol Biol 213:899-929 (1990). 

113. Hepler JR, Gilman AG: G proteins. Trends Biochem 
Sci 17:383-387 (1992). 

114. Hill TD, Dean NM, Mordan LJ, Lau AF, Kanemitsu 
MY, Boynton AL: PDGF-induced activation of phos- 
pholipase C is not required for induction of DNA syn- 
thesis. Science 248:1660-t663 (1990). 

115. Hocevar BA, Fields AP: Selective translocation offlII-  
protein kinase C to the nucleus of human promyelocytic 
(HL60) leukemia cells. J Biol Chem 266:28-33 (1991). 

116. Hofmann F, Dostmann W, Keilbach A, LandgrafW, 
Ruth P: Structure and physiological role of cGMP- 
dependent protein kinase. Biochim Biophys Acta 1135: 
51-60 (1992). 

117. House C, Kemp B: Protein kinase C contains a pseu- 
dosubstrate prototope in its regulatory domain. Science 
238:1726-1728 (1987). 

118. Howard PK, Sefton BM, Firtel RA: Analysis of a spa- 
tially regulated phosphotyrosine phosphatase identifies 
tyrosine phosphorylation as a key regulatory pathway in 
Dictyostelium. Cell 71:637-647 (1992). 

119. Hughes DA, Yamamoto M: Ras and signal transduc- 
tion during sexual differentiation in the fission yeast 
Schizosaccharomyces pombe. In: Kurjan J, Taylor BL 
(eds) Signal Transduction: Prokaryotic and Simple Eu- 
karyotic Systems, pp. 123-146. Academic Press, New 
York (1993). 

120. Hunter T: A thousand and one protein kinases. Cell 50: 
823-829 (1987). 

1263 

121. Hurley JB, Dizhoor AM, Ray S, Stryer L: Recoverin's 
role: conclusion withdrawn. Science 260:740 (1993). 

122. Hurley JB: G proteins of Drosophila melanogaster. In: 
Kurjan J, Taylor BL (eds) Signal Transduction: 
Prokaryotic and Simple Eukaryotic Systems, pp. 377- 
389. Academic Press, New York (1993). 

123. Isshiki T, Mochizuki N, Maeda T, Yamamoto M: Char- 
acterization of a fission yeast gene, gpa2, that encodes 
a G~ subunit involved in the monitoring of nutrition. 
Genes Devel 6:2455-2462 (1992). 

124. Iino M, Endo M: Calcium-dependent immediate feed- 
back control of inositol 1,4,5-trisphosphate-induced 
Ca 2+ release. Nature 360:76-78 (1992). 

125. Inagami T: Atrial natriuretic factor. J Biol Chem 264: 
3043-3046 (1989). 

126. IngleseJ, Freedman NJ, Koch WJ, Lefkowitz RJ: 
Structure and mechanism of the G protein-coupled 
receptor kinases. J Biol Chem 268:23735-23738 
(1993). 

127. Janssens PMW, de Jong CCC, Vink AA, van Haastert 
PJM: Regulatory properties of magnesium-dependent 
guanylate cyclase in Dictyostelium discoideum mem- 
branes. J Biol Chem 264:4329-4335 (1989). 

128. Johnson KE, Cameron S, Toda T, Wigler M, Zoller MJ: 
Expression in Escherichia coli of BCY1, the regulatory 
subunit of cyclic AMP-dependent protein kinase from 
Saccharomyces cerevisiae - purification and character- 
ization. J Biol Chem 262:8636-8642 (1987). 

129. Johnson RL, Saxe CL, Gollop R, Kimmel AR, Dev- 
reotes PN: Identification and targeted gene disruption of 
cAR3, a cAMP receptor subtype expressed during mul- 
ticellular stages of Dictyostelium development. Genes 
Devel 7:273-282 (1992). 

130. Jones DT, Reed RR: Golf: an olfactory neuron specific-G 
protein involved in odorant signal transduction. Science 
244:790-795 (1989). 

131. Kahn RA, Yucel JK, MalhotraV: ARF signalling: a 
potential role for phospholipase D in membrane traffic. 
Cell 75:1045-1048 (1993). 

132. Kalderon D, Rubin GM: cGMP-dependent protein 
kinase genes in Drosophila. J Biol Chem 264: 10738- 
10748 (1989). 

133. Katoaka T, Powers S, McGill C, Fasano O, Strathern J, 
Broach J, Wigler M: Genetic analysis of yeast RAS1 
and RAS2 genes. Cell 37:437-445 (1984). 

134. KataokaT, Broek D, Wigler M: DNA sequence and 
characterization of the S. cerevisiae gene encoding ade- 
nylate cyclase. Cell 43:493-505 (1985). 

135. Katsushika S, Chen L, Kawabe J, Nilakantan R, Halnon 
NJ, Homcy C J, Ishikawa Y: Cloning and characteriza- 
tion of a sixth adenylyl cyclase isoform: types V and VI 
constitute a subgroup within the mammalian adenylyl 
cyclase family. Proc Natl Acad Sci USA 89:8744-8778 
(1992). 

136. Kaupp UB, Niidome T, Tanabe T, Terada S, Bonigk W, 
et aL: Primary structure and functional expression from 

[271 



1264 

complementary DNA of the rod photoreceptor cyclic 
GMP-gated channel. Nature 342:762-766 (1989). 

137. Kawamura S: Rhodopsin phosphorylation as a mecha- 
nism of cyclic GMP phosphodiesterase regulation by 
S-modulin. Nature 362:855-857 (1993). 

138. Kazlauskas A, Cooper JA: Autophosphorylation of the 
PDGF receptor in the kinase insert region regulates 
interactions with cell proteins. Cell 58:1121-1132 
(1989). 

139. Kazlauskas A, Kashishian A, Cooper JA, Valius M: 
GTPase-activating protein and phosphatidylinositol 
3-kinase bind to distinct regions of the platelet-derived 
growth factor receptor ~ subunit. Mol Cell Biol 12: 
2534-2544 (1992). 

140. Kazlauskas A, Feng GS, Pawson T, Valius M: The 
64 kD protein that associates with the PDGF receptor 
subunit via tyrosine 1009 is the SH2 containing phos- 
photyrosine phosphatase Syp. Proc Natl Acad Sci USA 
90:6939-6942 (1993). 

141. Kesbeke F, Snaar-Jagalska BE, van Haastert PJM: Sig- 
nal transduction in Dictyostelium fgdA mutants with a 
defective interaction between surface cAMP receptor 
and a GTP-binding regulatory protein. J Cell Biol 197: 
521-528 (1988). 

142. Kitamura K, Shimoda C: The Schizosaccharomyces 
pombe mam2 gene encodes a putative pheromone recep- 
tor which has a significant homology with the Saccha- 
romyces cerevisiae Ste2 protein. EMBO J 10:3743-3751 
(1991). 

143. Klein PS, Sun TJ, Saxe CL, Kimmel AR, Johnson RJ, 
Devreotes PN: A chemoattractant receptor controls de- 
velopment in Dictyostelium discoideum. Science 241: 
1467-1472 (1988). 

144. Klump S, Kleefeld G, Schultz JE: Calcium/calmodulin- 
regulated guanylate cyclase of the excitable ciliary mem- 
brane from Paramecium. J Biol Chem 258:12455-12549 
(1983). 

145. Knighton DR, ZhengJ, Ten Eyck LF, Ashford VA, 
Xuong N, Taylor S S, S owadski J M: Crystal structure of 
the catalytic subunit of cyclic adenosine monophos- 
phate-dependent protein kinase. Science 254:407-414 
(1991). 

146. Knighton DR, Zheng J, Ten Eyck LF, Xyong N, Taylor 
S S, Sowadski JM: Structure ofa peptide inhibitor bound 
to the catalytic subunit of cyclic adenosine monophos- 
phate-dependent protein kinase. Science 253:414-420 
(1991). 

147. Koch CA, Anderson D, Moran MF, Ellis C, Pawson T: 
SH2 and SH3 domains: elements that control interac- 
tions of cytoplasmic signaling molecules. Science 252: 
668-674 (1991). 

148. Koide H, Ogita K, Kikkawa U, Nishizuka Y: Isolation 
and characterization of the e subspecies of protein ki- 
nase C from rat brain. Proc Natl Acad Sci USA 89: 
1149-1153 (1992). 

149. Koch W, Heidecker G, Kochs G, et al. : Protein kinase C 

[28] 

activates RAF-1 by direct phosphorylation. Nature 
364:249-252 (1993). 

150. Koller KJ, De Sauvage FJ, Lowe DG, Goeddel DV: 
Conservation of the kinaselike regulatory domain is 
essential for activation of the natriuretic peptide recep- 
tor guanylyl cyclases. Mol Cell Biol 12:2581-2590 
(1992). 

151. Koretzky GA, Picus J, Thomas ML, Weiss A: Tyrosine 
phosphatase CD45 is essential for coupling T-cell anti- 
gen receptor to the phosphatidylinositol pathway. Na- 
ture 346:66-68 (1990). 

152. Koretzky GA, Picus J, Schultz T, Weiss A: Tyrosine 
phosphatase CD45 is required for T-cell antigen recep- 
tor and CD2-mediated activation of a protein tyrosine 
kinase and interleukin 2 production. Proc Natl Acad Sci 
USA 88:2037-2041 (1991). 

153. Krueger NX, Streuli M, Saito H: Structural diversity 
and evolution of human receptor-like protein tyrosine 
phosphatases. EMBO J 9:3241-3252 (1990). 

154. Krupinski J, Coussen F, Bakalyar HA, Tang WJ, 
Feinstein PG, Orth K, Slaughter C, et al.: Adenylyl 
cyclase amino acid sequence: possible channel- or 
transporter-like structure. Science 244: 1558-1564 
(1989). 

155. Kumagai A, Pupillo M, Gundersen R, Miake-Lye R, 
Devreotes PN, Firtel RA: Regulation and function of 
G~ protein subunits in Dictyostelium. Cell 57:265-275 
(1989). 

156. Kume S, Muto A, Aruga J, Nakagawa T, Michikawa Y, 
Furuichi T, Nakade S, Okano H, Mikoshiba K: The 
Xenopus IP 3 receptor: structure, function, and localiza- 
tion in oocytes and eggs. Cell 73:555-570 (1993). 

157. Kyriakis JM, App H, Zhang X, Banerjee P, Brautigan 
DL, Rapp UR, Avruch J: Raf-1 activates MAP kinase- 
kinase. Nature 358:417-421 (1992). 

158. Labib K, Nurse P: Bring on the phosphatases. Curr Biol 
3:164-166 (1993). 

159. Lambrecht HG, Koch KW: A 26 kD calcium binding 
protein from bovine rod outer segments as modulator of 
photoreceptor guanylate cyclase. EMBO J 10:793-798 
(1991). 

160. Lange-Carter Ca, Pleiman CM, Gardener AM, Blumer 
KJ, Johnson GL: A divergence in the MAP kinase regu- 
latory network defined by MEK kinase and Raf. Science 
260:315-319 (1993). 

161. Langosch D, Thomas L, Betz H: Conserved quaternary 
structure of ligand-gated ion channels: the postsynaptic 
glycine receptor is a pentamer. Proc Natl Acad Sci USA 
85:7394-7398 (1988). 

162. Leach KL, RuffVA, Jarpe MB, Adams LD, Fabbro D, 
Raben DM: ~-Thrombin stimulates nuclear diglyceride 
levels and differential nuclear localization of protein ki- 
nase C isozymes in IIC9 cells. J Biol Chem 267: 21816- 
21822 (1992). 

163. Leberer E, Dignard D, Harcus D, Thomas DY, 
Whiteway M: The protein kinase homologue Ste20p is 



required to link the yeast pheromone response G-protein 
/37 subunits to downstream signalling components. 
EMBO J: 11:4815-4824 (1992). 

164. Lee CH, Park D, Wu D, Rhee SG, Simon MI: Members 
of the Gqct subunit gene family activate phospholipase 
C-fl isozymes. J Biol Chem 267:16044-16047 (1992). 

165. Lefkowitz RJ: Protein-coupled receptor kinases. Cell 
74:409-412 (1993). 

166. Lefkowitz RJ, Caron MG: Adrenergic receptors - 
models for the study of receptors coupled to guanine 
nucleotide regulatory proteins. J Biol Chem 263: 4993- 
4996 (1988). 

167. Leichtling BH, Spitz E, Rickenberg HV: A cAMP- 
binding protein from Dictyostelium discoideum regu- 
lates mammalian protein kinase. Biochem Biophys Res 
Common Biophys 100:515-522 (1981). 

168. Levin DR, Fields FO, Kuniswawa R, Bishop JM, 
Thorner J: A candidate protein kinase C gene, PKC1, is 
required for the S. cerevisiae cell cycle. Cell 62:213-224 
(1990). 

169. Levin LR, Han PL, Hwang PM, Feinstein PG, Davis 
RL, Reed RR: The Drosophila learning and memory gene 

2 +  rutabaga encodes a Ca /calmodulin-responsive adeny- 
lyl cyclase. Cell 68:479-489 (1992). 

170. Lerea CL, Somers DE, Hurley JB, Klock IB, Bunt- 
Milam AH: Identification of specific transducin ct sub- 
units in retinal rod and cone photoreceptors. Science 
234:77-80 (1986). 

171. Lilly P, Wu L, Welker DL, Devreotes PNA: G-protein 
fl subunit is essential for Dictyostelium development. 
Genes Devel 7:986-995 (1993). 

172. Lincoln TM, Thompson M, Cornwell TL: Purification 
and characterization of two forms of cyclic GMP- 
dependent protein kinase from bovine aorta. J Biol Chem 
263:17632-17637 (1988). 

173. Liscovitch M: Crosstalk among multiple signal-acti- 
vated phospholipases. Trends Biochem Sci 17:393-399 
(1992). 

174. Liyanage M, Frith D, Livneh E, Stabel S: Protein 
kinase C group B members PKC-5, -e, -~, and PKC- 
LOt) - comparison of properties of recombinant pro- 
tein in vitro and in vivo. Biochem J 283 :781-787  
(1992). 

175. Lochrie MA, Mendel JE, Sternberg PW, Simon MI: 
Homologous and unique G protein alpha subunits in the 
nematode Caenorhabditis elegans. Cell Regul 2:135-154 
(1991). 

176. Loewenstein WR: The cell-to-cell channel of gap junc- 
tions. Cell 48:725-726 (1987). 

177. Logothetis DE, Kurachi Y, Galper J, Neer EJ, Clapham 
DE: The f17 subunits of GTP-binding proteins activate 
the muscarinic K + channel in heart. Nature 325: 321- 
326 (1987). 

178. Lowe DG, Chang MS, Hellmiss R, Cben E, Singh S, 
Garbers DL, Goeddel DV: Human atrial natriuretic 
peptide receptor defines a new paradigm for second 

1265 

messenger signal transduction. EMBO J 8:1377-1384 
(1989). 

179. Lowenstein EJ, Daly RJ, Batzer AG, Li W, Margolis B, 
Lammers R, Ullrich A, Skolnik EY, Bar-Sagi D, 
Schlessinger J: The SH2 and SH3 domain-containing 
protein GRB2 links receptor tyrosine kinases to ras sig- 
nalling. Cell 70:431-442 (1992). 

180. Lud6rus MEE, van der Most RG, Otte AP, van Driel R: 
A protein kinase C-related enzyme activity in Dictyoste- 
lium discoideum. FEBS Lett 253:71-75 (1989). 

181. Ma HW, Blitzer RD, Healy ED, Premont RT, Landau 
EM, Iyengar R: Receptor-evoked Cl-current in Xenopus 
Oocytes is mediated through a fl-type phospholipase C. 
J Biol Chem 268:19915-19918 (1993). 

182. Maeda N, Kawasaki T, Nakade S, Yokota N, Taguchi 
T, Kasai M, Mikoshiba K: Structural and functional 
characterization of inositol 1,4,5-trisphosphate receptor 
channel from mouse cerebellum. J Biol Chem 266: 
1109-1116 (1991). 

183. Mann SKO, Yonemoto WM, Taylor SS, Firtel RA: 
DdPK3, which plays essential roles during Dictyostelium 
development, encodes the catalytic subunit of cAMP- 
dependent protein kinase. Proc Natl Acad Sci USA 89: 
10701-10705 (1992). 

184. Margolis B, Li N, Koch A, Mohammadi M, Hurwitz D, 
Ullrich A, Zilberstein A, Pawson T, Schlessinger J: The 
tyrosine phosphorylated carboxy terminus of the EGF 
receptor is a binding site for GAP and PLCT. EMBO J 
9:4375-4380 (1990). 

185. Martelli AM, Gilmour RS, BertagnoloV, Neri LM, 
Manzoli L, Cocco L: Nuclear localization and signalling 
activity of phosphoinositidase Cfl in Swiss 3T3 cells. 
Nature 358:242-245 (1992). 

186. MatsumotoK, UnoI ,  OshimaY, IshikawaT: Iso- 
lation and characterization of yeast mutants deficient 
in adenylate cyclase and cAMP-dependent protein 
kinase. Proc Natl Acad Sci USA 79:2355-2359 
(1982). 

187. McKay DB, Weber IT, Steitz TA: Structure of catabo- 
lite gene activator protein at 2.9-A resolution. J Biol 
Chem 257:9518-9524 (1982). 

188. McLaughlin SK, McKinnon PJ, Margolskee RF: Gust- 
ducin is a taste-cell-specific G protein closely related to 
the transducins. Nature 357:563-569 (1992). 

189. M6ry PF, Lohmann SM, Walter U, FischmeisterR: 
C a  2+ current is regulated by cyclic GMP-dependent 
protein kinase in mammalian cardiac myocytes. Proc 
Natl Acad Sci USA 88:1197-1201 (1991). 

190. Mignery GA, Stidhof TC, Takei K, De Camilli P: Pu- 
tative receptor for inositol 1,4,5-trisphosphate similar to 
ryanodine receptor. Nature 342:192-195 (1989). 

191. Mignery GA, Sfadhof TC: The ligand binding site and 
transduction mechanism in the inositol-l,4,5-triphos- 
phate receptor. EMBO J 9:3893-3898 (1990). 

192. Mignery GA, Johnston PA, Sudhof TC: Mechanism of 
Ca2 + inhibition of inositol 1,4,5-trisphosphate (InsP3) 

[29] 



1266 

binding to the cerebellar InsP3 receptor. J Biol Chem 
267:7450-7455 (1992). 

193. Millar JBA, Lenaers G, Russel P: Pyp3 PTPase acts as 
a mitotic inducer in fission yeast. EMBO J 11: 4933- 
4941 (1992). 

194. Millar JBA, Russel P, Dixon JE, Guan KL: Negative 
regulation of mitosis by two functionally overlapping 
PTPases in fission yeast. EMBO J 11:4943-4952 (1992). 

195. Miyajima I, Nakafuku M, Nakayama N, Brenner C, 
Miyajima A, Kaibuchi AK, Arai K, Kaziro Y, Matsu- 
moto K: GPA1, a haploid-specific essential gene, en- 
codes a yeast homolog of mammalian G protein which 
may be involved in mating factor signal transduction. 
Cell 50:1011-1019 (1987). 

196. Mohammadi M, Dionne Ca, LiW, Li N, SpivakT, 
Honegger AM, Jaye M, Schlessinger J: Point mutation 
in F G F  receptor eliminates phosphatidylinositol hy- 
drolysis without affecting mitogenesis. Nature 358:681- 
684 (1992). 

197. Moran MF, Koch CA, Anderson D, Ellis C, England L, 
Martin GS, Pawson T: Src homology region 2 domains 
direct protein-protein interactions in signal transduction. 
Proc Natl Acad Sci USA 87:8622-8626 (1990). 

198. Mustelin T, Coggeshall KM, Altman A: Rapid activa- 
tion of the T-cell tyrosine protein kinase pp56 l~k by the 
CD45 phosphotyrosine phosphatase. Proc Natl Acad 
Sci USA 86:6302-6306 (1989). 

199. Mutzel R, Lacombe ML, Simon MN, De Gunzburg J, 
Veron M: Cloning and cDNA sequence of the regulatory 
subunit of cAMP-dependent protein kinase from Dicty- 
ostelium discoideum. Proc Natl Acad Sci USA 84:6-10 
(1987). 

200. Nakafuku M, Itoh H, Nakamura S, Kaziro Y: Occur- 
rence in Saccharomyces cerevisiae of a gene homologous 
to the cDNA coding for the subunit of mammalian G 
proteins. Proc Natl Acad Sci USA 84:2140-2144 
(1987). 

201. Nakafuku M, Obara T, Kaibuchi K, Miyajima I, Miya- 
jima A, Itoh H, Nakamura S, Arai K, Matsumoto K, 
Kaziro Y: Isolation of a second yeast Saccharomyces 
cerevisiae gene (GPA2) coding for guanine nucleotide- 
binding regulatory protein: studies on its structure and 
possible functions. Proc Natl Acad Sci USA 85: 1374- 
1378 (1988). 

202. Nakane M, Arai K, Saheki S, Kuno T, Buechler W, 
Murad F: Molecular cloning and expression of cDNAs 
coding for soluble guanylate cyclase from rat lung. J Biol 
Chem 265:16841-16845 (1990). 

203. Nakanishi H, Brewer KA, Exton JH: Activation of the 
isozyme of protein kinase C by phosphatidylinositol 

3,4,5-trisphosphate. J Biol Chem 268:13-16 (1993). 
204. Nakanishi S: Molecular diversity of glutamate receptors 

and implications for brain function. Science 258: 597- 
603 (1992). 

205. Nakayama N, Miyajima A, Arai K: Nucleotide se- 
quences of STE2 and STE3, cell type-specific sterile 

[301 

genes from Saccharomyces cerevisiae. EMBO J 4: 2643- 
2648 (1985). 

206. Nathans J, Hogness DS: Isolation and nucleotide se- 
quence of the gene encoding human rhodopsin. Proc 
Natl Acad Sci USA 81:4851-4855 (1984). 

207. Nathans J, Thomas D, Hogness DS: Molecular genet- 
ics of human color vision: the genes encoding blue, green, 
and red pigments. Science 232:193-202 (1986). 

208. Nishida E, Gotoh Y: The map kinase cascade is essen- 
tial for diverse signal transduction pathways. Trends 
Biochem Sci 18:128-131 (1993). 

209. Nishizuka Y: The molecular heterogeneity of protein ki- 
nase C and its implications for cellular regulation. Na- 
ture 224:661-665 (1988). 

210. Noel JP, Hamm HE, Sigler PB: The 2.2 A crystal struc- 
ture of transducin-ct complexed with GTP),S. Nature 
366:654-663 (1993). 

211. Obara T, Nakafuku M, Yamamota M, Kaziro Y: Isola- 
tion and characterization of a gene encoding a G-protein 

subunit from Schizosaccharomyces pombe: involvement 
in mating and sporulation pathways. Proc Natl Acad Sci 
USA 88:5877-5881 (1991). 

212. Ogita K, Miyamoto S, Yamaguchi K, Koide H, Fumis- 
awa N, Kikkawa U, Sahara S, Fukami Y, Nishizuka Y: 
Isolation and characterization of tS-subspecies of protein 
kinase C from rat brain. Proc Natl Acad Sci USA 89: 
1592-1596 (1992). 

213. Olate J, Jorquera H, Purcell P, Codina J, Birnbaumer L, 
Allende JE: Molecular cloning and sequence determi- 
nation of a cDNA coding for the ~-subunit of a G0-type 
protein ofXenopus laevis oocytes. FEBS Lett 244: 188- 
192 (1989). 

214. Olivier JP, Raabe T, Henkemeyer M, Dickson B, 
Mbamalu G, Margolis B, Schlessinger J, Hafen E, 
Pawson T: A Drosophila SH2-SH3 adaptor protein im- 
plicated in coupling the sevenless tyrosine kinase to an 
activator of Ras guanine nucleotide exchange, Sos. Cell 
73:179-191 (1993). 

215. Ono Y, Fujii T, Ogita K, Kikkawa U, Igarashi K, 
Nishizuka Y: Protein kinase C ( subspecies from rat 
brain: its structure, expression, and properties. Proc Natl 
Acad Sci USA 86:3099-3103 (1989). 

216. Ottillie S, ChernoffJ, Hannig F, Hoffman CS, Erikson 
RL: The fission yeast genes pypl ÷ and pyp2 ÷ encode 
protein tyrosine phosphatases that negatively regulate 
mitosis. Mol Cell Biol 12:5571-5580 (1992). 

217. O'Tousa JE, Baehr W, Martin RL, Hirsh J, Pak WL, 
Applebury ML: The Drosophila ninaE gene encodes an 
opsin. Cell 40:839-850 (1985). 

218. Pai EF, Krengerl U, Petsko GA, Goody RS, Kabsch W, 
Wittinghofer A: Refined crystal structure of the triphos- 
phate conformation of H-ras p21 at 1.35 A resolution: 
implications for the mechanisms of GTP hydrolysis. 
EMBO J 9 : 2 3 5 1 - 2 3 5 9  (1990). 

219. Park D, Jhon DY, Lee CW, Ryu SH, Rhee SG: Re- 
moval of the carboxyl-terminal region of phospholipase 



C-ill by calpain abolishes activation by Gctq. J Biol 
Chem 268:3710-3714 (1993). 

220. Park D, Jhon DY, Lee CW, Lee KH, Rhee SG: Acti- 
vation of phospholipase C isozymes by G protein il~; 
subunits. J Biol Chem 268:4573-4576 (1993). 

221. Parker MG: Steroid and related receptors. Curr Opin 
Cell Biol 5:499-504 (1993). 

222. Parks S, Wieschaus E: The Drosophila gastrulation gene 
concertina encodes a Get-like protein. Cell 64:447-458 
(1991). 

223. Pawson T, Schlessinger J: SH2 and SH3 domains. Curr 
Biol 3:434-442 (1993). 

224. Payne WE, Fitzgerald-Hayes M: A mutation in PLC1, 
a candidate phosphoinositide-specific phospholipase C 
gene from Saccharomyces cerevisiae, causes aberrant mi- 
totic chromosome segregation. Mol Cell Biol 13: 4351- 
4364 (1993). 

225. Pelech SL, Sanghere JS: Mitogen-activated protein 
kinases: versatile transducers for cell signalling. Trends 
Biochem Sci 17:233-238 (1992). 

226. Perkins LA, Larsen I, Perrimon N: Corkscrew encodes 
a putative protein tyrosine phosphatase that functions to 
transduce the terminal signal from the receptor tyrosine 
kinase torso. Cell 70:225-236 (1992). 

227. Perrimon N: The torso receptor protein-tyrosine kinase 
signalling pathway: an endless story. Cell 74:219-222 
(1993). 

228. Pingel JT, Thomas ML: Evidence that the leukocyte- 
common antigen is required for antigen-induced T lym- 
phocyte proliferation. Cell 58:1055-1065 (1989). 

229. Pitt GS, Milona N, Borleis J, Lin KC, Reed RR, 
Devreotes PN: Structurally distinct and stage-specific 
adenylyl cyclase genes play different roles in Dictyostel- 
ium development. Cell 69:305-315 (1992). 

230. Pollak MR, Brown EM, Chou YHW, Hebert SC, Marx 
S J, Steinmann B, Levi T, Seidman CE, Seidman JG: 
Mutations in the human Ca 2÷-sensing receptor gene 
cause familial hypocalciuric hypercalcemia and neonatal 
severe hyperparathyroidism. Cell 75:1297-1303 (1993). 

231. Powers S, Kataoka T, Fasano O, Goldfarb M, Broach 
J, Wigler M: Genes in S. cerevisiae encoding proteins 
with domains homologous to the mammalian ras pro- 
teins. Cell 36:607-612 (1984). 

232. Price JV, Clifford RJ, Schupbach T: The maternal ven- 
tralizing locus torpedo is allelic to faint little ball, an 
embryonic lethal, and encodes the Drosophila EGF re- 
ceptor homolog. Cell 56:1085-1092 (1989). 

233. Probst WC, Snyder LA, Schuster DI, Brosius J, Sealfon 
SC: Sequence alignment of the G-protein coupled re- 
ceptor superfamily. DNA Cell Biol 11:1-20 (1992). 

234. Pupillo M, Kumagai A, Pitt GS, Firtel RA, Devreotes 
PN: Multiple ~ subunits of guanine nucleotide-binding 
proteins in Dictyostelium. Proc Natl Acad Sci USA 86: 
4892-4896 (1989). 

235. Ravid S, Spudich JA: Membrane-bound Dictyostelium 
myosin heavy chain kinase: a developmentally regulated 

1267 

substrate-specific member of the protein kinase C fam- 
ily. Proc Natl Acad Sci USA 89:5877-5881 (1992). 

236. Rebecchi M, Peterson A, McLaughlin S: Phosphoi- 
nositide-specific phospholipase C-bl binds with high 
affinity to phospholipid vesicles containing phosphati- 
dylinositol 4,5-bisphosphate. Biochemistry 31: 12742- 
12747 (1992). 

237. Reymond CD, Gomer RH, Medhy MC, Firtel RA: De- 
velopmental regulation of a Dictyostelium gene encod- 
ing a protein homologous to mammalian ras protein. 
Cell 39:141-148 (1984). 

238. Reymond CD, Gomer RH, Nellen W, Theibert A, Dev- 
reotes P, Firtel RA: Phenotypic changes induced by a 
mutated ras gene during the development of Dictyostel- 
ium transformants. Nature 323:340-343 (1986). 

239. Rhee SG, Choi KD: regulation ofinositol phospholipid- 
specific phospholipase C isozymes. J Biol Chem 267: 
12393-12396 (1992). 

240. Robbins SM, Williams JG, Jermyn KA, Spiegelman GB, 
Weeks G: Growing and developing Dictyostelium cells 
express different ras genes. Proc Natl Acad Sci USA 86: 
938-942 (1989). 

241. RosenthalA, Rhee L, Yadegari R, Paro R, Ullrich A, 
Goeddel DV: Structure and nucleotide sequence of a 
Drosophila melanogaster protein kinase C gene. EMBO 
J 6:433-441 (1987). 

242. Satoh T, Ross CA, Villa A, Supattapone S, Pozzan T, 
Snyder SH, MeldolesiJ: The inositol 1,4,5-trisphos- 
phate receptor in cerebellar Purkinje cells: quantitative 
immunogold labeling reveals concentration in an ER 
subcompartment. J Cell Biol 111:615-624 (1990). 

243. Savarese TM, Fraser CM: In vitro mutagenesis and the 
search for structure-function relationships among G 
protein-coupled receptors. Biochem J 283: 1-19 (1992). 

244. Saxe CL, Ginsburg GT, Louis JM, Johnson Rn, Dev- 
reotes PN, Kimmel AR: cAR2, a prestalk cAMP recep- 
tor required for normal tip formation and late develop- 
ment of Dictyostelium discoideum. Genes Devel 7: 262- 
272 (1992). 

245. Schaeffer E, Smith D, Mardon G, Quinn W, Zuker C: 
Isolation and characterization of two new Drosophila 
protein kinase C genes, including one specifically ex- 
pressed in photoreceptor cells. Cell 57:403-412 (1989). 

246. Schlessinger J, Ullrich A: Growth factor signalling by 
receptor tyrosine kinases. Neuron 9:383-391 (1992). 

247. Schlessinger J: How receptor tyrosine kinases activate 
ras. Trends Biochem Sci 18:273-275 (1993). 

248. Schmidt HHHW, Lohmann SM, Walter U: The nitric 
oxide and cGMP signal transduction system: regulation 
and mechanism of action. Biochim Biophys Acta 1178: 
153-175 (1993). 

249. Schneuwly S, Burg MG, Lending C, Perdew MH, Pak 
WL: Properties of photoreceptor-specific phospholi- 
pase C encoded by the norpA gene of Drosophila mela- 
nogaster. J Biol Chem 266:24314-24319 (1991). 

250. Schofield PR, Darlison MG, FujitaN, Burt DR, 

[31]  



1268 

Stephenson FA, Rodriguez H, Rhee LM, Ramachan- 
dran J, Reale V, Glencorse TA, Seeburg PH, Barnard 
EA: Sequence and functional expression of the GABA A 
receptor shows a ligand-gated receptor super-family. 
Nature 328:221-227 (1987). 

251. Schultz JE, Sch0nefeld U, Klumpp S: Calcium/calm- 
odulin-regulated guanylate cyclase and calcium-perme- 
ability in the ciliary membrane from Tetrahymena. Eur J 
Biochem 137:89-94 (1983). 

252. Schultz JE, Pohl T, Klumpp S: Voltage-gated Ca 2÷ 
entry into Paramecium linked to intraciliary increase in 
cyclic GMP. Nature 322:271-273 (1986). 

253. Schulz S, Singh S, Bellet RA, Singh G, Tubb DJ, 
Chin H, Garbers DL: The primary structure of a plasma 
membrane guanylate cyclase demonstrates diversity 
within this new receptor family. Cell 58:1155-1162 
(1989). 

254. Schulz S, Green CK, Yuen PST, Garbers DL: Guanylyl 
cyclase is a heat-stable enterotoxin receptor. Cell 63: 
941-948 (1990). 

255. Seger R, Seger D, Lozeman FJ, Ahn NG, Graves LM, 
Campbell JS, Ericsson L, Harrylock M, Jensen AM, 
Krebs EG: Human T-cell mitogen-activated protein 
kinase kinases are related to yeast signal transduction 
kinases. J Biol Chem 267:25628-25631 (1992). 

256. Segre GV, Goldring SR: Receptors for secretin, 
calcitonin, parathyroid hormone (PTH)/PTH-related 
peptide, vasoactive intestinal peptide, glucagonlike pep- 
tide 1, growth hormone-releasing hormone, and gluca- 
gon belong to a newly discovered G-protein linked 
receptor family. Trends Endocrinol Metab 4:309-314 
(1993). 

257. Serafini T, Orci L, Amherdt M, Brunner M, Kahn RA, 
Rothman JE: ADP-ribosylation factor is a subunit of the 
coat of Golgi-derived COP-coated vesicles: a novel role 
for a GTP-binding protein. Cell 67:239-253 (1991). 

258. Shen SH, Bastien L, Posner BI, Chretien P: A protein- 
tyrosine phosphatase with sequence similarity to the SH2 
domain of the protein-tyrosine kinases. Nature 352: 
736-739 (1991). 

259. Shirakabe K, Gotoh Y, Nishida E: A mitogen-activated 
protein (MAP) kinase activating factor in mammalian 
mitogen-stimulated cells is homologous to Xenopus M 
phase MAP kinase activator. J Biol Chem 267: 16685- 
16690 (1992). 

260. Shiroo M, Goff L, Biffen M, Shivnan E, Alexander D: 
CD45 tyrosine phosphatase-activated p59 fyn couples the 
T cell antigen receptor to pathways of diacylglycerol 
production, protein kinase C activation and calcium 
influx. EMBO J 11:4887-4897 (1993). 

261. Short AD, Klein MG, Schneider MF, Gill DL: Inosi- 
tol 1,4,5-trisphosphate-mediated quantal Ca 2+ release 
measured by high resolution imaging of Ca 2 + within 
organelles. J Biol Chem 268:25887-25983 (1993). 

262. Shortridge RD, Yoon J, Lending CR, Bloomquist BT, 
Perdew MH, Pak WL: A Drosophila phospholipase C 

[32] 

gene that is expressed in the central nervous system. J 
Biol Chem 266:12474-12480 (1991). 

263. Shyjan AW, de Sauvage FJ, Gillett NA, Goeddel DV, 
Lowe DG: Molecular cloning of a retina-specific mem- 
brane guanylyl cyclase. Neuron 9:727-737 (1992). 

264. Smercka AV, Hepler JR, Brown KO, Sternweis PC: 
Regulation of polyphosphoinositide-specific phospholi- 
pase C activity by purified Gq. Science 251:804-807 
(1991). 

265. Simon MA, Dodson GS, Rubin GM: An SH3-SH2- 
SH3 protein is required for p21RaS1 activation and binds 
to Sevenless and Sos proteins in vitro. Cell 73:169-177 
(1993). 

266. Singh S, Lowe DG, Thorpe DS, Rodriguez H, Kuang 
WJ, Dangott L, Chinkers M, Goeddel DV, Garbers DL: 
Membrane guanylate cyclase is a cell-surface receptor 
with homology to protein kinases. Nature 334:708-710 
(1988). 

267. Songyang Z, Shoelson SE, Chaudhuri M, Gish G, 
Pawson P, Haser WG, King F, Roberts T, Ratnofsky S, 
Lechleider RJ, etal.: SH2 domains recognize specific 
phosphopeptide sequences. Cell 72:767-778 (1993). 

268. Sprenger F, Stevens LM, Mttsslein-Volhard C: The 
Drosophila gene torso encodes a putative receptor ty- 
rosine kinase. Nature 338:478-483 (1989). 

269. Srivastava SP, Fuchs JA, Holtzman JL: The reported 
cDNA sequence for phospholipase C alpha encodes 
protein disulfide isomerase, isozyme Q-2 and not phos- 
pholipase C. Biochem Biophys Res Common 193: 971- 
978 (1993). 

270. Stahl ML, Ferenz CR, Kelleher KL, Kriz RW, Knopf 
JL: Sequence similarity of phospholipase C with the 
non-catalytic region ofsrc. Nature 332:269-272 (1988). 

271. Stearns T, Willingham MC, BotsteinD, Kahn RA: 
ADP-ribosylation factor is functionally and physically 
associated with the Golgi comples. Proc Natl Acad Sci 
USA 87:1238-1242 (1990). 

272. Strathmann MP, Simon MI: G~12 and Goal3 subunits 
define a fourth class of G protein ct subunits. Proc Natl 
Acad Sci USA 88:5582-5586 (1991). 

273. Streb H, Irvine RF, Berridge MJ, Schulz I: Release of 
Ca 2+ from a nonmitochondrial intracellular store in 
pancreatic acinar cells by inositol-l,4,5-trisphosphate. 
Nature 306:67-68 (1983). 

274. Streuli M, Krueger NX, Hall LR, Schlossman SF, Saito 
H: A new member of the immunoglobulin superfamily 
that has a cytoplasmic region homologous to the leuko- 
cyte common antigen. J Exp Med 168:1523-1530 
(1988). 

275. Streuli M, Krueger NX, Tsai AYM, Saito H: A family 
of receptor-linked protein tyrosine phosphatases in 
humans and Drosophila. Proc Natl Acad Sci USA 86: 
8698-8702 (1989). 

276. Streuli M, Krueger NX, Thai T, Tang M, Saito H: Dis- 
tinct function roles of the two intracellular phosphatase 
like domains of the receptor-linked protein tyrosine 



phosphatases LCA and LAR. EMBO J 9:2399-2407 
(1990). 

277. Stryer L: Visual excitation and recovery. J Biol Chem 
266:10711-10714 (1991). 

278. StldhofTC, Newton CL, Archer III BT, Ushkaryov YA, 
Mignery GA: Structure of a novel InsP3 receptor. 
EMBO 10:3199-3206 (1991). 

279. Suh PG, Ryu SH, Moon KH, Suh HW, Rhee SG: 
Inositolphospholipid-specific phospholipase C: com- 
plete cDNA and protein sequences and sequence ho- 
mology to tyrosine kinase-related oncogene products. 
Proc Natl Acad Sci USA 85:5419-5423 (1988). 

280. Sun XJ, Rothenberg P, Kahn CR, Backer JM, Araki E, 
Wilden PA, Cahill DA, Goldstein B J, White MF: Struc- 
ture of the insulin receptor substrate IRS-1 defines a 
unique signal transduction protein. Nature 352:73-77 
(1991). 

281. Supattapone S, Danoff SK, TheibertA, Joseph SK, 
Steiner J, Snyder SH: Cyclic AMP-dependent phospho- 
rylation of a brain inositol trisphosphate receptor de- 
creases its release of calcium. Proc Natl Acad Sci USA 
85:8747-8750 (1988). 

282. Tabuse Y, Nishiwaki K, Miwa J: Mutations in a protein 
kinase C homolog confer phorbol ester resistance on 
Caenorhabditis elegans. Science 243:1713-1716 (1989). 

283. Takeshima H, Nishimura S, Matsumoto T, Ishida H, 
Kangawa K, Minamino N, Matsuo H, Ueda M, 
Hanaoka M, Hirose T, Numa S: Primary structure and 
expression from complementary DNA of skeletal muscle 
ryanodine receptor. Nature 339:439-445 (1989). 

284. Takio K, Smith SB, Krebs EG, Walsh KA, Titani K: 
Amino acid sequence of the regulatory subunit of bovine 
type II adenosine cyclic 3' 5'-phosphate dependent pro- 
tein kinase. Biochemistry 23:4200-4206 (1984). 

285. Takio K, Wade RD, Smith SB, Krebs EG, Walsh KA, 
Titani K: Guanosine cyclic 3'5'-phosphate dependent 
protein kinase, a chimeric protein homologous with two 
separate protein families. Biochemistry 23:4207-4218 
(1984). 

286. Tanaka K, Nakafuku M, Satoh T, Marshall MS, Gibbs 
JB, Matsumoto K, Kaziro Y, Toh-e: S. cerevisiae genes 
IRA1 and IRA2 encode proteins that may be function- 
ally equivalent to mammalian ras GTPase activating 
protein. Cell 60:803-807 (1990). 

287. Tanaka K, Davey J, Imai Y, Yamamoto M: Schizo- 
saccharomyces pombe map3 ÷ encodes the putative 
M-factor receptor. Mol Cell Biol I0:4303-4313 (1993). 

288. Tang W, Gilman AG: Type-specific regulation of ade- 
nylyl cyclase by G protein fl;) subunits. Science 254: 
1500-1503 (1991). 

289. Tang W, Gilman AG: Adenylyl cyclases. Cell 70: 869- 
872 (1992). 

290. Tatchell K, Chaleff DT, DeFeo-Jones D, Scolnick EM: 
Requirement of either of a pair of ras-related genes of 
Saccharomyces cerevisiae for spore viability. Nature 309: 
523-527 (1984). 

1269 

291. Taylor CW, Marshall ICB: Calcium and inositol 1,4,5- 
trisphosphate receptors: a complex relationship. Trends 
Biochem Sci 17:403-407 (1992). 

292. Taylor SJ, Chae HZ, Rhee SG, Exton JH: Activation 
of the fll  isozyme of phospholipase C by a subunits 
of the Gq class of G proteins. Nature 350:516-518 
(1991). 

293. Thomas GMH, Cunningham E, Fensome A, Ball A, 
Totty NF, Truong O, Hsuan JJ, Cockroft S: An essen- 
tial role for phosphatidylinositol transfer protein in 
phospholipase C-mediated inositol lipid signalling. Cell 
74:919-928 (1993). 

294. Thorpe DS, Garbers DL: The membrane form of gua- 
nylate cyclase - homology with a subunit of the cyto- 
plasmic form of the enzyme. J Biol Chem 264: 6545- 
6549 (1989). 

295. Tian SS, Tsoulfas P, Zinn K: Three receptor-linked 
protein-tyrosine phosphatases are selectively expressed 
on central nervous system axons in the Drosophila em- 
bryo. Cell 67:675-685 (1991). 

296. Titani K, Sasagawa T, Ericsson LH, Kumar S, Smith 
SB, Krebs EG, Walsh KA: Amino acid sequence of the 
regulatory subunit of bovine type I adenosine cyclic 
3' 5'-phosphate dependent protein kinase. Biochemistry 
23:4193-4199 (1984). 

297. Toda T, Uno I, Ishikawa T, Powers S, Kataoka T, 
Broek D, Cameron S, Broach J, Matsumoto K, 
Wigler M: In yeast, RAS proteins are controlling ele- 
ments of adenylate cyclase. Cell 40:27-36 (1985). 

298. Toda T, Cameron S, Sass P, Zoller M, Scott JD, 
McMullen B, Hurwitz M, Krebs EG, Wigler M: Clon- 
ing and characterization of BCY1, a locus encoding a 
regulatory subunit of the cyclic AMP-dependent protein 
kinase in Saccharomyces cerevisiae. Mol Cell Biol 7: 
1371-1377 (1987). 

299. Toda T, Cameron S, Sass P, Zoller M, Wigler M: Three 
different genes in S. cerevisiae encode the catalytic sub- 
units of the cAMP-dependent protein kinase. Cell 50: 
277-287 (1987). 

300. Tonks NK, Charbonneau H, Diltz CD, Fischer EH, 
Walsh KA: Demonstration that leukocyte common an- 
tigen CD45 is a protein tyrosine phosphatase. Biochem- 
istry 27:8695-8701 (1988). 

301. Uhler MD: Cloning and expression of a novel cyclic 
GMP-dependent protein kinase from mouse brain. J 
Biol Chem 268:13586-13591 (1993). 

302. Ullrich A, Schlessinger J: Signal transduction by recep- 
tors with tyrosine kinase activity. Cell 61:203-212 
(1990). 

303. Valkema R, van Haastert PJM: Inhibition of receptor- 
stimulated guanylyl cyclase by intracellular calcium ions 
in dictyostelium discoideum cells. Biochem Biophys Res 
Commun 186:263-268 (1992). 

304. van der Kaay J, Draijer R, van Haastert PJM: Increased 
conversion of phosphatidylinositol to phosphatidylinosi- 
tol phosphate in Dictyostelium cells expressing a 

[331 



1270 

mutated ras gene. Proc Natl Acad Sci USA 87: 9197- 
9201 (1990). 

305. van Dop C, Tsubokawa M, Bourne HR, Ramachan- 
dran J: Amino acid sequence of retinal transducin at the 
site ADP-ribosylated by cholera toxin. J Biol Chem 259: 
696-698 (1984). 

306. van Haastert PJM: Signal transduction and the control 
of development in Dictyostelium discoideum. Devel Biol 
h 159-167 (1990). 

307. Vogel W, Lammers R, Huang J, Ullrich A: Activation of 
a phosphotyrosine phosphatase by tyrosine phosphory- 
lation. Science 259:1611-1614 (1993). 

308. Ways DK, Cook PP, Webster C, Parker PP: Effect of 
phorbol esters on protein kinase C-~. J Biol Chem 267: 
4799-4805 (1992). 

309. Weaver CT, Pingel JT, Nelson JO, Thomas ML: CD8 ÷ 
T-cell clones deficient in the expression of the CD45 
protein tyrosine phosphatase have impaired responses 
to T-cell receptor stimuli. Mol Cell Biol 1 h 4415-4422 
(1991). 

310. West RE, Moss J, Vaughan M, Liu T, Liu TY: Pertus- 
sis toxin-catalyzed ADP-ribosylation of transducin. J 
Biol Chem 260:14428-14430 (1985). 

311. Whiteway M, Hougan L, Dignard D, Thomas DY, Bell 
L, Saari GC, Grant FJ, O'Hara P, MacKay VL: The 
STE4 and STE18 genes of yeast encode potential/~ and 
7 subunits of the mating factor receptor-coupled G pro- 
tein. Cell 56:467-477 (1989). 

312. WhitewayM, Errede B: Signal transduction pathway 
for pheromone response in Saccharomyces cerevisiae. 
In: Kurjan J, Taylor BL (eds) Signal Transduction: 
Prokaryotic and simple Eukaryotic Systems, pp. 189- 
237. Academic Press, New York (1993). 

313. Wolfe L, Corbin JD, Francis SH: Characterization of a 
novel isozyme of cGMP-dependent protein kinase from 
bovine aorta. J Biol Chem 264:7734-7741 (1989). 

314. Wu L, Devreotes PN: dictyostelium transiently expresses 
eight distinct G-protein ~-subunits during its develop- 
mental program. Biochem Biophys Res Commun 179: 
1141-1147 (1991). 

315. Wu D, Jiang H, Katz A, Simon MI: Identification of 
critical regions on phospholipase C-fl 1 required for ac- 
tivation by G-proteins. J Biol Chem 268:3704-3709 
(1993). 

316. Wu D, Katz A, Simon MI: Activation of phospholipase 
C f12 by the ct and ~7 subunits of trimeric GTP-binding 
protein. Proc Natl Acad Sci USA 90:5297-5301 (1993). 

317. Yamawaki-Kataoka Y, Tamaoki T, Choe HR, Tanaka 
H, Kataoka T: Adenylate cyclase in yeast: a comparison 
of the genes from Schizoaccharomyces pombe and Sac- 
charomyces cerevisiae. Proc Natl Acad Sci USA 86: 
5693-5697 (1989). 

318. Yoko-o T, Matsui Y, Yagisawa H, Nojima H, Uno I, 
Toh-e A: The putative phosphoinositide-specific phos- 
pholipase C gene, PLC1, of the yeast Saccharomyces 
cerevisiae is important for cell growth. Proc Natl Acad 
Sci USA 90:1804-1808 (1993). 

319. Yoshikawa S, Tanimura T, Miyawaki A, Nakamura M, 
Yuzaki M, Furuichi T, Mikoshiba K: Molecular cloning 
and characterization of the inositol,4,5-trisphosphate re- 
ceptor in Drosophila melanogaster. J Biol Chem 267: 
16613-16619 (1992). 

320. Yoshikawa S, Miyamoto I, Aruga J, Furuichi T, Okano 
H, Mikoshiba K: Isolation of a Drosophila gene encod- 
ing a head-specific guanylyl cyclase. J Neurochem 60: 
1570-1573 (1993). 

321. Yuen PST, Garbers DL: Guanylyl cyclase-linked recep- 
tors. Annu Rev Neurosci 15:193-225 (1992). 

322. Zuker CS, Cowman AF, Rubin GM: Isolation and 
structure of rhodopsin gene from D. melanogaster. Cell 
40:851-858 (1985). 

[34] 


