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The flow of infonnation from honnone receptors through heterotrimeric G 

proteins to intracellular effectors constitutes a basic fonn of signal transduction that has 

been found in every eukaryotic cell examined. This mode of signaling is the basis for 

intercellular communication in one-celled organisms, such as S. cerevisiae, and simple 

eukaryotes that undergo limited development, e.g., Dictyostelium. We examined G 

protein diversity in the mouse to explore how G protein-mediated signal transduction 

has adapted to the complex signaling processes that define a multicellular organism. 

We found that the diversity of G protein alpha subunits is generated by a large number 

of distinct genes and by products of alternative splicing. Five new genes were found 

to encode alpha subunits that fall into two new classes. These classes, which are 

defined by amino acid sequence identity, have been conserved in distantly related 

animals; the four classes known to exist in mammals are also present in Drosophila, 

and three of these classes have been found in nematodes. The gene encoding Gao in 

mammals, an alpha subunit earlier characterized by biochemical means, was found to 

undergo alternative splicing to produce transcripts encoding two fonns of the protein. 

In addition to the diversity among alpha subunits, we found a novel beta 

subunit. This was particularly surprising because biochemical evidence suggested that 

beta-gamma dimers are interchangeable. The possibility of combinatorial associations 

of alpha, beta, and gamma subunits to produce functionally distinct heterotrimers must 

be considered. 

The considerable task of analyzing gene families by cloning and sequencing 

necessitated the development of new techniques for these purposes. We used the 

polymerase chain reaction to amplify cDNA with degenerate oligonucleotide primers. 

The primers were designed to hybridize to regions of DNA that are conserved in all 

members of the gene family. In addition, we developed a technique for randomly 

inserting sequencing primer sites throughout a cloned region of DNA. For this 
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purpose, we used the transposon yo coupled with an efficient scheme for isolating and 

characterizing the insertions. 
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Introduction: Section I 

G protein-mediated signal transduction: 

A history of the hormone-stimulated 

adenylate cyclase system 
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The field of signal transduction has been shaped by studies of hormone

stimulated glycogen breakdown in liver cells. Sutherland and colleagues discovered a 

heat-stable, soluble factor which could stimulate phosphorylase activity in cell extracts. 

This factor was produced upon addition of epinephrine or glucagon to the particulate 

fraction of liver homogenates (1). An identical substance, later shown to be cyclic 

AMP (2), was produced by particulate preparations from a variety of tissues (3). 

These studies led to the concept of signal transduction by second messengers. 

Certain hormones, the first messengers, stimulate the cell-membrane associated 

protein, adenylate cyclase (4), which produces the intracellular second messenger 

cAMP. The change in second-messenger levels then influences one or more cellular 

processes (5). 

Studies on the stimulation of cAMP synthesis in adipose cells by a variety of 

hormones suggested that different receptors are free to interact with a common pool of 

adenylate cyclase enzymes (6, 7). Maximal stimulation by two or more hormones 

(epinephrine, ACTH, and glucagon) were never additive, yet the specific antagonistic 

effect of pronethalol on epinephrine suggested that the receptors were separate (6). 

The cell fusion studies of Orly and Schramm demonstrated that receptors from one 

source can effectively couple to adenyl ate cyclase from another source (8). 

The study of glucagon effects in liver extracts again resulted in a critical 

observation concerning the mode of signal transduction in eukaryotic cells. Rodbell 

and coworkers found that both GTP and GDP reduced the affinity of membrane 

receptors for glucagon (9). The nucleotides did not act competitively with the hormone 

suggesting that they had separate binding sites. In addition, guanine nucleotides were 

shown to be essential for hormone-stimulated adenylate cyclase activity (10). These 

studies also indicated that guanine nucleotide and fluoride ion might affect adenylate 

cyclase by a related mechanism (10). Fluoride ion had been shown many years earlier 
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to stimulate adenylate cyclase (11). Interestingly, this ion was originally used by 

Sutherland to inhibit a phosphatase in assays for hormone stimulation of 

phosphorylase. The realization that the assays worked only in the absence of fluoride 

ultimately led to the discovery of the ion's effect on adenylate cyclase (12). 

After the initial observation by Rodbell, the stimulation of adenylate cyclase by 

several different hormones including prostaglandins (13), TSH (14), oxytocin (15), 

and epinephrine (16) was shown to be influenced by guanine nucleotides. Maguire et 

al. found that the decrease in the affinity of receptors for hormones in the presence of 

guanine nucleotides was specific for agonists; the binding of antagonists was not 

affected (17). Foreshadowing the discovery of other guanine-nucleotide modulated 

second-messenger systems, the affinity of angiotensin II for its receptor, which does 

not couple to adenylate cyclase, was shown to be affected by GTP (18). Several years 

after the discovery that guanine nucleotides modulate receptor affinity for hormone 

came the realization that, in fact, hormones modulate the effects of GTP (19). 

The observation that poorly hydrolyzable analogs of GTP (Gpp(NH)p, 

GTPyS, Gpp(CH2)P) activate adenyl ate cyclase, often in the absence of hormone, yet 

compete with GTP in their actions, led several groups to postulate that a GTPase is 

involved in the adenylate cyclase system (20, 21, 22). It was the work of Cassel and 

Selinger, however, that established the central role of guanine nucleotide exchange and 

hydrolysis in the modulation of adenylate cyclase activity. Working with turkey 

erythrocyte membranes, they found a catecholamine-stimulated GTPase (23). The 

actions of agonists on the GTPase could be inhibited by the beta-adrenergic antagonist 

propranolol. The addition of cAMP or the inactivation of the endogenous adenylate 

cyclase with N-ethylmaleimide did not affect the GTPase. Also, the affinity and 

specificity for GTP exhibited by the GTPase were similar to those values reported for 

catecholamine-stimulated adenylate cyclase. 



4 

The stimulatory effects of Gpp(NH)p on adenylate cyclase were known to be 

stable to removal of hormone and excess nucleotide in avian erythrocyte membranes 

(21, 24). Cassel and Selinger showed that, in the presence of isoproterenol, intact 

Gpp(NH)p was released from membranes that were washed free of excess nucleotide 

(25). The release of nucleotide was proportional to the decline in adenylate cyclase 

activity. They proposed a model in which hormone produces a change in the guanine

nucleotide binding site, leading to an eqUilibrium between guanine nucleotide at the 

binding site and in the medium. They concluded that Gpp(NH)p persistently activates 

adenylate cyclase because it cannot be hydrolyzed; hence under physiological 

conditions, the GTPase activity serves to hydrolyze GTP and return the system to its 

basal state. This model was supported by further studies that showed the displacement 

of GDP by GTP in the presence of hormone and its subsequent hydrolysis to GDP 

(26). The significance of the GTPase activity as a "shut off' mechanism is exemplified 

by the effect of cholera toxin on adenyl ate cyclase activity. Cholera toxin was known 

to produce its pathological effects through the stimulation of adenylate cyclase (27, 

28). Cassel and Selinger showed that the toxin reduces the catecholamine-stimulated 

GTPase activity (29). 

In turkey erythrocyte membranes, the number of guanine-nucleotide binding 

sites that were coupled to the adenylate cyclase system was estimated to be equal to the 

number of beta-adrenergic receptors and to the number of adenylate cyclase catalytic 

components (25). Tokovsky and Levitzki, however, demonstrated that receptors act 

catalytically rather than stoichiometrically (30). They showed that up to a lO-fold loss 

of beta-adrenergic receptors, due to alkylation, slowed proportionally the rate of 

activation of adenylate cyclase by Gpp(NH)p, but the maximum rate of cAMP 

synthesis did not change. 
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Since the initial discovery of guanine-nucleotide effects on adenyl ate cyclase 

activity, it had been hypothesized that the protein responsible for these regulatory 

effects could be distinct from the receptor and catalytic components. The existence of a 

separate, regulatory protein was demonstrated by two groups. 

Pfeuffer was able to label pigeon erythrocyte membranes with a 

photoactivatable GTP analog, which was a potent activator of adenylate cyclase (31). 

In solubilized membranes, only two proteins (42kD and 23kD) were labeled. 95% of 

the nucleotide binding sites could be separated form adenyl ate cyclase activity by 

centrifugation of the solubilized membranes through a sucrose density gradient. The 

majority of the 42kD protein remained associated with adenyl ate cyclase activity. 

Pfeuffer made use of a GTP-Sepharose affinity matrix to separate solubilized 

membranes into two fractions. The bound fraction, which was released from the 

matrix in the presence of GTP or Gpp(NH)p, retained only 3% Gpp(NH)p stimulated 

adenylate cyclase activity, whereas the unadsorbed fraction retained 15% activity. 

Recombination of the two fractions restored 60% of the control adenylate cyclase 

activity. Pfeuffer's work, however, did not show that the guanine-nucleotide binding 

sites were necessarily separable from the catalytic activity. 

Ross and Gilman (32) made use of somatic cell variants to demonstrate that 

Gpp(NH)p-stimulated adenyl ate cyclase activity requires at least two components with 

different thermal stabilities. They found that a detergent extract of wild-type 

membranes, which lost hormone-stimulated adenylate cyclase activity upon 

solubilization, completely lost Gpp(NH)p- and fluoride-stimulated activity upon 

heating at 37°C. This extract, however, could restore activity to solubilized 

membranes from a phenotypically adeny late cyclase deficient (cyc-) cell line. The cyc

cells had been shown to possess beta-adrenergic receptors (33). The factor(s) 

contributed by the cyc- cells was labile to heating at 300C whereas the factor(s) from 
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the heated wild-type extract showed complicated inactivation kinetics at 500c. Ross et 

al. (34) showed that cyc- cells possess Mn2+-dependent adenylate cyclase activity. 

The protein responsible for this activity had hydrodynamic properties identical to the 

Gpp(NH)p-stimulated adenylate cyclase. These two proteins shared other properties 

including thermolability. Ross et al. concluded that the component supplied by the 

cyc- cells in the reconstitution experiment was the catalytic protein, whereas the heat

stable factor(s) was the regulatory element. 

Gilman's group subsequently purified the regulatory (GfF) proteins from rabbit 

liver (35, 36) and turkey erythrocytes (37). The ability to reconstitute fluoride

stimulated adenylate cyclase in the cyc- membranes was used to measure activity. The 

protein from rabbit liver consisted of three polypeptides with molecular weights of 52, 

45, and 35kD at a stoichiometric ration of 1:1 (52kD+45kD:35kD). The form from 

turkey erythrocytes contained only the 45 and 35kD polypeptides. Hydrodynamic 

measurements gave a molecular weight of 70kD, but activating agents (fluoride, 

GTPyS, or Gpp(NH)p) produced an apparent dissociation of subunits to produce a 

50kD protein that could activate adenylate cyclase (35-38). In addition, cholera toxin 

(35) and photoactivatable GTP (39) labeled the 52 and 45kD polypeptides. 

Separation of the GfF component into alpha (52 and 45kD polypeptides) and 

beta (35kD) subunits was achieved by Northup et al. The alpha subunit was shown to 

be sufficient to activate adenylate cyclase in a preparation of the catalyst that was 

resolved from other components of the enzyme system (40). Beta subunits were 

found to increase the initial rate of deactivation of fluoride-activated GfF alpha subunits 

by 160-fold (41). In addition, beta subunits suppressed the initial rate of activation by 

GTPyS (39). These properties led Northup et al. (39, 40) to conclude that GfF is an 

alpha-beta dimer that dissociates upon activation; the alpha subunits stimulate adenyl ate 

cyclase, whereas the beta subunits have a repressive role. Eventually, the beta subunit 
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was recognized to be tightly associated with a small polypeptide (6-lOkD), the gamma 

subunit (42, 43). 

Purification of the regulatory component, beta-adrenergic receptors (44, 45) 

and the catalytic component of adenylate cyclase (46-49), coupled with efforts to 

reconstitute hormone-stimulated activity in phospholipid vesicles (50-52) enabled 

investigators to verify in a defined system the GTP-regulatory cycle that was 

established by the key experiments cited above. This cycle, which is driven by 

hormone-receptor catalyzed, guanine-nucleotide exchange and subsequent GTP 

hydrolysis, is central to a wide variety of signal tranducing pathways. In fact, the 

observation that phototransduction is analogous in many ways to hormone-stimulated 

adenylate cyclase (53, 54), hinted at the enormous diversity of "G protein-mediated" 

signaling systems which we are beginning to uncover. 
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Abstract. 

The heterotrimeric guanine nucleotide-binding proteins (G proteins) act as 

switches that regulate intracellular information processing circuits connecting cell 

surface receptors to a variety of effectors. This system is present in all eukaryotic cells 

and it mediates metabolic, humoral, neural and developmental functions. More than a 

hundred different kinds of receptors and many different effectors have been described. 

The G proteins that coordinate receptor-effector activity are derived from a large gene 

family. At present, the family is known to contain at least 16 different genes that 

encode the alpha subunit of the heterotrimer, four that encode beta subunits, and 

multiple genes encoding gamma subunits. Specific transient interactions between these 

components generate the pathways that modulate cellular responses to complex 

chemical signals. 



1 3 

Introduction. 

One of the remarkable features of all biological systems is their ability to 

process and respond to enormous amounts of information. Much of this information 

is provided to individual cells in the form of changes in concentration of hormones, 

growth factors, neuromodulators, or other molecules. These ligands interact with 

transmembrane receptors and the binding event is transduced into an intracellular 

signal. The characterization of different families of cell surface receptors and of a 

variety of different mechanisms of signal transduction has been the focus of intensive 

recent research. In this article we examine the signal processing mechanisms 

associated with one of these systems, the G-protein coupled receptors (1). 

Molecular cloning, biochemical, and pharmacological studies have revealed a 

very large family of transmembrane receptor proteins that share a characteristic 

topological structure. They all have seven membrane spanning domains and show 

considerable amino acid sequence homology (2). They appear to process information 

regarding changes in specific ligand binding by a mechanism that involves interaction 

with guanine nucleotide-binding proteins (G proteins). Signal transducing G proteins 

occur in two forms: the "small G proteins" that are generally found as single 

polypeptides composed of about 200 amino acids and the heterotrimeric G proteins that 

are made up of alpha, beta, and gamma subunits. The small G proteins are involved in 

regulating cell growth, protein secretion, and intracellular vesicle interaction (3). The 

heterotrimeric G proteins are associated with signal transduction from cell surface 

receptors (4) and are thought to act as switches that can exist in either of two states 

depending on bound nucleotide (Figure 1). Signal transduction is initiated by ligand 

binding which stabilizes an alternate conformational form of the receptor and thus 

transmits information across the cell membrane. This leads to a complex series of 

events that we understand only in broad outline. The ligand bound receptor initiates 



14 

two processes; one leads to desensitization, and occurs through receptor modification 

(5) and the other is a signal generating process that begins with the activation of the 

heterotrimeric G protein (Figure lA). Interaction of the G-protein with the activated 

receptor promotes the exchange of GDP bound to the a subunit for GTP and the 

subsequent dissociation of the a-GTP complex from the ~-y heterodimer (Figure IB). 

A single receptor can activate multiple G protein molecules, thus amplifying the ligand 

binding event. The a subunit with bound GTP and the free ~-y subunit may interact 

with effector proteins that further amplify the signal. Such effectors include ion 

channels and enzymes that generate regulatory molecules or second messengers. Low 

molecular weight second messengers such as cyclic adenosine-monophosphate 

(cAMP) or inositol triphosphate, in turn generate dramatic intracellular changes 

including selective protein phosphorylation, gene transcription, cytoskeleton 

reorganization, secretion, and membrane depolarization. Termination of the signal 

occurs when GTP bound by the G protein a subunit is hydrolysed to GDP. The alpha 

subunit then reassociates with beta-gamma subunits. 

More than a hundred different G protein-coupled receptors have been found in 

mammals, including distinct receptors that bind the same ligand. At least five different 

muscarinic receptors, more than eight different adrenergic receptors, five different 

serotonin receptors, and four different opsins (2) have been identified. A growing 

family of receptors and receptor SUbtypes that respond to purines, bombesin, 

bradykinin, thrombin, histamine, dopamine, ecosinoids, vasopressin, growth 

hormone releasing hormone, and somatostatin are being cloned and characterized. 

Distinct forms, or subtypes, of the receptors that respond to the same ligand may be 

differentiated by the intracellular responses that they elicit. Specific receptor SUbtypes 

are coupled to different second messenger pathways and to the regulation of different 

ion channels. Since a single receptor subtype can be coupled to multiple effectors and 
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multiple receptor subtypes can activate a single effector (2, 4, 6), the G-protein 

coupled interactions form complicated networks. Furthermore, characterization of 

effectors has revealed that they too are specified by extensive gene families. Cloning 

studies have identified different types of adenylyl cyclases (7), five different 

phospholipase C isotypes (8), and multiple types of phospholipase A2 (9). There is 

also evidence for multiple calcium, potassium, and possibly sodium channels that are 

responsive to G proteins (10). This array of receptors and effectors raises questions 

about the nature of the information processing circuits that are formed. It remains 

unclear how many different G proteins are required to couple the receptor and effector 

subtypes, how specific receptors are linked through G-proteins to form autonomous 

circuits, how circuits interact with each other, and how they are reshaped during 

cellular differentiation. Nor do we know what controls the specificity, the level of 

amplification, the timing, and the crosstalk between signals in these circuits. 

The coordination of this network of circuits is a formidable task in which the G 

proteins playa central role. To understand how the complex family of G proteins 

function, we must identify the components of the G-protein mediated networks and the 

nature of their specific interactions. 

G Protein a Subunit Diversity. 

Cloning and sequencing techniques have been most productive in identifying 

and classifying new ex subunits. When the deduced amino acid sequences of all of the 

ex subunits that have been cloned (more than 30 different cDNAs) are aligned, 

approximately 20% of the amino acids are found to be invariantly conserved (11). 

Amino acid sequence similarity provides a direct measure of the relatedness of different 

alpha subunits. Using a variety of probes, multiple G proteins have been identified in 

all of the eukaryotic organisms that have been examined. A classification of the G 
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alpha subtypes found in mammals based on amino acid sequence similarity is shown in 

Figure 2. The family is made up of four classes and each class is composed of specific 

isotypes. Thus, the Gs class includes both the Gas and Gaolf isotype (12). Gaolf 

shows 88% amino acid sequence identity with Gas and is able to activate adenylyl 

cyclase to increase intracellular cAMP levels. It is expressed in specific neural tissues 

and is highly enriched in neurons in the olfactory epithelium. Individual isotypes are 

found to be highly conserved between species; for example, there are no amino acid 

differences between Gas isolated from humans and from mice. It is therefore easy to 

identify the a subunit isotypes in a variety of mammals even though some of them 

such as Gail and Gai3 (13) differ in only 6% of their amino acid sequences. In 

addition to amino acid similarity, there is conservation at the level of gene structure. 

The genes encoding Gail, Gai2, Gai3, Gao, and alpha subunits of the transducin 

rod and cone photoreceptors all conserve the positions of their introns and exons (14). 

The functional role of specific a subunits is not obvious from their structural 

classification. One of the most effective tools in implicating G proteins in specific 

functions in intact cells has been the use of pertussis toxin (PTX) (15). The toxin 

uncouples the receptor from its G protein and thus blocks signal transduction by 

receptors that cause decreases in cyclic AMP levels, that regulate ion channels, and that 

activate phospholipases. Since members of the Gi class of alpha subunits contain sites 

susceptible to modification by PTX, they are expected to mediate activation of the 

pertussis toxin sensitive processes. Indeed, the Gai subtypes and Gao have been 

shown to have a role in regulating ion channels. In addition, activated Gai subunits 

lower intracellular cAMP levels and Gao has been implicated in increasing 

phosphoinositide release (16). However, the mechanism by which Gai lowers cAMP 

levels is not clear (see below). Only in the case of the Gas and Gatl (rod transducin) 

proteins have preparations of the proteins been reconstituted with their purified 
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effectors and receptors. Transducin couples rhodopsin to the activation of retinal 

phosphodiesterase (17) while the ubiquitous Gas and its splice variants activate 

purified reconstituted adenylyl cyclase (18). 

GTP dependent signaling pathways that are resistant to PTX and activate 

phospholipases have also been described. Recent cloning experiments have identified 

a variety of new G-proteins that function in these pathways (19). Eight G alpha cDNA 

clones belonging to three different classes of G alpha subunits have been 

characterized. They include two novel classes, G 12 (19) and Gq (20) (Figure 2); all of 

these lack the cysteine residue four amino acids from the C terminal end that is the 

target for PTX mediated ADP ribosylation (Figure 3). The Gaz (21) and Gaq (22) 

proteins have been isolated and shown to be refractory to PTX modification. 

The Gaz subunit bears some resemblance to the Gi class (23); however, it 

differs markedly in biochemical properties. The Gaz heterotrimer has been purified 

from bovine brain and the a subunit has been expressed in E coli (21). The purified a 

subunit shows a very slow rate of guanine nucleotide exchange and an unusual Mg+ 

ion dependence when compared to the Gas and Gai proteins. Furthermore, its 

intrinsic guanosine triphosphatase (GTPase) activity is extremely slow, approximately 

100 times slower than that determined for the other G protein a subunits. While the 

function of Gaz remains obscure, its kinetic properties and its distribution is 

interesting. It is found primarily in neurons, particularly cells with long axonal 

processes (24). 

Gaq and Gall are ubiquitously distributed and they lack a site for PTX 

modification (20). The amino acid sequences of the Ga 11 and Gaq isotypes differ 

from each other by less than 12% and almost all of these changes are confined to the 

NH2- terminal region of the molecule. This region may be important in determining 

the specificity of interaction with the J3-y subunit and the relative rate of nucleotide 
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exchange and hydrolysis (see below). Thus, while Gaq and Gall are often found in 

the same cell, they may be responsible for generating signals with different time 

constants and they could interact with different subsets of receptors and effectors. 

Recent results clearly point to the involvement of Gaq and Ga 11 in PTX resistant 

coupling to phospholipase C activation. A novel 42 kd protein that activates 

phospholipase C in a PTX resistant fashion was partially purified (22, 25). The 42 kd 

G protein had amino acid sequence identity with the Gaq clone (21). In reconstitution 

experiments the 42 kd protein specifically activates the beta isotype of phospholipase C 

(26, 27) and not the gamma or delta form (27). Antisera prepared against peptides 

with the specific sequences found at the C-terminus and in other regions of Gaq react 

with the 42 kd protein. Finally, in Drosophila, a cDNA clone with 76% amino acid 

identity to mammalian Gaq (20) was found to be expressed in eye tissue (28). It may 

represent the G-protein that couples Drosophila rhodopsin to the activation of the 

phospholipase C that is involved in the phototransduction cascade. Taken together all 

of this work clearly indicates that Gaq and Gall are involved in coupling one type of 

phospholipase C to a specific set of receptor SUbtypes. 

There are three other isotypes in the Gq class. They all show restricted 

patterns of tissue specific expression. Gal4 is found primarily in stromal and 

epithelial cells (29), while Gal5 and Gal6 (30) are found in cells derived from the 

hematopoietic lineage. Gal5 is found in murine B lymphocytes and Gal6 in human 

T lymphocytes and both are found in myeloid cells. Since there are multiple 

phospholipase C isotypes (8), it is possible that the other members of the Gq class 

interact with different members of the phospholipase family. 

Ga12 and Ga13 (31, 32) represent yet another class of potential pertussis 

toxin resistant a subunits (Figure 2 and 3). Both Gal2 and Ga13 mRNA are 

expressed ubiquitously. Again, we know very little about the function of these Ga 
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proteins. There is some evidence indicating that a member of the Gal2 family has 

been found in Drosophila melanogaster. A cDNA clone corresponding to the gene 

Concertina (cta) in Drosophila has marked amino acid sequence homology with Gal2 

(32). It has been suggested that the Concertina gene might playa role in regulating 

embryonic development in Drosophila. 

The diversity of a subunit structure is further extended by differential splicing 

of complex genes. At least two variants can be generated by differential splicing of the 

Go gene and most preparations of Go contain both polypeptides (33). These variants 

differ in amino acid sequence at the COOH-terminal half of the protein and may 

therefore have different receptor and effector specificities (see below). It has been 

suggested that the Go variants mediate PTX-sensitive activation of phospholipase C 

(34). 

The use of the polymerase chain reaction (PCR) has revealed new G protein 

alpha subunits (19). However, it is not clear whether all members of the family have 

been identified. It is possible that some a subunits are expressed only in a small 

subset of cells, or that the sequences of novel subunits could diverge in conserved 

regions such that the probing techniques would not detect them. Splice variants of 

alpha subunit cDNAs may have been overlooked during the search. However, there 

has not been a great deal of pressure to search for new G proteins, since in terms of 

assigning functions to known G proteins, we already face an embarrassment of riches. 

Structure function relationships among the Ga subunits. 

Unfortunately, the crystal structure is not yet known for any alpha subunit of 

the heterotrimeric G proteins. An approximation of the three dimensional structure of 

the G alpha subunit has been developed by modeling the amino acid sequences based 

on the crystal structure of the small G-protein Ras and of elongation factor-TU, 
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another GTP binding protein (35). Figure 3 shows the disposition of functional 

domains in a "normalized" G alpha subunit based on site-specific mutagenesis and 

studies with chimeric genes. This work has been reviewed recently (36) and we will 

briefly summarize some of the results. Mutations in the Ga subunit that are analogous 

to those that have been studied in Ras exemplify both the differences and the 

similarities between the two systems. Ras ordinarily hydrolyzes GTP very slowly 

(approximately 100 times slower than Gas). The rate of hydrolysis is accelerated by 

interaction with another protein called the GTPase activating protein (GAP). The 

substitution of valine for glycine in the A-box (see Figure 3) in ras lowers its GTPase 

activity and also results in its inability to be activated by the GAP protein. The 

homologous change introduced in Gas results in a two- to four-fold change in GTPase 

activity (37). However, amino acid changes at the Arginine residue that is modified by 

ADP ribosylation with cholera toxin (38), or in other nearby residues (e.g., gln-227) 

leads to dramatic (30- to 100-fold) decreases in intrinsic GTPase activity. It has been 

suggested that this portion of the molecule (from residue approximately 100-230, 

Figure 3) has a critical role in regulating the GTPase activity. Recently, similar 

mutations have been found in Gai2 and Gas by screening tumors for amino acid 

changes in G alpha subunit proteins. These results suggest that mutations that lock the 

G protein in the GTP bound form are dominant and in some tissues may lead to 

changes in growth control and oncogenesis (39). 

The NH2-terminal region of the G alpha subunit is thought to be involved in 

interaction with the beta-gamma subunit. This notion is supported by the finding that 

proteolysis of the N terminus prevents the G alpha subunit from binding to the beta

gamma subunit (40). The N-terminal region is also the site of myristoylation on some 

of the G-proteins (Gao and Gai 1, Gai2 and Gai3). Myristoylation increases the 

affinity of the alpha subunit for beta-gamma and facilitates heterotrimer formation (41). 
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It has been suggested that the C tenninal region of the G protein is involved in receptor 

interactions. This suggestion is supported by the observation that modification of the 

G alpha subunit by pertussis toxin blocks its interaction with receptor. Antibodies or 

peptides that specifically interact with C terminal regions of some of the G alpha 

proteins also block interaction with receptors (42). G-protein-effector interactions 

have been examined by constructing chimeric a subunits. The results suggest that 

sequences in the C-terminal half of the G-alpha subunit can determine effector 

specificity (43). However, this domain is not well defined. Reconstituted systems 

containing purified components may eventually allow mapping of the amino acid 

residues required for specific protein binding and thus pinpoint the nature of the 

interactions. 

Experiments demonstrating a direct role of G alpha subunits in the activation of 

ion channels have dramatically increased our understanding of G protein function. In 

addition to activating adenylyl cyclase, Gas subunits have been shown to regulate 

calcium channels (44). Gao regulates a variety of neuronal and atrial potassium 

channels as well as calcium channels in dorsal root ganglia (45). The ai3 and ai 1 

proteins appear to activate potassium channels (10, 16). The use of patch-clamp 

techniques, highly purified or recombinant G proteins and the observation of rapid 

channel activation suggest that the effect of the activated alpha subunit is directly on the 

channel. It has been known for a long time that channels can be gated by the activities 

of some second messengers. Thus, in addition to a direct effect on ion channel 

function, channels can be regulated indirectly through G protein interaction with 

specific effectors which in turn activate second messengers and kinases that can 

modify channel activity. 
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G alpha subunit evolution. 

There is no evidence for a cell surface receptor coupled G-protein system in 

bacteria. In fungi, homologs of the subunits of heterotrimeric G proteins do exist. 

Two genes encoding G protein alpha subunits have been found in yeast. One of the 

heterotrimeric G proteins in yeast is coupled to the mating type receptor. The 

mechanism of action of G-proteins is different in yeast (S. cerevisiae) than in 

multicellular organisms; it appears that the beta-gamma heterodimer rather than the 

alpha subunit interacts with effector (46). Nonetheless, the overall features of the 

system are conserved, since mammalian G protein alpha subunits can restore partial 

function to yeast mutants. Mammalian Gas and Gai subunits are apparently able to 

interact well with the yeast beta-gamma subunit and thus inhibit the mating-type 

pathway, but the mammalian proteins respond poorly to the yeast mating type receptor 

because they lack the appropriate receptor specificity (47). If, however, the gene for 

the mating type receptor is replaced by the gene for the appropriate mammalian 

receptor, e.g., the ~-adrenergic receptor, then catecholamines will trigger the yeast 

mating response (47). This kind of hybrid system promises to be very useful in 

screening for effective receptor agonists and antagonists. 

In Dictyostelium discoideum, the slime mold, an extensive family of G protein 

alpha subunit genes has been described. They play important roles in regulating 

cellular aggregation and development (48). The amino acid sequences of the Go. 

subunits maintain the universally conserved GTP binding and hydrolysis motifs 

(Figure 3) but do not bear a direct relationship to the G protein classes found in 

mammalian cells. On the other hand, several of the G proteins from simple 

multicellular organisms show a clear relationship to the classes found in mammals. 

Gas and Gao homologues have been identified in C. e/egans (49). In Drosophila 

(50) sequences homologous to Gi, Gs, Gq, and G 12 alpha subunit classes have all 
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been found. These sequences generally bear from 60-75% amino acid identity with the 

homologous mammalian proteins. If the amino acid sequence identity among 

members of classes of G alpha subunits reflect their interaction with similar subsets of 

effectors or receptors, we can expect insights into mammalian G-protein function from 

studies on these simpler systems. 

Beta-gamma subunit diversity and function. 

Four distinct beta subunit isotypes have been found in mammals (51, 52). 

They share more than 80% amino acid sequence identity. However, an individual 

isotype, G(31, cloned from different mammalian sources has identical amino acid 

sequence. The same is true for G(32, suggesting that each isotype has a conserved 

sequence and may also have conserved function. G(31, Gf32, and Gf33 are 

ubiquitously expressed while Gf34 is abundant in brain and lung tissue but is found at 

low levels in other tissues (52). All of the beta subunits are made up of eight 

segments of amino acid sequence; each segment shares a repetitive 40 amino acid 

sequence motif that is characterized by a number of distinct amino acids, including a 

tryptophan-aspartic acid pair. This motif has been referred to as the WD-40 repeat 

(51). The repeat structure is common to beta subunits found in all organisms. 

Recently, this same motif has been found as part of a large number of other proteins 

(53). The function of the WD-40 repeat is not known and its distribution in other 

genes has not as yet provided a useful clue. One portion of the beta sequence that 

does not show the repeat structure is the first 30-40 amino acids on the NH2-tenninal 

end of beta. Crosslinking studies with transducin suggest that this is the region where 

beta and gamma subunits may interact (54). 

Diversity amongst the gamma subunits has been demonstrated by 

electrophoretic, immunological, and protein sequencing techniques (55). However, 
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these data do not allow us to distinguish between heterogeneity due to primary 

structure or to post-translational modification. eDNA clones corresponding to four 

distinct isotypes have been found (56). Peptide sequences obtained from purified 

gamma subunit proteins suggest the existance of at least two more. One gamma 

isotype, Gyl, is expressed only in photoreceptors, while another, Gy2, is expressed at 

different levels in all tissues that were examined; Gy3 is expressed primarily in brain 

and in testis. The proteins are most divergent at their NH2-terminal sequence and they 

share considerable sequence homology at their COOH-terminus. The amino acid 

sequence near the COOH-terminus of the gamma subunits (as deduced from the 

eDNA), resembles the Ras oncogene sequence with a characteristic cysteine four 

residues from the end of the protein. The gamma subunits are all modified (57) by the 

removal of the three carboxyl terminal amino acids adjacent to the cysteine, and by the 

carboxymethylation, and isoprenylation of the terminal cysteine residue. The 

modification of Gyl most closely resembles the modification of Ras; a 15 carbon 

farnesyl group is found on the carboxymethylated cysteine (58). Without 

modification, Gyl complexed to beta is inactive (59). Thus, isoprenylation and 

perhaps reversible carboxymethylation could play roles in the regulation of signal 

transduction. Gamma subunits extracted from brain were also found to be 

polyisoprenylated. However, they are modified by the addition of a 20 carbon all 

trans-geranylgeranyl moiety (60). This addition may be required to anchor the gamma 

subunit in the membrane. 

There are a few examples of direct effects of beta-gamma on purified 

components of mammalian signaling systems. Beta-gamma addition to rod 

photoreceptor outer segments apparently activates phospholipase A2 (61). The 

activation of phospholipase A2 with subsequent release of arachadonic acid could 

account for some of the observations that addition of j3y to membrane patches activates 
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potassium channels. However, inhibitors of phospholipase A2 do not block 

acetylcholine activation of K+ channels and recent reports suggest that beta-gamma 

addition can inhibit K+ channel activation by interaction with alpha subunits (62). Part 

of the confusion in these and other experiments designed to look for an effect of py 

may result from the complex nature of the beta-gamma mixtures that are added back to 

membrane preparations and from the complexity of the membrane patch system. 

The suppressive effect of added beta-gamma subunits on the activity of GTP 

activated alpha subunits has been demonstrated in a number of contexts. In fact, this is 

the basis for one explanation of the mechanism of Gi mediated inhibition of adenylyl 

cyclase (63). Indirect evidence has implicated activation of Gai in lowering 

intracellular cAMP levels; however, the purified alpha subunit shows only mild activity 

in reconstituted systems. This led to the hypothesis that activation of Gai frees beta

gamma subunits to interact with endogenous Gas and, thus, activation of Gai 

operates indirectly by inactivating Gas. The scheme has been criticized on kinetic and 

other grounds (64, 16). However, it remains a consistent explanation of the data. 

Another hypothesis is that py subunits act directly. This notion is based on the 

observation that beta-gamma subunits added to adenylyl cyclase inhibit its activity 

(65). Again, some of these effects might be indirect; they may result from the 

interaction of beta-gamma with calmodulin thereby inhibiting the Ca2+-calmodulin

mediated stimulation of some of the adenylyl cyclase activity (66). 

Beta-gamma subunits act during the signaling process to coordinate cellular 

responses. They have several functions: (a) stabilizing the interaction of alpha 

subunits with receptors and perhaps inducing formation of appropriate receptor 

complexes exhibiting specific activation kinetics, (b) modulating the effects of activated 

alpha subunits, and (c) regulating, at least indirectly, channel and phospholipase 

activity. The extensive modification of the gamma subunits, the diversity of beta and 
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gamma, as well as the crosstalk between beta-gamma subunits that are associated with 

different alpha subunits, all point to an important function for beta-gamma in 

establishing specific receptor/G protein associations and in integrating the effects and 

timing of the various G-protein mediated circuits. 

G-protein Networks. 

In exploratory experiments with cloned cell lines, appropriate probes have been 

used to detect Gas, Gail, Gai3, Gao, Gaz, Gaq, and Gall mRNA in the same 

cell. Presumably, there are also detectable amounts of four beta and at least three 

gamma subunit genes expressed in some cloned cell lines. If all of these subunits 

associated combinatorially and at random, there would be almost one hundred different 

kinds of heterotrimers. Different combinations could have different affinities for 

individual receptors. These combinatorial relations could regulate the association 

between G protein and receptor and the kinetics of the activation response, since each 

receptor when transiently activated would interact with the subset of combinations of 

G-protein subunits for which it had the highest affinity. However, there may be a 

mechanism that assembles the heterotrimer in a specific manner and transports specific 

assemblies to intracellular compartments that are enriched for the presence of 

appropriate receptors or effectors. There is evidence for compartmentalization (67) and 

for the preferential formation of subsets of beta-gamma heterodimers associated with 

specific alpha subunits. Reconstitution experiments have shown that Gas, Gai, and 

transducin have different affinities for different py heterodimers (68) and the 

differential elution of a subunits from py columns further attests to differences in their 

relative affinities (69). A py complex isolated from placenta has been shown to have 

distinctive properties (70), and different gamma subunits were found to be associated 

in heterotrimers with the same alpha subunit when isolated from different tissues (71). 
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A precise role for /3y in determining receptor or effector specificity in vivo remains 

obscure. 

Network specificity can also be controlled by feedback processes. Activation of 

a particular G protein-coupled pathway can generate second messengers that regulate 

protein kinases. The kinases, in tum, can influence the information processing 

system. There are a number of examples where the addition of ligand leads to rapid 

phosphorylation of the G alpha subunit. In Dictyostelium the Ga2 protein plays a 

critical role in transducing signals from cyclic AMP receptors. The addition of ligand 

to the cells results in very rapid phosphorylation of Ga2 (72). Phosphorylation is 

transient and it is not clear how this modification affects the activity of Ga2. It could 

lead to inactivation and thus reflect a desensitization or adaptation process. In the yeast 

mating type system where mutants in the alpha subunit lead to constitutively active 

beta-gamma subunits, a process (not necessarily protein phosphorylation) that 

desensitizes and reverses the long term effects of free beta-gamma results in adaptation 

(73). There is also evidence for the rapid phosphorylation of activated Gk alpha 

subunits and of Gi2 alpha subunits (74). However, it is not clear how these 

modifications affect function. There are a variety of other modifications including 

myrisoylation, isoprenylation, carboxymethylation and ADP-ribosylation that could 

also be regulated to modulate the activity of different G proteins. 

Some of the circuitry mediated by G proteins is presumably "hardwired" and 

can serve the function of signal distribution. For example, Gas, when activated, is 

capable of both opening specific Ca++ ion channels and increasing steady state levels 

of cyclic AMP. Thus, these responses are presumably coordinated by the activation of 

a single Gas protein. G protein similarities can generate crosstalk between circuits, 

resulting in signal integration. If two G proteins such as Gai2 and Gao are activated 

by different receptors and characteristically deliver signals to distinct effectors but are 
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capable of interacting at low efficiency with other effectors, we would expect that the 

activation of either one of these pathways could elicit activation of the other. Thus, 

crossactivation can be an essential part of the information transducing circuit. On the 

other hand, parts of the intracellular system may be built to shield against crosstalk. 

For example, (75) it has been found that in polarized renal epithelium cells Gai2 is 

localized to the basal lateral membrane of the cell while Gai3 is found in the golgi and 

in apical membranes. By confining specific G proteins and perhaps their effectors to 

local regions of the cell, their ability to crosstalk or interact could be effectively 

stymied. 

There are other proteins that appear to augment the function of G proteins. 

Nucleoside diphosphate kinase (NDPK) has been reported to form complexes with the 

various GTP binding proteins (76). The enzyme is a source of GTP and its 

association with the alpha subunits may reflect functional interactions. There is also 

indirect evidence suggesting that perhaps the small GTP binding proteins such as Ras 

bound to GAP (77) can interact with the G alpha subunit. 

The properties of G-protein networks are well suited to the needs of the 

complex processing that takes place in the nervous system. Many neuromodulators 

and neurotransmitters operate through G-protein coupled pathways and G-proteins can 

effect specific ion channel function. It is therefore not surprising that long term 

potentiation (L TP) in the mammalian hippocampus is thought to involve G proteins 

(78). In aplysia, associative learning is known to be mediated by multiple G-protein 

pathways (79). We are beginning to get indications of a most exciting aspect of the 

complexity of G-protein networks--their role in coordination and integration of 

information during neural function. 
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Role of G proteins in differentiation. 

As cells differentiate, presumably their signaling characteristics change and 

new pathways are expressed and integrated into the function of the cell. Perhaps the 

clearest example of expression of new G proteins as a function of differentiation is 

found in Dictyosteliwn, where the transitions from amoeba to aggregate and from slug 

to stalk and spore are all accompanied by the appearance of new G alpha protein 

subunits (80). Presumably, the new transducers can establish and generate circuits 

that produce a pattern of second messengers that help stabilize the differentiated state of 

these cells. Studies of the effects of one G-protein coupled pathway on another 

suggest that there are feedback mechanisms that regulate gene expression of the 

components of the pathway (81). 

The notion that G proteins may initiate or stabilize developmental changes is an 

interesting one. There are a variety of regulatory peptide factors and hormones that can 

influence cell growth. Many of these agents, such as thrombin, bombesin, serotonin, 

and angiotensin, bind to specific receptors that are coupled to G proteins. In some 

cases, pertussis toxin has been reported to block the proliferative response. The toxin 

has also been used to show that growth factor receptors may also be coupled to G 

proteins (82). Marked effects on the signaling mechanisms of insulin-like growth 

factor (IGF) have been described and peptides that contain a sequence derived from the 

IGF receptor (83) have been shown to carry the specificity to activate certain G 

proteins. This implies that apart from the seven-pass membrane receptors, a whole 

new class of receptors with single transmembrane segments could also be coupled to 

G-proteins. 

G proteins may also playa role in modulating cell movement, cytoskeletal 

structure, and chemotaxis. G proteins have been reported to interact with tubulin (84), 

collagen (85), and actin (86). Furthermore, pertussis toxin blocks some of these 
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interactions. One hope is that genetic systems can be used to analyze complex 

functions of G-protein pathways. In Drosophila, a maternal effects gene called 

concertina (cta) that is required for appropriate morphological development has been 

cloned and shown to be a G alpha subunit (32). G proteins may act synergistically 

with growth factors to direct a cell along a particular developmental pathway. Thus, 

signals from specific honnones and mediators that induce high, intracellular 

concentrations of a particular second message may be integrated to facilitate a growth 

factor initiated response. For example, ligands that activate G protein-coupled 

receptors that increase cyclic AMP concentration in cells enhance the differentiation of 

PC12 cells initiated by nerve growth factor. Tyrosine kinase-coupled receptors and G 

protein-coupled receptors activate different phospholipase C isotypes. These two 

pathways could act synergistically. Thus, the activation of G protein mediated 

pathways in the appropriate context might initiate, facilitate, or amplify changes 

required for cellular differentiation. 

Cloning and sequencing have been used to establish the nature of the G

proteins, and experiments utilizing purified protein to reconstitute steps of signalling 

pathways in vitro have helped to define the mechanism of action of G protein-coupled 

systems. However, these approaches give us little insight into the integrative 

properties of the system or into its function in vivo. New microscopes and specific 

fluorescent markers may allow us to visualize the effects of different circuits 

simultaneously. Applications of homologous recombination and antisense 

oligonucleotides should provide ways to inactivate individual genes and allow 

assessments of their function. Extensive studies with dominant mutants in mammalian 

systems and in transgenic mice have proven to be useful and may be extended to define 

the function of individual components and provide the means to analyze the complex 

interactions within the signal transduction network. 
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Figure 1. Receptor-G protein mediated signal transduction. 

(A) Receptor (R) associates with a specific ligand (L) to stabilize an activated form of 

the receptor (R *), which catalyzes the exchange of GDP for GTP at a site on the alpha 

subunit of specific G-proteins. The ~'Y heterodimers may remain associated with the 

membrane through a 20 carbon isoprenyl modification ( ) of the gamma subunit. 

The receptor is desensitized by specific phosphorylation (-P). 

(B) The G-protein cycle. Pertussis toxin (PTX) blocks the catalysis of GTP exchange 

by the receptor. Different activated alpha subunits (aGTP) and or the ~'Y heterodimers 

can interact with different effectors (E). Cholera toxin (CTX) blocks the GTPase 

activity of some alpha subunits, fixing them in an activated form. 
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Figure 2. Relationships among mammalian G protein alpha subunits. Alpha subunits 

are grouped by amino acid sequence identity. Branch junctions approximate values 

calculated for each pair of sequences. This figure extends the relationships shown by 

Kaziro et al. (ref. 14) and clearly defines four classes of alpha subunits. The splice 

variants of Gas are not shown. 
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Figure 3. The distribution of sequence specificity among the alpha subunits. The 

empty boxes represent the highly conserved domains found in all G-proteins. These 

sequences are thought to be directly involved in interaction with the guanine nucleotide 

(see bold letters, A, C, G, and I). The single letter amino acid code is used to show 

the distinctive sequences for some of the alpha subunits. The full boxes indicate the 

regions that show the highest levels of amino acid sequence diversity. They are at the 

N -terminus, between residues corresponding to amino acid 90-160 and amino acid 

280-320 in the Ga.il sequence. The site for cholera toxin modification (Arginine 178), 

pertussis toxin modification (Cysteine 350), and myristoylation are shown. 
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ABSTRACT Biochemical analysis has revealed a number 
of guanine nucleotide·binding regulatory proteins (G proteins) 
that mediate signal transduction in mammalian systems. Char· 
acterization of their cDNAs uncovered a family of proteins with 
regions of highly conserved amino acid sequence. To examine 
the extent of diversity of the G protein family, we used the 
polymerase chain reaction to detect additional gene products in 
mouse brain and spermatid RNA that share these conserved 
regions. Sequences corresponding to six of the eight known G 
protein a subunits were obtained. In addition, we found 
sequences corresponding to live newly discovered a subunits. 
Our results suggest that the complexity of the G protein family 
Is much greater than previously suspected. 

G proteins are components of eukaryotic signal transducing 
systems. They relay information from activated membrane 
receptors to intracellular effectors (1). Many different kinds 
of transmembrane receptors, such as hormone, neurotrans· 
mitter, and sensory receptors, are coupled via G proteins to 
a variety of effectors, including adenylyl cyclase, phospho· 
lipases, phosphodiesterases, and potassium and calcium 
channels (2, 3). The G proteins share a common structure; 
tbey are heterotrimers composed of a, f3, and y subunits. The 
G·protein a subunit binds GDP and, upon interaction with the 
appropriate activated receptor, exchanges the GDP for GTP. 
This exchange is accompanied by dissociation ofthe a and f3y 
subunits, allowing a (and perhaps f3y) to interact with effec· 
tors. An intrinsic GTPase activity restores the a subunit to its 
initial GDP bound state. 

Multiple genes have been found to encode the G·protein 
subunits, with the greatest diversity thus far found among the 
a subunits. Molecular cloning of cDNAs resulted in the 
identification of eight genes encoding a subunits in mammals 
(4). Some of these gene products appear to be restricted to 
one cell type and to be involved in a single function. For 
example, two different genes encoding phototransducers 
were discovered; one is expressed in rod photoreceptors and 
the other is expressed in cone cells (5). Other a subunits are 
ubiquitous; G, (stimulatory G protein) is found in most cells 
that have been examined and appears to subserve mUltiple 
functions (6). 

It is not clear how many different G proteins are required 
to mediate the varied signaling systems in mammals. Perhaps 
a small number of genes encode a few G proteins, which can 
be adapted to multiple tasks. Alternatively, a large number of 
different G proteins may be utilized, with unique proteins 
dedicated to specific functions. We have examined G·protein 
diversity in the mouse to explore further how G-protein· 
mediated signal transduction has adapted to the complex 
signaling processes that define a multicellular organism. 

The publication costs of this anicle were defrayed in pan by page charge 
payment. This anicle must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.c. §1734 solely to indicate this fact. 
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MATERIALS AND METHODS 

Materials. Thermus aquaticus DNA polymerase (Taq poly· 
merase) and polymerase chain reaction (PCR) buffer were 
obtained from Perkin-Elmer/Cetus (Norwalk, CT). Other 
enzymes were obtained from New England Biolabs (Beverly, 
MA). Oligonucleotides were synthesized on an Applied Bio· 
systems (Foster City, CAl DNA synthesizer. 

PCR. cDNA was prepared from total RNA from adult 
mouse brain and mouse round spermatids. Spermatids were 
prepared by the staput gradient technique (7) and provided to 
us by A. Bellve (Columbia University, New York). Reverse 
transcriptase reaction conditions were identical to those 
described by the manufacturer (cDNA synthesis system, 
BRL) except the oligonucleotide primer oMP20 or oMP21 
was used at 5 /LM in place of oligo(dT) (see Fig. 1 legend for 
a description of the primers). An aliquot of the reverse 
transcriptase reaction (cDNA synthesized from 100 ng of 
RNA) was used for PCR amplification (94°C. 1 min; 37°C, 1.5 
min; 72°C, 2 min; 35 rounds followed by a 10-min incubation 
at 72°C). PCR was performed on a Cetus DNA thermal 
cycler. Conditions for PCR were identical to those described 
by the manufacturer (Gene Amp Kit, Cetus) except each 
primer was present at 5 /LM. Reaction mixtures were elec· 
trophoresed on NuSieve agarose gels (3%), and products of 
the appropriate size were isolated. The fragments were 
treated with Klenow fragment and digested with EcoRI and 
BamHI or phosphorylated with T4 polynucleotide kinase and 
cloned into Bluescript vector (Stratagene). Clones were 
sorted by single lane sequencing (see text). The complete 
nucleotide sequence of the cloned PCR products was ob· 
tained by sequencing double·stranded Bluescript plasmid 
using the M13 universal and reverse primers. 

Northern Analysis. 32P·labeled hybridization probes were 
generated by random priming of gel·purified PCR fragments 
(Multiprime DNA labeling system, Amersham). The frag· 
ments were amplified from plasmid DNA with the appropri· 
ate PCR primers (see Fig. 1). Blots (see Fig. 2 legend) were 
hybridized at 42°C in 50% formamide and washed at 55°C-
60°C in 0.5x SET (0.5% sodium lauryl sulfate in 10 mM 
Tris·HCI/0.25 mM EDTA, pH 7.5). 

RESULTS AND DISCUSSION 
The amino acids thought to allow the G·protein a subunit to 
interact with guanine nucleotides lie in several domains (8). 
These domains are highly conserved among all known G 
proteins from yeast, Drosophila, and mammals (4, 9). To 
probe a·subunit diversity, we designed four sets of mixed 
oligonucleotides corresponding to two of these conserved 
regions for use in the PCR (10,11) (Fig. 1). cDNA from total 
mouse brain and from purified mouse spermatids was am· 
plified, and DNA fragments of the expected size were cloned. 

Abbreviations: PCR, polymerase chain reaction; G protein. guanine 
nucleotide·binding regulatory protein. 
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Proe. Natl. Aead. Sci. USA 86 (1989) 

~ ~ O~~l 
G.: OVGGQROERRKNIQCrNOVTAIIFVVASSSYNMVlREDNQTNRLQEALNLrKSIWNNRWLRTISVILFLNKQD (295) 
Gil: DVGGQRSERKltWIHCFEGVTAI IFCVALSDYDLVLAEDEEMllRMHESMKLrDSICNNKWFTDTS I ILFLNKKD (272) 
Gi2: DVGGQRSERKltWIHCFEGVTAIIFCVALSAYDLVLAEDEEMllRMHESMKLrDSICNNKWFTDTSIILFLNKKD (273) 
Gi3: DVGGQRSERKltWIHCFEGVTAIIFCVALSDYDLVLAEDEEMllRMHESMKLFDSICNNKWFTDTSIILFLNKKD (272) 
Go: DVGGQRSERKltWIHCFEDVTAIIFCVALSGYDQVLHEDETTNRMHESLMLrDSICNNKFFIDTSIILFLNKKD (273) 
G.: DVGGQRSERKltWIHCFEGVTAIIFCVELSGYDLKLYl:DNQTSRMAESLRLFDSICNNNWFINTSLILFLNKKD (273) 
Tr : DVGGQRSERKltWIHCFEGVTCIIFlAALSAYDMVLVEDDEVNRMHESLHLrNSICNHRyrATTSIVLFLNKKD (268) 
Tc: DVGGQRSERKltWIHCFEGVTCI IFCAALSAYDMVLVEDDEVNRMHESLHLFNSICNHKFFAA TS I VLFLNKKD (272) 

GalO: 
Gall: 
Ga12 : 
Ga13: 

DERRKWIQCFNDVTAI IYVAACSSYNMVlREDNNTNRLRESLDLrESIWNNRWLRTISI IL 
SERRKNIHCFENVTSIMFLVALSEYDQVLVESDNENRMEESKALrRTIITYPWFQNSSVIL 
SQRQKWFQCFDGITSILFMVSSSEYDQVLMEDRRTNRLVESMNIFETIVNNKLFFNVSIIL 
SERKRWFECFDSVTSILFLVSSSEFDQVLMEDRQTNRLTESLNIFETIVNNRVFSNVSIIL 

GaU: ESVTSIIFLVALSEYDQVLAECDNENRMEESKALFRTIITYPWFLNSSVIL 
CONSENSt1S: BEJlICWICF VTIF SYDVLED NR ES LF IN F SIL 

FIG. 1. Predicted amino acid sequence from five G-protein a subunits. The amino acid sequence from the relevant region of the eighl 
previously cloned a-subunit cDNAs are designated by standard one-leiter nomenclature. The gene name is on the left and the position of the 
last amino acid in the sequence is numbered in parentheses on the righ!. Three blocks of six conserved amino acids. indicated at the top. were 
chosen from these sequences to synthesize completely degenerate oligonucleotide primers: DVGGQR [oMP41. GTCTAGAGA(CT)GT(ACGT)
GG(ACGTlGG(ACGT)CA(AG)(AC)G], KWIHCF [oMPI9. CGGATCCAA(AG)TGGAT(ACTlCA(CT)TG(CT)TT], FLNKKD [oMP20. 
GGAATTC(AG)TC(CTlTT(CT)TT(AG)TT(ACGT)AG(AG)AA; oMP21. GGAATTC(AG)TC(CTlTT(CTlTT(AG)TT(CT)AA(AG)AAj. The oli
gonucleotides made to FLNKKD are in the antisense orientation. The underlined sequence at the 5' end of each oligonucleotide contains a 
restriction endonuclease site to facilitate cloning the PCR products. The arrowheads above the amino acid sequence of the PCR primers indicale 
the direction of polymerization. GalO. -11. -12. and -13 were cloned from PCR-amplified mouse brain cDNA by using oligonucleotide primer 
oMP41 paired with either oMP20 or -21 in separate reactions. Gall and -14 were cloned from PCR-amplified mouse spermatid cDNA by using 
oligonucleotide primers oMPI9. -20. and -21 in the same reaction. The DNA sequence of G,. Go. G,. and either G,1 or G,3 was obtained from 
at least two clones derived independently from brain and spermatid cDNA; the remaining two G, clones were obtained from spermatid cDNA. 
The DNA sequence of G, and G,2 was identical to the mouse lymphoma cDNA sequence (12). The DNA sequence of Go. Gz• G,1 or G,3. and 
Gall agreed between the corresponding clones obtained from brain and spermatid cDNA. Translation of each DNA sequence in the appropriate 
reading frame was identical to the published amino acid sequences for the corresponding rodent cDNA clones. The consensus amino acids were 
compiled from the sequence of all 13 a-subunit sequences between the DVGGQR and FLNKKD PCR primers. A consensus position was defined 
by amino acid identity in 11 of the 13 sequences shown. Boldface type in the a-subunit sequences indicates agreement with the consensus. 

Individual clones were grouped according to the pattern 
obtained from a single lane of DNA sequence, and the full 
DNA sequence was determined for representatives of each 
pattern.' Newly discovered a-subunit clones were easily 
identified by comparison with the known a-subunit se
quences since greater than half of the amino acids in the 
cloned region are conserved. 

Fig. 1 presents the amino acid sequence of the known 
mammalian G-protein a subunits along with the predicted 
amino acid sequence of five peR products. A consensus 
sequence was compiled from the most conserved amino acids 
in the region targeted by PCR. Each sequence contains >80% 
of the consensus amino acids. These a-subunit sequences are 
clearly distinct from the other classes of GTP binding pro
teins, in particular ARF (ADP ribosyl at ion factor) and mem
bers of the ras-like family (13), which only share homology in 
some of the GTP-binding domains. While we cannot rigor
ously classify the newly discovered a-subunit sequences, 
certain features are noteworthy. Gall and Ga14 appear to be 
closely related to each other, with 92% amino acid identity in 
the cloned region. Also, Ga12 and GaB are similar to each 
other, with 77% amino acid identity. Ga10 is most closely 

"The sequences reported in this paper for Ga10-14 have been 
deposited in the GenBank data base (accession nos. M26743. 
M26740. M26741, M26742. M26739. respectively). 

a b c .. - ·:1 
&I 

related to G" with 85% amino acid identity. An amino acid 
sequence identical to that identified here as GalO was de
scribed independently by Jones and Reed (14). They showed 
that this sequence is part of an a subunit, Golf, that they found 
activates adenylate cyclase and is primarily expressed in rat 
olfactory neurons. 

Northern blots were done to examine the expression of 
mRNA corresponding to these a-subunit sequences in sev
eral tissues. Fig. 2 shows that Gall (Fig. 2b), Ga12 (Fig. 2e), 
and Ga14 (Fig. 2e) were expressed in all tissues examined. 
Although the sizes of the major transcripts on these blots 
were similar, they were not identical. Furthermore, Ga 11 and 
Ga14 were distinguished by their hybridization to minor 
transcripts of unique size and tissue distribution. Expression 
ofGa10 (Fig. 2a) was observed primarily in brain, while GaB 
(Fig. 2d) was most abundant in kidney and testis. The 
expression patterns ofGa10 and GaB are distinct compared 
to the other a-subunit genes presented in this work and 
previously reported (4, 15). These experiments confirm that 
transcripts corresponding to the new a-subunit sequences 
exist and rule out the possibility that the peR products were 
derived from pseudogenes by amplification of contaminating 
chromosomal DNA. 

Table 1 shows the distribution of G-protein a-subunit 
sequences in the peR fragment population from mouse brain 
cDNA. This distribution varies with the different peR prim-

d e 
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FIG. 2. Northern blot analysis of the five newly discovered a-subunit cDNAs. Poly(A)+ RNA (1 /Lg) from liver (L). eye (E). kidney (K). 
testis (T). and brain (B) was fractionated on formaldehyde agarose gels (1%) by electrophoresis and transferred to nitrocellulose. The following 
radioactive probes were used: GalO (a), Gall (b), Ga12 (e). Gal3 (d). Ga14 (e). The same filter was used for a and b. a second filter was used 
for d and e, and a third filter was used for c. The positions of 28S and 18S RNA were determined by ethidium bromide staining. 
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Table 1. Distribution of a-subunit sequences in PCR-amplified 
mouse brain cDNA 

oMPI9 
x -20 

G, 
Gil/3a 2 
G,I/3b 
G,2 
Go 16 
Gz 3 
GalO 
Gall 4 
Gal2 
Gal3 
Gal4 

oMPI9 
x -21 

9 
4 

oMP41 
x -20 

l3 

15 
10 
2 
3 
4 

oMP41 
x -21 

2 

6 
2 
8 
2 

2 

The G-protein a subunits known to be expressed in brain (ref. 4; 
this work) are listed on the left. Gil and Gi3 could not be distinguished 
by amino acid sequence but were expected to have distinct DNA 
sequences. In the screen of brain PCR products. only clones of type 
G,I/3a were obtained. but clones of type Gil/3b were found in the 
screen of spermatid PCR products; one of these is presumably Gil 
and the other is G,3. Mouse brain eDNA was amplified as described 
in Fig. I by using the combination of primers indicated above each 
column. Random clones were analyzed by DNA sequencing. The 
total number of clones corresponding to each a subunit is listed. 
Every cloned PCR product generated with oligonucleotide pairs 
oMPI9 x -20 and oMPI9 x -21 was an a-subunit sequence. The PCR 
products that were generated with the oligonucleotide pairs oMP41 
x -20 and oMP41 x -21 contained a-subunit sequences in only 50% 
and 25% of the clones. respectively. The remaining clones contained 
the oligonucleotide primers. but the rest of the sequence. when 
translated. shared no homology with a subunits. Frequently. these 
clones did not contain open reading frames. 

ers and probably does not reflect the mRNA distribution in 
the tissue but rather the properties of the peR reaction. The 
data do not represent a comprehensive screen of a-subunit 
sequences in mouse brain. Indeed, only one of three known 
G i (inhibitory G protein) sequences was recovered. Never
theless. four new a-subunit sequences were found suggesting 
that the number of unique a subunits is greater than the 13 
described here. Other G proteins could be involved in sig
naling events unique to small subpopulations of neuronal 
cells. Consequently. many novel a-subunit messages may be 
quite rare with respect to the known a-subunit messages in 
RNA obtained from the entire brain. Discovery of a greater 
variety of G proteins may simply require a more extensive 
search. 

The diversity of the G protein family may reflect the extent 
to which these proteins mediate the numerous signaling 
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processes in a multicellular organism. The list of receptors 
and effectors that couple through G proteins is growing 
rapidly. In simple organisms, these proteins have been im
plicated in a diverse set of responses, including cell cycle 
control (16, 17), the regulation of stage-specific gene expres
sion (18), and neuromodulation (19). Given the multiplicity of 
cellular interactions in a complex eukaryote, there may exist 
a wealth of information-processing systems that exploit G
protein-mediated signal transduction. 
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Alternative splicing produces transcripts encoding two forms of the 
a subunit of GTP-binding protein Go 

(guanine nucleotide-binding protein/signal transduction) 
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Contribated by Mell-in I. Simon. June 4. 1990 

ABSTRACT The a subunit of the guanine nucleotide
binding protein Go ("0" for other) is believed to mediate signal 
transduction between a variety of receptors and effectors. 
eDNA clones encoding two forms of Go a subunit were isolated 
from a mouse brain library. These two forms, which we call 
GoAa and G.Ba, appear to be the products of alternative 
splicing, GoAa differs from G.Ba over the C-terminal third of 
the deduced protein sequence. Both forms are predicted to be 
substrates for ADP-ribosylation by pertussis toxin. G.Aa 
transcripts are present in a variety of tissues but are most 
abundant in brain. The G.Ba transcript is expressed at highest 
levels in brain and testis. It is possible that G.Aa and G.Ba 
have different functions. 

Guanine nucleotide-binding proteins (G proteins) form a large 
family of signal-transducing molecules. They are found as 
heterotrimers made up of a, {3. and y subunits. Members of 
the G protein family have been most extensively character
ized by the nature of the a subunit, which binds guanine 
nucleotide. is capable of hydrolyzing GTP. and interacts with 
specific receptor and effector molecules (for reviews. see 
refs. 1-3). A variety of specific G protein a subunits and their 
corresponding cDNAs and genes have been identified. Some 
of the a subunits, such as stimulatory G protein (G,) a 
subunit. are ubiquitous-i.e .. splice variants of the G, a 
subunit gene (4) are found in every tissue that has been 
examined. In reconstitution experiments. G, a subunit was 
shown to interact with a specific subset of receptors and to 
activate adenylate cyclase. Other G proteins are cell-type 
specific-i.e .. they are found in specialized cells and appear 
to transduce signals from only a small subset of receptors. 
For example. there are two transducins. one found only in 
rod photoreceptor cells and the other found only in cone cells 
(5. 6). Still other members of the a-subunit family are 
restricted to a subset of tissues. 

In the course of the purification of inhibitory G protein (G;) 
subunits. a new G protein was discovered and named G" ("0" 

for other). The G" heterotrimer is found abundantly in bovine 
brain as a membrane-associated protein (7. S). Homologues 
of the Go a subunit have been found in a variety of organisms 
from Drosophila to man (2. 9-12). In general. the Go protein 
is localized in neural tissue and is an abundant membrane
bound protein in brain extracts. Evidence for the presence of 
Go in some other tissues has also been obtained. but the 
highest concentration of both protein and mRNA appears to 
be in brain. The purified Go a subunit has been used to 
reconstitute signal transducing systems. and it has been 
proposed to be the G protein that mediates a variety of 
processes that are sensitive to pertussis toxin inhibition (see 
ref. 13 for review). Perhaps the clearest evidence for the 
specific involvement of Go comes from studies on ion chan-

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "ad~'erl;semenl" 
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nels in neuronal cells and heart atria. There is evidence from 
patch-clamp studies that the GTP-bound Go a subunit can 
gate potassium and calcium channels (14-17). It also has been 
suggested that the pertussis toxin-sensitive activation of 
phospholipase C may be mediated by Go a subunit (1S. 19). 
Recently. the GAP 43 protein in nerve growth cones was 
shown to stimulate guanine 5' -[ y-thio ]triphosphate binding to 
Go (20). Thus. there are indications that a large variety of 
receptors and effectors could interact with the Go a subunit. 

The cDNA corresponding to Go a subunit has been isolated 
and characterized from a number of different organisms (13). 
The gene itself is large. containing at least 10 exons that cover 
>90 kilobase pairs (kbp) of DNA in humans (21). During the 
course of studies to ascertain the diversity of the G protein a 
subunit family. we discovered cDNA clones encoding a 
variant form of mouse brain Go a subunit. The sequences of 
the two forms are identical at the N terminus but show 
considerable variation at the C terminus'. These two forms 
of mouse brain Go a subunit. which we call GoAa and GoBa. 
are likely the products of alternative splicing. and they may 
have different functions. 

MATERIALS AND METHODS 

Polymerase Chain Reaction (PCR). PCR (22) was performed 
as described (23). Mouse brain and spermatid cDNA were 
made from poly(A)+ RNA with random hexanucleotide prim
ers by using Moloney murine leukemia virus reverse tran
scriptase. Conditions were those supplied by the manufacturer 
(BRL). The oligonucleotides used for PCR amplification of the 
cDNA were as follows: oMP19. CGGATCCAARTGGATH
CA YTGYTI; oMP20. GGAA TICRTCYTIYTIRTINAGR
AA; oMP21. GGAATTCRTCYTTYTTRTTY AARAA; 
CT60. CATGCACGAATCCCTGAAGC; CTl12. CCGCATG
CACGAGTCTCTCAT; CTl13. CCCGKAGRTIKTIGGC
RATGA; CTl14. ATGGGATGTACGCTGAGCGCA: GOI. 
TCGTCCTCGTGGAGCACCTG; and Ta29. GGGATCCNG
TRTCNGTNGCRCANGT. in which R = AorG. Y = C orT. 
K = G orT. H = A. C. orT. and N = A. C. G. orT. PCR was 
performed on a Perkin-Elmer/Cetus thermal cycler. During 
each cycle. samples were denatured for 1.0 min at 94°C. 
extended for 1.0 min at noc. and annealed for 0.5 min at the 
following temperatures: oMP19 + oMP20 + oMP21. at 42°C; 
CT60 + Ta29. at 50°C; oMP19 + Ta29. at 42°C; G01 + CTl14. 
at 60°C; CT60 + CTl13. at 55°C; and CTl12 + CTl13. at 55°C. 
Each oligonucleotide was used in the PCR at 10 ng/"",I: 35 
cycles were performed on approximately 5 ng of cDNA in a 
50-"",1 reaction volume. The buffer and Thermus aquaticus 
(Taql polymerase were supplied by Cetus. 

Abbreviations: peR. polymerase chain reaction: G protein. guanine 
nucleotide-binding protein; G,. G,. and Go. inhibitory. stimulatory. 
and "other" G proteins. 
"The sequences reponed in this paper have been deposited in the 
GenBank data base (accession nos. M36777 for GuAa and M36778 
for GoBa). 
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Northern Analysis. Total RN A and poly(A) + RN A were run 
on 1% agarose gels and transferred to GeneScreen (DuPont) 
as described (24). A probe specific to both GoAa and GoBa 
was made by PCR amplifying clone Goll (Fig. lA) with 
oligonucleotides GOI and CTl14 as described above. Probes 

A 
· . . . . . 

-21 TGTGGCAGGGMGGGGCC1I.CCATGGGATGTACGCTGAGCGCAGAGGAGAGAGCCGCCCTC 38 
1 M GeT L S A E: £ R A A L 13 

· . . . . . 
39 GAGCGGAGCAAGGCGATTGAGAAAAACCTCAAAGAAGATGGCATCAGCGCCGCCAAAGAC 98 
14 £ R S K A I E K N L KED GIS A A K D 33 · . . . . . 
99 G'l'GAAATTACTCCTGCTGGGGGCTGGAGAATCAGGAAAAAGCACCATTGTGAAGCAGATG 158 
34 V K L L L L GAG £ S G k S T I V K Q M 53 

159 AAGATCATCCATGAAGATGGC'i-rCTCTGGGGAAGACGTGAAGcAGTACAoAGCCTGTGGTC 218 
54 K I I H E D G F S G E 0 V K 0 Y K P V v 73 · . . . . . 

219 TACAGCMCACCATCCAGTC'l'C'l'GGCGGCCATTCTCCGGGCCATGGACACT'TTGGGCG'l'G 278 
74 Y S N T lOS L A A I V RAM D T L G v 93 

279 GAGTATGGTGACAAGGAGAGGAAGACGGACTCCAAGATGGTGTGTGACG'J'GGTGAGTCGT 338 
94 E Y G D K E R K T D S K H V C 0 v v S R 113 · . . . . . 

339 ATGGAAGACA.ClGAACCGTTCTCTGCA.GAACTTCTT'l'CTGCCA.TGATGCGACTCTGGGGC 398 
114 H EDT E P f S A ELL S 1\ M M R L W G 133 

· . . . . . 
399 GA.C'!'CGGGGATCCAGGAGTGC1'TCAACCGATCTCGGG1I.G'l'ATCAGC'I'CAATGACTCTGCC 1158 
1311 0 S G I 0 E C r N R S R E Y 0 L NOS A 153 · . . . . . 
1159 AAATACTACCTGGACAGCCTGGATCGGATTGGAGCCGGTGACTACCAGCCCACTGAGCAG 518 
1511 K Y Y LOS LOR I GAG 0 Y 0 PTE 0 173 

· . . . . . 
519 GACATCCTCCGAACCAGAGTCAAAACAACTGGCATCGTAGAAACCCACTTCACCTTCAAG 578 
1711 0 I L R T R v K T T G I VET H r T r K 193 

579 AACCTCCACTTCAGGCTGTTTGACGTCGGGGGcCAGCGATcTcAACGCAAGAAGTGGill 638 
1911 N L H r R L r 0 v G G 0 R S E R K K W I 213 

639 c:¥llTl'TGAGGATGTCAcGcccATCA'I'CTTCTGTGTcGCAcTCAGCGCiTATGACCAG 698 
214 H C rED V T A I I F C V A L S G Y 0 0 233 

699 GTGCTCCACGAGGACGAAACCACGAACCGCATGC'1~d~GTCTCTCA~GCTCTTCGACTCC 758 
234 V L H E 0 E T T N R M H E: S L H L r 0 S 253 

759 ATC"TGTAACAACAAGTTTT'I'CATTGATACCTCCATCATCC"Tc:ttrCCT~tJS'.A~~GAC 818 
2511 I C N N K F F I D T S I I L F L N K K D 273 · . . . . . 
e 19 CTCTTTGGCGAGAAGATTAAGAAGTCACCC1'TGACCATCTGCTTTCCCGAATACCCAGGC 878 
274 L r G E K I K K S P L TIC r P E Y P G 293 

· . . . . . 
879 TCCAACACCTATGAAGATGCAGCTGCCT ACATCCAAACACAGTTTGAAAGCAAAAACCGC 938 
294 S N T YEO A A A Y lOT 0 F E S )( N R 313 

· . . . . . 
939 TCACCCAACAAAGAAATTTACTG1CACA'TGACTTGTGCCACAGACACGAATAATATCCAG 998 
314 S P N K ElY C H H T CAT D T N N I 0 333 

999 ciGGTATTCGACGCCGTCACCGACATCAftATTGCciI~liTCTCCGGGGcrGCGGCTTG 1058 
3311 v V FDA V T D I I I ANN L R G C G L 353 

· . . . . . 
1059 TACTGACCTCTTGTCCTGTATAGCAACCTATTTGACTGCTTCATGGACTC'ITTGCTGTTG 1118 

354 Y • GTAAT1CCAGCACTCACAGAACAGCT 373 
· . . . . . 

1119 ATGTTGATCTCCTGGTAGCATGACCTTTGGCCTTTGTAAGACACACAGCCTllCTGT ACC 1178 
1GTGCACACACACAC · . . . . . 

1179 AAGCCCCTGTC'rAACCTACGACCCCAGAGTGAC"TGACGGC'rGTGTATTTCTGTAGAATGC 1238 
· . . . . . 

1239 TGTAGAATACAGTTTTAGTTGAGTCTTT ACATTT AGAACTTGAAAGGATT'J"I' AAAAAACA 1298 · . . . . . 
1299 AAACAAAAA.CCATTTCTCATGTGCTTTGTAGCTTTAAAAGAAAAAAGGAAMC'TCACCAT 1358 

· . . . . . 
1359 T'TAATCCATATTTCCT'TTTTATTTTGAAGTTTAAAAAAAAAATGTCTGTACCCACACCCT 1418 

· . . . . . 
1419 CCCCCTTCCCCACCTCAGCAGAAC'TGGGGCTGGCACAcAGAGGCAGTGCTGGGCCTGGCG 1117 B · . . . . . 
1479 CC'rCCCAGGGCTTCTG1GCAGCCCATGGCTGGTGGGAACATGTCAGGCTAGTCTGTCTAG 1538 · . . . . . 
1539 AAGGCCACTGGCCACTG1ACCcACCC1TCCCcATGCCTGTGGGCTGCCCAGACACCTCAT 1598 

· . . . . . 
1599 A'TACCACCAGGCAGTGGCAGC1'CCGCCCTGCTCAGCCATGCGACTCCAAACACACTCAAA 1658 · . . . . . 
1659 G'M'TGCGTAGAAAAAGCACAGCTCTGGCAGGGG1 AGCTGCCACAGACAACGCTCATCACC 1718 

· . . . . . 
1719 TATAGAAATCCAGCCCTATAGAAGCAAITCACCCAGCCCCTTCCTACACTCCCTTTGTG'T 1778 

· . . . . . 
177 9 TGTTAACTTTTTGGTTTTTCTGGTCCTAGTGAGTGCCTCCCATGCATACCTGACCAGC'TC 1838 

· . . . . 
1839 TGCCAGTGTCTGGGGTCTGGGGAACAGGGGTI'GTGTGGTTTGGTTTTTGG 1888 
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specific to GoAa or GoBa were made by PCR amplifying Goll 
and 718-52-4 (Fig. lB) with oligonucleotide pairs CTl12 + 
CTll3 (GoAa) and CT60 + CTll3 (GoBa). The amplified 
products were run on low-melting-point agarose gels (Sea
plaque, FMC), excised, and labeled by random priming as 

B 
-23 GCTGTGGCAGGGAAGGGGCCACCATGGGA'T8 U&cTGAGCGC'AGAGGAGAGAGcCGCCC 36 

1 M G C T L S A E ERA A L 13 
· . . . . . 

37 TCGAGCGGAGCAAGGCGATTGAGAAAAACCTCAAAGAAGATGGCA'I'CAGCGCCCCCAAAG 96 
14 E R S K A I E )( N L K E: 0 GIS A A K 0 33 · . . . . . 
97 ACGTGAAATTACTCCTGCTGGGGGC'J'GGAGAATCAGGAAAAAGCACCATTC1GAAGCAGA 156 
34 V K L L L L GAG E S G K S T I V K 0 M 53 · . . . . . 

157 TGAAGATCATCCATGAAGATGGCTTCTCTGGGGAAGACGTGAAGCAGTACAAGCCTGTGG 216 
54 K I I H £ 0 G r S G E: 0 V J( Q '{ K P V v 73 · . . . . . 

217 TCTACAGCAACACCATCCAGTCTCTGGCGGCCATTCTCCGGGCCATGGACACTTTGGGCG 276 
74 Y S N T lOS L A A I V R A }II 0 T L G V 93 · . . . . . 

277 TGGAGTATGGTGACAAGGAGAGGAAGACGGACTCCAAGATGGTG1GTGACG'TGGTGAGTC 336 
94 E: Y G D K E R )( T D S K H V C 0 v v S R 113 

· . . . . . 
337 GTATGGAAGACACTGAACCGTTCTCTGCAGAACTTCTTTCTGCCATGATGCGAC'TCTGGG 396 
114 M EDT E P F 5 A ELL SAM M ~ L W G 133 

· . . . . . 
397 GCGA:TCGGGGATCCAGGAGTGCTTCAACCGATCTCGGGAGTATCAGCTCAATGACTC1G 456 
134 0 S G I 0 E C F N R S R E Y 0 L NOS A 153 · . . . . . 
451 CCAAATAC! ACCTGGACAGCCTGGATCGCA'l'TGGAGCCGGTGACTACCAGCCCACTGAGC 516 
154 J( Y Y LOS LOR I GAG 0 Y 0 PTE Q 173 

· . . . . . 
517 AGGACATCCTCCGAACCAGAGTCAAAACAACTGGCATCGTAGAAACCCACTTCACCTTCA 576 
174 0 I L R T R V )( T T G I VET H F T F K 193 

· . . . . . 
577 AGAACCTCCACTTCAGGCTGTTTGACGTCGGGGGCCAGCGATCTGAACGCAAGAAGTGGA 636 
194 N L H F R L F 0 V G G 0 R S E R K K W I 213 

637 TCCACTGC1'TTGAGcATGTCACGGCCATCATCTTCTGTGTCGCACTCAGCGGCTATGACC 696 
214 H C FED V T A I I r C v A L 5 G Y 0 0 233 

697 IGGTGCTg@lCGAGGACGAAACCACGAAccGCATGCAcgrJ.~cCCTGAAi!cTcTTCGACA 756 
234 V L H E 0 E T T N R M H E S L K L r D S 253 

· . . . . . 
757 GCA1CTGCAACAACAAGTGGTTCACAGACACATCTATTATCCTGTTTCTCAACAAGAAGG 816 
2511 leN N K W F 'T D T S I I L F L N K )( D 273 

· . . . . . 
817 ACATATTTGAGGAGAAGATCAAGAAG'!'CCCCACTCACCATCTGCTTTCCTGAATACACAG 876 
274 I FEE K I )( )( 5 P L TIC r P E 'f T G 293 

877 GCCCCAGTGCCl'TCACAGAAGCTGTGGCTCACATCCAAGGGCAGTATGAGAGTAAGAATA 936 
2911 P S ArT E: A V A H lOG aYE S K N )( 313 

937 AGTCAGCTCACAAGcAAGTCTACAGCCATGTCAtCTGTa@2kCGGACACCAACAACATCc 996 
314 S A H K E V Y S H V T CAT 0 T N N I 0 333 

• • •• C"', J 3 • 
997 AAITCGTCTT'I'GATGCCGTGACAGATG'!'CATCATCGCCAAAAA~CTACGGGGCTGTGGAC lOSe 
334 F V FDA V T D V I I A )( N L R G C G L 353 

· . . . . . 
1057 TCT ACTGAGCCCTGGCCTCCTACCCAGCC'TGCCACTCACTCCTCCCCTGGACCCAGAGCT 1116 

354 Y· 373 

1117 CTGTCACTGCTCAGATGCCCTGTIAACTGAAGAAAACCTGGAGGCTAGCCTTGGGGGCAG 117 {, 
· . . . . . 

1177 GAGGAGGCATCCTTTGAGCATCCCCACCCCACCCAACTTCAGCCTCGTGACACGTGGGAA 1236 
· . . . . . 

1237 CAGGGTTGGGCAGAGGTGTGGAACAGCACAAGGCC.l>.GAGACCACGGCATGCCACTTGGGT 1296 

1297 GCTGCTCACTGGTCAGCTGTGTGTCT'TACACAGAGGCCGAGTGGcCAACAC'!'cCCATCTG 1356 
· . . . . . 

1357 ATTCAGAATGGGCATGCCCTGTCCTCTGT ACCTCTTGTTCAGTGTCCTGGTTTCTCT'TCC 1416 

1417 ACCTTGGTGATAcGATGGCTGGCAGGAAGGCCCCATGGAAGG'TGCTGCTTGATTAGGGGA 1476 

11177 TAGTCGATGGCATCTCTCAGCAGTCCTCAGGGTCTGTITGGT AGAGGGTGGTTTCG'!'CGA 153 (, 
· . . . . . 

1537 CAAAAGCCAACATGGAATCAGGCCACTTTTGGGGCGCAAAGACTCAGACTTTGGGGACGG 159(, 
· . . . . . 

1597 GTTCCC1'CCTCCTTCAC'ITTGGATCTTGGCCCCTCTCTGGTCATCTTCCCTTGCCCTTGG 1656 
· . . . . . 

1657 GCTCCCCAGGATACTCAGCCCTGACTCCCATGGGGTTGGGAATATTCCTTAAG.l>.CTGGCT 1716 

1717 GAcTGCAAAGGTCACCGA'TGGAGAAACATCCCTGTGCTACAGAAT'TGGGGGTcGcACAGC 1776 · . . . . . 
1777 TGAGGGGGCAGGCGGCTCTTTCCTGATAGTTGATGACAAGCCCTGAGAATGCCATCTGCT 1836 

1837 GGCTCCACTCACACGGGCTCAACTGTCCTGGGTGATAGTGACTTGCCAGGCCACAGGCTG 1896 
· . . . . . 

1897 CAGGTCACAGACAGAGCAGGCAAGCAGCCTTGCAACTGCAGA'J'T ACTTAGGGAGAAGCAT 1956 

2197 CCTAGCCCCAGCT AACT'TTGGACAGTCAGCAT ATGrCCCTGCCATCCCTAGACATCTCCA 2256 

2257 GTCAGCTGGTATC.;'CAGCCAGTCGT'TCAGACAcGTTTGAA;GCTCATGTGGCAGcGGGCC 2316 

231 7 CGGTACCCAGCTTTTGT'TCCCTTTAGTGAGGGTTAATTGCGCGCTTGGGCTAATCATGGT 237(' 

2377 CATAGCTGTTGGGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCTGACGAGATCACAA 21136 
· . . . . . 

2437 AAATCGACGCTCAAGTCAGAGGTGGCGAAACCGACAGACT ATAAGATACCAGGC 2490 

FIG.1. Sequences of GoA" (A) and GuB" (B). (A) The sequence ofG"A" was obtained from two clones. Gull and Go12: These clones were 
isolated from a random-primed mouse brain cDNA library. Go 11 extends from nucleotide - 21 to 1133. G"l2 includes nucleotldes 616-1888. Gull 
differs from G,,12 beginning at base 1093. These changes are shown below the Go12 sequence. (B) The GoB" sequence IS contamed m two c1~nes. 
718-52-4 and ?is-52-5. These clones were isolated from the same library as the G"A" clones. Clone 71S·52·5 extends from nucleotide -.3 to 
903. Clone 71S·52-4 extends from nucleotide 822 to 2490. Oligonucleotides mentioned in the text are indicated above the sequence. 
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described (23). The RNA blots were hybridized as described 
(23). 

PeR Northern Analysis. PCR was performed on cDNA 
from total RNA as described above. The degenerate oligo
nucleotides oMP19, oMP20, and oMP21 were used for 30 
cycles of amplification. The PCR products were electropho
resed through a 2% agarose gel, blotted to GeneScreen, and 
hybridized according to the manufacturer's instructions. 
These blots were probed with radiolabeled oligonucleotides 
specific to Gall (CTCGCTI AGTGCCACC), GoA a (GAG
CATGAGAGACTCG), and GoBa (GAGCTICAGGGAT
TCG). The oligonucleotides were end-labeled with [y_J2p]_ 
ATP as described (24). Blots were washed at room temper
ature twice for 5 min in 0.90 M NaCl/0.09 M sodium citrate 
(6x SSC)/0.1% SDS (24), twice for 5 min in 6x SSC, and 
finally for 1 min in 6 x SSC at the melting temperature of each 
oligonucletoide. 

Isolation of cDNAs and Nucleotide Sequencing. A random
hexanucleotide-primed mouse brain cDNA library in the 
cloning vector mAJSM8 (M.S. and M.I.S., unpublished data) 
was screened by standard techniques. Sequencing was per
formed by using the Sequenase kit marketed by United States 
Biochemical. 

RESULTS 

Cloning GoAa and G.,Ba cDNAs. PCR was used to screen 
RNA from both mouse brain and mouse spermatids for 
messages that correspond to different G protein a subunits 
(24). Degenerate oligonucleotides that code for amino acid 
sequences conserved in a subunits were used for amplifica
tion. These conserved amino acid sequences are shown in 
Fig. 1A (oMP19, oMP20, oMP21). The DNA sequences of 
clones derived from the PCR were determined. Two different 
classes of DNA sequences were found to encode amino acid 
sequences that correspond to the Go a protein. Multiple 
clones of these two classes, termed PCRG-8 and PCRG-12, 
were obtained from both brain and spermatid cDNA. The 
derived amino acid sequence of PCRG-8 is identical to that 
found for the Go a subunit cDNA from rat olfactory tissue 
(25). However, the sequence of PCRG-12 is identical to 
PCRG-8 only for the first 89 nucleotides and then diverges. 
To obtain a specific probe for the PCRG-12 gene sequence, 
we amplified mouse spermatid cDNA with oMP19 and an
other degenerate oligonucleotide, Ta29, which encodes con
served amino acids near the C terminus of a subunits (2). The 
PCR products were subcloned and screened with the PCRG-
12-specific oligonucleotide, CT60 (Fig. 1B). The DNA se
quence of one positive clone, 718-52, was found to be 
identical to PCRG-12, and it extended the sequence 168 
nucleotides downstream. A hybridization probe was pre
pared from clone 718-52 by PCR with CT60 and Ta29 as 
primers. This probe and PCRG-8 were used to screen a 
randomly primed mouse brain cDNA library. Several cDNA 
clones were purified and sequenced. The complete DNA 
sequences of the mouse GoAa cDNA and the mouse GoBa 
cDNA are presented in Fig. 1. The amino acid sequence of 
mouse GoAa differs from that of the rat Go a subunit (25) at 
two positions (Thr-102 -+ Ala and Gly-166 -+ Ala). However, 
the DNA sequence of the GoBa clone differs markedly from 
that of GoAa in the region corresponding to the C-terminal 
third of the reading frame and the 3' untranslated region. The 
DNA sequence is identical in the portion of the clone that 
corresponds to the N-terminal two-thirds of the protein and 
the 5' untranslated region. 

Another variant of the Go a subunit cDNA clone was 
obtained whose sequence was identical to that of the GoAa 
clones throughout the translated portion of the cDNA but 
varied from the GoAa cDNA in the 3' untranslated region of 
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the sequence. The DNA sequence of the variable region is 
shown in Fig. 1A. 

The nucleotide sequence ofthe GoAa cDN A clone and that 
of the GoBa cDNA clone are identical up to position 737. 
Thereafter some sequence conservation exists until a point 
corresponding to nucleotide 1064, which marks the end of the 
reading frame. In the 3' untranslated region, the sequence of 
GoAa and GoBa differ dramatically from each other. It seems 
likely that GoAa and GoBa reflect different splice products 
derived from the same gene. Further support for this idea is 
provided by the intron-exon map of the Go a subunit gene 
reported by Kaziro (21), which shows the same distribution 
of introns and exons as in the G i a subunit gene. If the GoAa 
and GoBa gene products were the result of differential mRNA 
splicing. then we would expect the divergence point to be at 
nucleotide 723. This corresponds to an asparagine residue in 
both protein sequences. The first change in DNA sequence 
occurs at nucleotide 737 of the GoAa sequence. On the basis 
of this interpretation, Fig. 2 shows the distribution of amino 
acid sequences corresponding to the nucleotide sequences of 
the GoAa and GoBa clones: after the point of divergence, 
there are 25 differences between the amino acid sequences, 
and 17 of them are concentrated within a stretch of 32 amino 
acids. 

Distribution of Go Gene Product. Tissue distribution of 
GoAa and GoBa mRNAs was analyzed first by Northern 
blots. Poly(A)+ and total RNA from a variety of mouse 
tissues were separated by electrophoresis and hybridized to 
each of three probes that were obtained from the cDNA 
clones. These probes were made by PCR amplification of the 
5' -end sequences shared by both GoAa and GoBa or by 
amplification of regions unique to either GoAa or GoBa. 
Hybridization of the probe that is common to both splice 
products was compared with hybridization of the probes 
specific to GoAa or GoB a (Fig. 3). Go a subunit mRNA was 
most abundant in brain (Fig. 3A). and on a longer exposure, 
six distinct transcripts were visible (Fig. 3B). These tran
scripts were also expressed at lower levels in testis, heart, 
and lung but were not observed in other tissues when assayed 
by Northern blot. The GoAa probe specifically hybridized to 
the three smallest transcripts that were identified by the 
common probe. GoAa was most abundant in brain but also 
was expressed in testis and heart (Fig. 3C). In contrast, GoBa 
specifically hybridized to one transcript at equal intensity in 
brain and testis (Fig. 3D). On longer exposures, the largest 
transcripts could be seen to hybridize to both probes (data not 
shown) and may represent unspliced or partially spliced 
precursors derived from nuclear RNA. Thus, each transcript 
that hybridizes to the common probe is also recognized by 
either the GoAa- or GoBa-specific probe. The relative levels 
of GoAa and GoBa transcripts in a specific tissue can be 
estimated by comparing the relative intensities of the GoBa
specific message and the GoAa transcripts (Fig. 3B). GoAa 
was much more abundant than GoBa in brain, whereas the 
levels of the two transcripts were similar in testis. 

We used a technique based on PCR amplification that is 
more sensitive than Northern analysis (T.M.W., unpublished 
data) to get a clearer picture of the distribution and relative 
abundance of GoAa and GoB a mRNAs. cDNA from various 
tissues was amplified by PCR by using the degenerate oligo
nucleotides oMPl9 in combination with oMP20 and oMP21. 
The amplified products were electrophoresed and stained 
with ethidium bromide. All tissues had an amplified band of 
the same size. indicating that they all express G protein a 
subunit mRNA. A second assay (Fig. 4) also was used to 
demonstrate that each tissue supported the PCR reaction. 
Southern blots of the PCR products were hybridized with an 
oligonucletoide probe that is specific to the G protein a 
subunit designated Gall. This protein is expressed ubiqui
tously (24). All tissues expressed roughly the same amount of 
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A ,---, 
MGCTLSAEERAALERSKAIEKNLKEDGISAAKDVKLLLLGAGESGKSTIVKQMKIIHEDGFSGEDVKQYKPVVYSNTIQSLAAIVRAMDTLGVEYGDKER 

KTDSKMVCDWSRMEDTEPFSAELLSPnlRLWGDSGIQECFNRSREYQLNDSAKYYLDSLDRIGAGDYQPTEQDILRTRVKTTGIVETHFTFKNLHFRLF 

G 
C ,----, 

r-l NRMBESLMLFDSICNNKFFIDTSIII.FI.NKKDLFGEKIKKSPLTICFPEY 
DVGGORSERKKWIHCFEDVTAIIFCVALSGYDOVLHEDETT( .. .. * .. * 

NRMBESLKLFDSICNNKWFTDTSIII.FI.NKKDlFEEKIKKSPLTICFPEY 

I 
r----, 

PGSNTYEDAAAYIQTQFESKNRSPNKEIYCBM'l'CAl'DTNNIQVVFDAVl'DllIANNLRGCGLY G oAa 
* ****** * * * * * ** ...... .. .. * 
TGPSAFTEAVlIBIQGQYESKNKSAHKEVYSHVTCM'DTNNIQFVFDAVTDVIIAKNLRGCGLY G oBa 

FIG. 2. Comparison of GoAa and GoBa amino acid sequences. Differences in amino acid residues are indicated by stars between the two 
sequences. A, C, G, and I represent domains that have been implicated in guanine nucleotide interactions (2). 

Gall with the exception of uterus, which might reflect a 
lower level of Gall in this RNA source. Southern blots of the 
PCR products were also hybridized with oligonucletoide 
probes specific to either GoAa or GoB a (Fig. 4). GoAa was 
most abundant in brain, followed by testis, heart. skeletal 
muscle. and uterus. GoAa was also expressed at low levels 
in intestine, kidney, and lung and at exceedingly low levels in 
spleen and thymus; it was undetectable in liver. These cDNA 
samples were also amplified by PCR with oligonucleotide 
primers specific to GuAa. The results showed the same 
relative distribution pattern of GoAa transcripts in the dif-
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FIG. 3. Northern analysis of GoAa and GoBa. Probes specific to 
both GoAa and GoBa IGo(A/B)a] (A and B), to GoAa (e), and to 
GoBa (D) were hybridized to poly(A)+ and total RNA from various 
mouse tissues. Total RNA (20 ILg) was loaded per lane. The poly(A)+ 
RNA was loaded as follows: brain. 0.5 ILg: kidney, 5 ILg: and heart, 
5 ILg. B is a longer exposure of A. 

ferent tissues (data not shown). In contrast, GoBa was 
expressed primarily in brain and testis and to a lesser extent 
in lung, but other tissues expressed little or no GoBa mRNA. 
The expression pattern of GoAa and GoBa was corroborated 
by PCR analysis using a second set of independently isolated 
RNA samples. The relative levels of either GoAa or GoBa 
expressed in brain and testis and assayed by PCR agreed with 
the Northern analysis. 

DISCUSSION 

The Go a subunit gene is a complex locus including more than 
10 exons and extending over 90 kbp of DNA in humans (21). 
We have demonstrated the existence in mouse of transcripts 
that code for two forms of the Go a protein, GoAa and GoBa. 
The sequences of these transcripts are identical for over 700 
nucleotides at their 5' ends. They diverge near an intron/ 
exon junction, suggesting that they are products of alterna
tive splicing. Kaziro and coworkers have now confirmed this 
interpretation by determining the organization of exons that 
represent both forms (Y. Kaziro, personal communication). 

Heterogeneity of proteins antigenically related to the Go a 
subunit has been observed. Goldsmith et al. (27) resolved on 
two-dimensional gels GoAa and another protein from bovine 
brain. termed G~, that reacted with four Go a subunit-specific 
antisera. However. only one of the peptide antisera used in 
this study was raised against a sequence not shared by GoAa 
and GoBa. This sequence, the carboxyl-terminal decapeptide 
of GoAa. differs from that of GoBa at only one residue. 
Consequently. this antisera may recognize GoBa. In addi
tion. G~ can be ADP-ribosylated by pertussis toxin. GoBa is 

.. 
c .. oi ... 0; c :> .. .. 

:> !: .. .. ~ ~ 
~ c .. '" .! E E .. .. .. :!;! - c ... .. .. ... > .. ~ c .: c. z: .. :; z: D ... .. - .. 
• -- • -4 -GoAa - - - - GoSa 

-Ga11 

FIG. 4. PCR Northern analysis. PCR was performed on various 
mouse tissues with the degenerate oligonucleotides of oMPI9, 
oMP20, and oMP21 (Fig. I). The amplified products were hybridized 
with radiolabeled oligonucleotides specific to GoAa, GoBa, and 
Gall. 
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predicted to be a substrate for pertussis toxin because the 
fourth residue from the C terminus is cysteine. A cysteine 
residue at this position is implicated as the site of ADP
ribosylation in all a subunits that are sensitive to pertussis 
toxin (1, 2). Thus, it is possible that G~ is the GoBa protein. 

Milligan el al. (28) identified, in rat myometrical mem
branes, a protein that reacted with two Go a subunit-specific 
peptide antisera but not with an antiserum against partially 
purified Go a subunit or with a peptide antiserum against 
GoAa amino acids 22-35. Although we do not have sequence 
data to suggest differential splicing at the N terminus of Go a 
subunit, it is interesting that the N -terminal 39 amino acids of 
the Drosophila homolog are switched by an alternative 
splicing mechanism (9-11). 

The 3' untranslated region of GoA a also appears to undergo 
alternative splicing. We sequenced two clones that diverge 29 
nucleotides past the stop codon (Fig. lA). Murtagh el al. (29) 
found two forms of the GoAa message in bovine retina that 
diverge 31 nucleotides past the stop codon. The significance 
of these alternately spliced 3' untranslated regions is un
known. However, the untranslated regions of specific G 
protein a subunit isotypes are highly conserved across spe
cies (13, 30), revealing a selective pressure to maintain these 
sequences. Hence, the untranslated regions may affect gene 
regulation at the transcriptional or posttranscriptional level 
(31). 

The functional significance of two forms of Go a subunit is 
not clear. Masters el al. (32) have shown that the C-terminal 
40% ofG,a subunit contains the structural elements required 
for specific interactions with effector and receptor. Perhaps 
GoAa and GoBa interact with different sets of receptors 
and/ or effectors. Indeed, amino acids 315-327, by analogy to 
transducin, are important for receptor interactions (33). 
Within this region, GoAa and GoBa differ at 5 positions. 
Between amino acids 292 and 307, the two sequences differ 
at 11 positions. However, the contribution of this region to G 
protein function is not defined. 

The list of genes known to encode G proteins is growing. 
Many novel a (24), /3 (ref. 34; E. von Weizsacker and M.I.S., 
unpublished data), and,), (35) subunit sequences have been 
cloned recently. Alternative splicing provides another means 
to increase G protein diversity and thereby to expand the 
variety of G protein-mediated signaling events in a multicel
lular organism. 
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ABSTRACT Heterotrimeric guanine nucleotide-binding 
proteins (G proteins) are integral to the signal transduction 
pathways that mediate the cell's response to many hormones, 
neuromodulators, and a variety of other ligands. While many 
signaling processes are guanine nucleotide dependent, the 
precise coupling between a nriety of receptors, G proteins, and 
effectors remains obscure. We found that the family of genes 
that encode the a subunits of heterotrimeric G proteins is much 
larger than had previously been supposed. These novel alpha 
subunits could account for some of the diverse activities 
attributed to G proteins. We have now obtained eDNA clones 
encoding two murine a subunits, Gaq and Gall, that are 88% 
identical. They lack the site that is ordinarily modified by 
pertussis toxin and their sequences vary from the canonical 
Gly-Ala-Gly-Glu-Ser (GAGES) amino acid sequence found in 
most other G protein a subunits. Multiple mRNAs as large as 
7.5 kilobases hybridize to Gaq specific probes and are ex
pressed at various levels in many different tissues. Gall is 
encoded by a single 4.0-kilobase message which is expressed 
ubiquitously. Amino acid sequence comparisons suggest that 
Gaq and Gall represent a third class of a subunits. A member 
of this class was found in Drosophila melanogaster. This a 
subunit, DGaq , is 76% identical to Gaq • The presence of the 
Gq class in both vertebrates and invertebrates points to a role 
that is central to signal transduction in multicellular organisms. 
We suggest that these a subunits may be involved in pertussis 
toxin-insensitive pathways coupled to phospholipase C. 

The G proteins are a family of guanine nucleotide-binding 
proteins that relay signals from cell surface receptors to 
intracellular effectors. Members of this family are heterotri
mers composed of a. {3, and 'Y subunits. The a subunit is 
believed to confer receptor and effector specificity on the 
heterotrimer. When the G protein is activated by interaction 
with receptor, the a subunit exchanges bound GDP for GTP. 
The intrinsic GTPase activity of the a subunit restores it to 
the basal state in which GDP is bound. This form of signal 
transduction is basic to the mechanisms that cells use in 
responding to hormones. neurotransmitters. and a variety of 
other ligands (for reviews see refs. 1-3). The process is highly 
conserved in evolution. Indeed. G proteins are central to 
intercellular communication among even simple eukaryotes. 
For example. G proteins are involved in the yeast mating
type pathway (4. 5), and several G protein a subunits are 
differentially expressed during development in the slime 
mold Dictyostelium discoideum (6, 7). 

We are interested in how G protein-mediated signal trans
duction has adapted to the diverse signaling requirements of 
complex multicellular organisms. Reconstitution studies and 
the use of pertussis and cholera toxins to modify specific G 
protein a subunits have demonstrated the involvement of the 
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Gas and Ga; subtypes in gating of specific ion channels (8. 9) 
and in the regulation of adenylyl cyclase in a variety of 
organisms (10). In the highly specialized visual system in 
mammals, biochemical experiments have led to the elucida
tion of the role of Gat! (rod transducin) in regulating phos
phodiesterase and subsequently in controlling the levels of 
cyclic GMP (11). There are. however. many processes that 
are refractory to toxin inhibition but nonetheless appear to be 
mediated by guanine nucleotide-binding proteins (12. l3). To 
understand the extent of involvement of the G protein system 
and the nature of the specificity required for function. we 
have examined the diversity of the G protein family in 
complex organisms. 

Recently, we developed an approach involving the poly
merase chain reaction (PCR, ref. 14) to detect novel se
quences that share highly conserved domains common to all 
G protein a subunits. We found evidence for extensive 
diversity in the mammalian G protein a subunit family (15). 
A small screen uncovered five novel sequences termed Ga10 
through Ga14. In this paper we present the cDNA sequences 
of two a subunits that define another class ofG proteins. This 
class, termed Gq • is distinguished by amino acid sequence 
homology and includes Gaq • Gall, and Ga14. We argue that 
the Gq class appeared early in evolution; it is found in both 
vertebrates and invertebrates. We present the sequence of a 
member of the Gq class in Drosophila. • 

MATERIALS AND METHODS 

PCR. PCR was performed as described previously (15). 
cDNA was made from poly(A)+ RNA with random hexanu
cleotide primers by using reverse transcriptase from Moloney 
murine leukemia virus. Conditions were those described by 
the supplier (BRL). The oligonucleotides used for PCR 
amplification of the cDNA were as follows: 

oMP19, CGGATCCAARTGGATHCA YTGYTT; 
oMP20, GGAA TTCRTCYTTYTTRTTNAGRAA; 
oMP21, GGAATTCRTCYTTYTTRTTY AARAA; 
GQIl2, CTGAAGGAGTACAA YCTGGT; 
GQ3, GACACGAATGACAGGAGTGCT; and 
G1l3, CCTCAAGCCACATTGAGTCA, 

in which R = A or G. Y = Cor T. H = A. C, or T. and N 
= A, C. G. orT. PCR was performed on a Perkin Elmer Cetus 
thermal cycler. During each cycle, samples were denatured 
for 1.0 min at 94°C. extended for 1.0 min at 72°C, and 
annealed for 0.5 min at the following temperatures: oMP19 + 
oMP20 + oMP21. 42°C; GQll2 + GQ3, 53°C; and GQ1l2 + 
G1l3, 53°C. Each oligonucleotide was used in the PCR at 10 
ng/ ~l. Thirty-five cycles were performed on approximately 5 

Abbreviation: peR, polymerase chain reaction. 
'The sequences reported in this paper have been deposited in the 
GenBank data base (accession nos. M55412 for Gaq and M55411 for 
Gall. 
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ng of cDNA in a 50-Ill reaction volume. The buffer and Taq 
polymerase were supplied by Cetus. 

Northern Analysis. Total RNA and poly(A)+ RNA were run 
on 1% agarose gels and transferred to GeneScreen (DuPont) 
as described (15). Probes specific to Gaq or Gall 3' untrans
lated regions were made by PCR amplifying the cDNA clones 
Gq7 and G23 (Fig. 1) with oligonucleotide pairs GQ1l2 + 
GQ3 (Gaq ) and GQ1l2 + G1l3 (Gall). The amplified prod
ucts were electrophoresed on low melting point agarose gels 
(Seaplaque, FMC), excised, and labeled by .,mdom priming 
as described (15). The RNA blots were hybridized as de
scribed (15). 

peR Northern. PCR was performed on cDNA prepared 
with reverse transcriptase (supplied by BRL) from total RNA 
as described above. The degenerate oligonucleotides oMPI9, 
oMP20, and oMP21 were used for 35 cycles of amplification. 
The PCR products were electrophoresed through a 2% aga
rose gel, blotted to GeneScreen, and hybridized according to 

A 

CGCGCCGGCGGGGCTGCAGCGAGCCACTTCGGAAGA -1 . . . . . 
ATG Ae iC TG GA GT cel\. 'TC~ TG'GC GT GC TG C C T G AG C G AGGA GG CC AAGG AA GC CeGGAe G 59 
M T L E S I MAC C L 5 E E 11. K E II R R 20 

i TCAACGACC;"CATCGAGCGGCACGTGCGCACGGACAAGCGCGACGCCCGCCGGGAGeTC 11 9 
I N 0 E I E R H V R R 0 K R 0 A R R E L 40 · . . . . . 
AAGCTGCTGCTCCTGGGGACAGGGGAGAGTGGCAAGAGCACCTTCATCAAGCAGATGAGG 1'19 
J( L L L L G T G E S G K S 'T F I K 0 M R 60 
· . . . . . 
A iC AT CC AC GG CT CG GG C1 AC 'TCT CAe GAAG AC MGC GC GG C1 T C A.CCAAGCT GG TG T AT 2 3 9 
I 1 H G S G Y 5 D E 0 K R G F T K L V Y 80 · . . . . . 
C AG AAeA TeT1 C AeGCe C II iG C AGG CC AT GA TC AG ACCCATGG Ae AC eCiC MGAie CC II 2 9 9 
o N 1FT A M -0 A M I RAM 0 T L t( I P 100 

!ACAAGTATGAACACAATAAGGCTCATGCACAATTGGTTCGAGAGGTTGA!GTGCAGAAG 359 
Y K Y E H N K A H A 0 L V REV 0 V E K 120 · . . . . . 
GTGTCTGCTTTTGAGAATCCATATGTAGATGCAATAAAGAGCTTGTGGAATGATCCrGGA 419 
v S A FEN P Y v 0 A I K S L iii N D P G HO 
· . . . . . 
ATCCAGGAGTGCT ACGACAGACGACGGGAA1 ATCAGTTATCTGACTCTACCAAAT ACTAT 479 
I 0 E C Y 0 R R R E Y Q LSD S 1 K Y Y 160 
· . . . . . 
C7GM T G AC TT GGACCG 7G T A GC C G AC CCTT CC7 A 7C7G CC T A CACAAC AAGACG 1G C1T 5 3 9 
L N D L DR'" A D P S Y L P TOO D V L 180 · . . . . . 
"'GAGTl'CGAG7CCCCACTACAGGGATCATCGAATACCCCT11GACTTACAAAGl'GTCA71 599 
R v R V P '1' 7 G I lEY P F D LOS V I 200 · . . . . . 
T7CAGAA TGGTCGA1G1 AGGG GGCC AAAGG7CAGAGAGAAGAAAATGGAT AeACTGCTTT 659 
F R M V 0 V G G 0 R S ERR K iii I H C F 220 
· . . . . . 
GAAAA 1GTC AceTCC A1eA TG 111C1 AGT AGCGCT7 AGC GAA1 ATGATCAAGTTCTTG1G 719 
E N V T S I M f L V A L S E Y D 0 V L v 240 
· . . . . . 
GAGTCAGACAA TGAGAACeGC A1GGAGGAGAGC AAAGeACTC7T7 AGAAeAATT ATCAce 779 
E S D N E N R M E E S K A L F R T I I '1' 260 
· . . . . . 
T AeCeCTGGTTeC AGAACTeeTeTGTGA7TeTGTTe'!'T AAACAAGAAAGATCTTCT AGAG 839 
Y P W F 0 N 5 S v I L F L N K K 0 L L E 280 · . . . . . 
GAGAAM TeATG1 ATTece ACC1 AG1CGAC1 ACTTCCCAGAAT ATGA TGGACCCCAGAGA 899 
E KIM Y S H L V 0 Y F P E Y 0 GPO R )00 
· . . . . . 
GAT'GCCCAGGCAGCTCGAGAA'TTCATCC!'GAAAi!\:TGT-;C::;7GLiACCTGAA.Cr:CCGACAG1 959 
o A 0 A ARE F ILK M F ~ 0 L N P D S 320 · . . . . . 
GAC AAAA TCATCT ACTCCCAC1TCACG1GCGCC ACAGA1 ACCGAGAACA TCCGCTTCGTe 1019 
D K I I Y S H FTC A T 0 1 E N I R F V 340 · . . . . . 
TTT GCAGCCGTCAAGGACAeCATCCTGCAGCTGAACCTGMGGAGT ACAATCTGGTC1 All. 1079 
f A A V I< D TIL 0 L N L I< E Y N LV· 360 
· . . . . . 
CCG7GCCTCCCAGMACTGGTTCTTCC CTCCCTGTGGGTTG17GAAGAT MAC MGAGGG 1139 
ACTGT ATTTCTGCGGMMCAATTTGCAT AA T AC1 MTTT ATTGCCGTCCTGGAC7CTGT 1199 
GAGCGTGTCCACAGAGCTGT AGT MAT AT! A TGATTTT ATTT AAAC! A!TCAGAGGAAAC 1259 
AGGATGCTGAAGT AC AG TCCCAGCACA TTTCCTC1TTTTT1TTTTTTT AGGCAAACCTTG 1319 
A1GTAT1TT AAATTTTC AGTC ATTCACTCACAG T A 7 AAAAGCAC1CCTGTCA1TCGTGTC 1379 
CTCTCTCTCTCTC7CTCTCTCTCTCTC1CTCTCTCTCTCATTCC 1-.23 

c D 
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the manufacturer's instructions. These blots were probed 
with radiolabeled oligonucleotides specific to Gaq (AT
TCGCTAAGCGCTACTAGA) and Gall (CTCGCTTAGT
GCCACC). The oligonucleotides were end-labeled with 
[y_32p]ATP as described (ref. 16, p. 10.59). Blots were washed 
at room temperature twice for 5 min in 0.90 M NaCl/0.90 M 
sodium citrate (6X SSC)/O.I% SDS, twice for 5 min in 6x 
SSC, and finally they were washed for 1 min in 6x SSC at the 
melting temperature of each oligonucleotide. 

Isolation of cDNAs. The G69 cDNA clone (Fig. lA) was 
isolated from an oligo(dT)-primed mouse brain library in the 
A cloning vector mAJSM8 (unpublished results); 105 clones 
were screened at a density of 104 plaques per 150-mm plate. 
Nitrocellulose filters (Millipore) were prepared by standard 
techniques (ref. 16, p. 12.30). Appropriate restriction en
zymes were used to excise the coding regions of cDNA 
clones encoding rat Ga" Gail> Gai2, Gai3, and Gao; bovine 
Gat! and Gat2; and human Gaz . These cDNAs were com-

T TC GGGGAACC GG GA AGAGGT AG GG cc GG Ge CG GC GG C A GC CGGAGG AC CG CG AC G -1 . . . . . 
ATGAC TCTG GAGT CC AT GA TG GC GT GTTG CC TG AGCG AC GA GG TGAAGG AG TC GA AG C G C 59 
M '1' L E S M MAC C LSD E V K E S K R 20 · . . . . . 
ATCAACGCGG"GATCG"GAAACAGCTGCGGCGGGACAAGCGCGACGCCCGGCGCGAGCTC 119 
I N A E I E K 0 L R R 0 K R DAR R t L 40 · . . . . . 
AAGCTGCTGC7 AC7TGGCACTGGCGAGAGCGGGAAGAGTACC1TCATCAAGCAGATGCGC 179 
K L L L L G T G E S G }( S T F I K 0 M R 60 · . . . . . 
ATCATCCACGGGGCCGGCTACTCGGAGGAGGACAAGCGCGGC7TCACCAAGTTGGTG1AC 239 
I I H GAG Y SEE D K R G F T K L V Y 80 · . . . . . 
CAGMCATCTT'TACCGCCATGCAGGCCA1GGTGCGCGCCATGGAGACGCTCAAGATCC1C 299 
o N 1FT· A M 0 A M V RAM E 7 L K I L 100 · . . . . . 
'TACAAGTATGAGCAGAACAAGGCCAATGCACTCC7GATCCGGGAGGTeGATG7GGAGAAG 359 
Y K YEO N K A N ALL IRE V D V E K 120 · . . . . . 
GTCACAACTTTTGAGCACCAGTATGTGMTGeCATCAAGACGCTGTGGAGTGACCCTGGT -'19 
V T T F E HOY V N A I K T L W S D P G 140 
· . . . . . 
G'TCCAGGAGTGT'TACGATCGCAGGCGGGAGTTCCAGCT ATC7GACTCGGCT AAGT ACTAC 479 
V 0 E C Y D R R REF 0 LSD S A K Y Y 160 · . . . . . 
TTGACGGACG1GGACCGeATCGCCACAGT AGGCTACC1GCCCACCeAGC AGGATGTGCTG 539 
LTD V 0 R I A T V G Y L P T Q 0 D V L 180 
· . . . . . 
C GGGT AC GCGTGCCC AC CACT GG CA 7 CA TCG AG '1' ACC CG TTTG AC C1 GG AG MC A TC ATC 59 9 
R V R V P T T GIl t Y P F 0 LEN I I 200 · . . . . . 
TTCAGGATCGTGGATGTGGGCGGGCAGAGGTCAGAGCGCAGGAAG1GGA TCCATTGC1Tl 659 
F R M V D V G G Q R S ERR I< iii I H C F 220 

GAGAACGTGACTTCCATCA TGTTCTTGGTGGCACT AAGCGAGT ATGACC AAGTCC'TGGTG 71 9 
E N V T S I M F L V A L S E Y D Q v L V 240 · . . . . . 
GAGTCAGACAATGAGAACCCCATGGAGGAGAGCAAGGCCCTGTTCCGCACAA TCA TC ACC 779 
E SON E N R M E E S K A L F R T I I 1 260 · . . . . . 
T ACCCC7GGTTCC AGAACTCG'l'clGTeA1TCTC1TCC1CAACAAGAAGGACCTTCT AGAA 839 
Y P W F 0 N S S V I L f L N K K D L L E 280 · . . . . . 
GACAAGATCCTGCACTCAC AC7TGG1CGATT ACTTCCCTGAGTTT GATGGGCC ACAGAGG 899 
D K I L H S H L v D Y F P E F D G P Q R 300 
· . . . . . 
GATGe AC AGGC eGC AeGCGAG TT C A T1 CT GAAG AT GT !TGT GGAC CT Gil. AC CC T G AC AG C 9 5 9 
D " 0 A " REF ILK M F V D L N P D S 320 · . . . . 
GACAAAA TCATCT ACTCCCACTTeACATGTGCCACCGACACCGAGAACATCCGCTT"!"GTG -;. 0 1 9 
D K I I Y S H FTC A TOT t N I R f V 340 
· . . . . . 
TTeGC AGCTGTGAAGGACACCATCCTGCAGCTGAACCTGAAGGAGT ACAACCTGGTGTGA 1079 
F A A V K D TIL 0 L N L KEY N LV· 359 · . . . . 
CCGCGGCATGGCTGCCACCAGGGCCAGCTTCCTCCGCA TCCGGTCACeCAAACCGAGGGA 1139 
CCTGGGCACACGGGGGCTGGGGCACATCTCTCT1CCCGCTCACTTCCTGTCCCTGTCCeT 11 99 
CTTCCTCAAGGGCAGAGTGGeCTCA TTTCGGCCTTGACTCAATGTGGCTTGAGGTTTTTT 1259 
1TTTTeTT AGAAAACAAAAAAAAAAAAAAAAAAMAAAAAAMMMA 1307 

E 

Gaq MTLESlMACCLSEEAK .. (l<, 

Gall MTLESMMACCLSDEVK .. 
Gail 
Gao 

MGCTLSAEDK .. 
MGCTLSAEER .. 

Gaq/Gall . . LLLLGTGESGKSTFIKQ .. (58) 

Gaz .. LLLLGTSNSGKSTIVKQ .. 
other Ga .. LLLLGAGESGKSTIVKQ .. 

Gaq/Gall .. QLNLKEYNLV 
Gail 
Gaz 
Gas 

· . KNNLKDCGLF 
· . QNNLKYIGLC 

(3591 

· . RMHLRQYELL 

FIG.l. Sequence ofGaq and Gall. The sequence ofGaq (A) was obtained from two clones, Gq3 and Gq7. These clones were isolated from 
a random·primed mouse brain cDNA library by using G69 as a probe. These clones contain the following nucleotides: Gq3, - 36 to %6; Gq7, 
144 to 1423; and G69. 120 to 629. The Gall sequence (B) is contained in two clones, G23 and Gll-5' -9. G23, which extends from nucleotide 
490 to nucleotide 1307, was isolated from an oligo(dTl-primed mouse brain cDNA library by using the Gall PCR fragment (15) as a probe. 
Gll·5'·9 was isolated from the random-primed library mentioned above. This clone extends from nucleotide - 56 to nucleotide 957. The N termini 
(el, GTP·binding domains (D. ref. 2), and the C termini (E) of several a subunits are compared. The position of the last amino acid in each domain 
of Gaq is given in parenthesis. 
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bined in equimolar ratios and labeled by random priming as 
described (15). This probe was hybridized to the filters at 
50°C in 0.90 M NaCI/6 mM EDTA/60 mM NaHzP04 (6x 
SSPE)/O.l% SDS/5x Denhardt's solution containing dena
tured salmon sperm DNA at 100 ILg/ml (1 x Denhardt'solu
tion = 0.02% bovine serum albumin/0.02% Ficoll/0.02% 
polyvinylpyrrolidone). The filters were washed in 6x SSC/ 
0.1 % SDS three times for 5 min at room temperature and once 
at 50°C for 15 min. To obtain the entire sequence of Gaq and 
Gall, a random hexanucleotide or oligo(dT)-primed mouse 
brain cDNA library in mAJSM8 or AZAPII (Stratagene) was 
screened by using standard techniques. DGaq was cloned 
from a Drosophila melanogaster head-specific library (see 
Results) kindly provided by B. Hamilton (Biology Division, 
California Institute of Technology, Pasadena, CAl. 

RESULTS 
Nucleotide Sequence of Gaq and Gall. The clone G69, 

which encodes part of Gaq , was isolated from a mouse brain 
cDNA library by low-stringency hybridization. It cross
hybridized to a probe consisting of a mixture of cDNAs 
encoding all the previously known G protein a subunits (see 
Materials and Methods). Further screening yielded overlap
ping cDNA clones containing the entire Gaq coding sequence 
(Fig. 1A). The cloned PCR product corresponding to Gall, 
which included 180 base pairs of sequence (15), was used as 
a probe to screen a mouse brain cDNA library. Several clones 
were purified and sequenced. Fig. 1B shows the sequence of 
Gall derived from overlapping cDNA fragments. The de
duced amino acid sequence of Gall is 88% identical to that 
ofGaq • Almost all of the amino acid differences between Gaq 

and Gall are concentrated in the N-terminal half of the 
protein. Of 42 amino acid differences, 38 are found in the 
N-terminal region composed of amino acids 1-200. while 
there are only 4 amino acid changes in a stretch of polypep
tide encompassed by amino acids 201-359. 

When Gaq and Gall are compared with the other a 
subunits, a number of noteworthy differences emerge. Fig. 
1C shows a comparison of the N-terminal sequences of Gaq 

and Gall with those found for other a subunits. The me
thionine predicted by homology to be the first codon in Gaq 

and Gall is preceded by other methionines in frame. The six 
additional amino acids found in these two a subunits are 
highly conserved, suggesting that they are functionally sig
nificant. The nucleotide sequences of the two cDNAs diverge 
upstream of these codons. indicating that there may be no 
further extension of this reading frame. Also in this 5' region, 
the Gall cDNA contains a stop codon in frame with the 
downstream coding sequence 

The N termini of some a subunits are N-myristoylated on 
a glycine at the second position (Gly-2) (17). On the basis of 
their deduced amino acid sequences. Gaq and Gall are not 
substrates for myristoylation (Fig. 1C); this may affect their 
membrane association properties. However, Gas is not 
myristoylated, yet this a subunit is membrane associated. 
Perhaps other forms of post-translational modification will 
prove to be responsible for anchoring these hydrophilic 
proteins to the membrane. 

Fig. ID compares the amino acid sequences in the region 
of the "GAGE-box." This domain is highly conserved among 
all a subunits and has been implicated in GTP binding. 
Mutations in this region affect the GTPase activity of the a 
subunit (18, 19). Gaz [also named Ga, (20, 21)] differs in this 
region from the other a subunits. The slow rates of guanine 
nucleotide exchange and GTP hydrolysis exhibited by Gaz 
may be due in part to these sequence changes (22). Gaq and 
Gall show differences in this region as well (Fig. ID). 
Consequently, these a subunits may display unusual kinetic 
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properties when the proteins are characterized (see Discus
sion). 

The C-terminal region of the a subunit is of considerable 
interest. The cysteine residue that lies four amino acids from 
the end of most mammalian a subunits can be ADP
ribosylated by pertussis toxin, thereby inactivating the G 
protein. Among the known a subunits, only Gas, Gaolf, and 
Gaz lack this cysteine. These proteins are refractory to 
modification by pertussis toxin (2, 22). Fig. IE shows that 
Gaq and Gall also lack the cysteine residue at this position. 
Thus it is likely that the proteins corresponding to these 
cDNA clones will be insensitive to pertussis toxin modifica
tion. 

Distribution of Gaq and Gall. To determine the relative 
size of the mRNAs corresponding to Gaq and Gall and their 
distributions. Northern hybridization was performed with 
RNA purified from a variety of mouse tissues. Both Gaq and 
Gall are ubiquitously expressed (Fig. 2). Using a probe 
specific to the 3' untranslated region of each cDNA clone, we 
found that Gaq has multiple messages. whereas Gall shows 
a single band of approximately 4 kb. The three largest Gaq 
transcripts (approximately 5, 6, and 7.5 kb) were evident 
(Fig. 2A) in other RNA preparations, suggesting that they are 
not the products of a single degraded message (data not 
shown). The very large size of the Gaq message and the 
variation in signal strength in some of the tissues led us to use 
another method to probe for the presence of Gaq and Gall 
specific RNA. This technique. termed PCR Northern anal
ysis (T. M. Wilkie and M.I.S., unpublished), utilizes oligo
nucleotide primers designed to amplify a pool of a subunits 
by PCR. Specific sequences in the pool are detected by 
oligonucleotide hybridization. The Gall message (Fig. 2C) 
was found to be expressed in all tissues that were examined. 
The Gaq message (Fig. 2C) was also found in all tissues, 
although the relative levels appeared to be lower in RNA 
samples derived from intestine and testes and higher in brain 
and lung. 

Analysis of the Relationships Among the G Protein a Sub
units. Itoh et al. (23) have described the relationships between 
the a subunits on the basis of amino acid identity. These 
comparisons suggest evolutionary relationships that may 
exist among the G proteins. An expansion of this analysis 

~I_""" -44 kb ,. ~~ -24 

-14 

c 

~~~". __ ••• "'_ -aq 

.' 'r III ••••• -a11 

FIG. 2. Northern and PCR Northern analysis of Gaq and Gall. 
Probes specific to Gaq (A) and Gall (B) were hybridized to poly(A)+ 
RNA (A) and total RNA (B) from various mouse tissues. Loads were 
20 I-'g of total RNA per lane and 4 I-'g of poly(A)+ RNA per lane: 
however, ethidium bromide staining revealed that the amount of 
ribosomal RNA contamination varied among the different tissues. 
kb, Kilobases. PCR Northern analysis (e) was performed on various 
mouse tissues by using the degenerate oligonucleotides oMP19, 
oMP20, and oMP21. The amplified products were hybridized with 
radiolabeled oligonucleotides specific to Gaq and Gall. 
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Gexs l 
Gaol~ Gs 

---- ----~~~~1 Gi 

::::--======g~g 
Gaz 

- - -Ga14] 
- - - - Gall Gq 

Gaq 

40 50 60 70 80 90 100 
Amino Acid Identity ('Yo) 

FIG. 3. Relationships among mammalian G protein a subunits. 
The a subunits are grouped by amino acid identity (2). Branch 
junctions approximate values calculated for each pair of sequences. 
Ga.,A and GaoB represent slice variants of the Gao gene (24, 25). A 
broken line extends from Ga14 because the entire sequence of this 
a subunit is not available. 

reveals three classes of a subunits: Gs, Gi, and Gq (Fig. 3). 
Within a class, a subunits display not only primary sequence 
relationships but also, to some extent, functional similarities. 
Thus in reconstitution studies some a subunits show signif
icant levels of "crosstalk." For example, Gaolfcan substitute 
for Gas in coupling the ,B-adrenergic receptor to adenylyl 
cyclase (26). Also, the three Gai subtypes open atrial potas
sium channels (27). The Gi class includes all the known a 
subunits that are susceptible to pertussis toxin modification. 

Gaq and Gall form a separate class (Fig. 3). They show 
less than 50% amino acid sequence identity with any of the 
other a subunits. It is likely that Gaq and Gall will display 
significant crosstalk, since they differ at only four residues 
over the C-terminall44 amino acids. This C-terminal domain 
is thought to contain the structural elements required for 
specific interactions with effector and receptor (28). Com
parison of these amino acid sequences with the partial 
sequences uncovered in the PCR screen described earlier (15) 
reveals that Ga14 is a member of the Gq class. Ga12 and 
GaB, however, appear to define yet another class of a 
subunits. 

Representation of tbe Gq Class in Drosophila. The ubiqui
tous tissue distribution of Gaq and Gall is consistent with a 
signal transducing role that is basic to a variety of cell types 
and signaling pathways. If members of the Gq class are 
involved in a central "housekeeping" pathway, then this 
class should be represented not only in mammals but also in 
other distantly related organisms. Homologues of Gas, Ga" 
and Gao have been found in a variety of organisms, including 
Drosophila (29-34). Fig. 3 suggests that the Gq class may 
have diverged from the Gi class before two members of the 
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Gi class, Go and Gai' diverged from each other. Thus it 
seemed possible that Drosophila would have a Gaq homo
logue. These arguments encouraged us to screen D. mela
nogaster a subunits for a member of the Gq class. We used 
the same PCR technique described previously (15) with 
mixed degenerate oligonucleotides corresponding to two 
highly conserved amino acid hexamer sequences found in all 
of the G proteins thus far studied. We screened clones 
derived from amplification of RNA isolated from 0- to 24-hr 
embryos of Drosophila and from total Drosophila adult RNA. 
We initially obtained a PCR product from both RNA sources 
which when sequenced differed from the murine Gaq at 3 of 
the deduced 51 amino acids. This PCR product was used to 
probe a Drosophila head cDNA library, and a clone was 
isolated and sequenced. The deduced amino acid sequence of 
the Drosophila Gaq homologue (DGaq ) is compared with Gaq 
and Gall in Fig. 4. DGaq is 76% identical (88% similar) to 
Gaq • This a subunit lacks the putative N-terminal six addi
tional amino acids; however, it has the characteristic changes 
in the sequence of the GTP-binding domain (GAGE box, Fig. 
1D). In addition, DGaq is predicted to be insensitive to 
pertussis toxin on the basis of its C-terminal amino acid 
sequence. 

DISCUSSION 

The analysis of cDNA clones encoding Gaq and Gall dem
onstrates the existence of ubiquitously expressed highly 
homologous G protein a subunits. During the characteriza
tion of these cDNA clones, Pang and Sternweiss used affinity 
chromotography with immobilized ,By subunits (35) to purify 
novel a subunits (36). They found a subunits with an apparent 
molecular mass of 42 kDa. The amino acid sequences of 
tryptic fragments from these proteins were identical to the 
deduced amino acid sequence of Gaq • One of the peptides 
also showed a sequence identical to that of Gall. Further
more, Pang and Sternweiss (36) found that the 42-kDa 
proteins have the properties that we would ascribe to Gaq and 
Gall; they are not substrates for pertussis toxin modifica
tion, and they have unusual nucleotide binding kinetics. 
Using peptide antisera, they showed that the proteins are 
abundant in brain and lung extracts and present at lower 
levels in a variety of tissues. 

There are many examples in the literature of effects of GTP 
and GTP analogs on signal transducing processes that are 
difficult to account for on the basis of the previously char
acterized G protein a subunits. Perhaps the most prominent 
among these is the observation that in many systems inositol 
trisphosphate and diacylgl'ycerol release mediated by G pro
tein activation of phospholipase C is pertussis toxin resistant 
(37). Gaz is thought to be a candidate for the G protein that 
might mediate pertussis toxin-insensitive activation of phos
pholipase C. However, Gaz expression appears to be re
stricted to neural tissues and platelets and it does not appear 
to be present in all tissues that show pertussis toxin
insensitive activation of phospholipase C (38). On the other 
hand, Gaq and Gall are ubiquitously expressed. Hence they 

DGqa 
Gqa 
Go11 
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MTLE5I·A···· ·····AF,···D···RHV·············································FT···Y····T···A· 90 
MTl..ESM'A'" 'D'V"S" "A" .0 •• 0 •• 0 •• 0 ••••••••••••• 0.0 •••••••••• 0 'A" ·E···· 'FT' •• y ••• 'T" 'A' 90 

lKAMDMLKISYGQGEHSEIADLVM:sIDYETVTIFr.DPi'LNAIKTLWoDAGIQECyDRRREYQLTDSAKYYLSDLARIEQAD'iLPTEODIL 174 
oR' •• ,:, •• 'P'KYEHNKAH'Qo 'RE\1'V'K' SA' 'N' 'VO' •• S' 'N'P' ••••••••••••• S' • T'" 'N' 'D'VADPS' •• 'Q' 'V' 180 
\IR' 'E1' • 'L'KYEQNKAN'Lo lREV'V'K' ••• 'HQ'V' _ ••••• s·p ·V······· • ° F' • s· ••••• 'T'VD' -ATVG' ••• Q. 'V' 180 

RARVPTTGlLEYPFDLoGIVFRMVDVGGoRSERR.KWI HCFENVTSI lfiVALSE'iDQlLFESDNENRMEESI<ALFRTl ITYPWFQNSSVI 264 
·V·.·· _ •• I····· • QSVI ••••••••••••••••••••••••• ·M········· .y-y ••••••••••••••••••••••••••••• ° 270 
.y· •• ····I····.·EN·I··························M······· ••• y.y •••••••••••••••••••••••••••••• 270 

LFLNKKoLLEEKIMYSHLVDYFPEYOGPKQDHAAAKQFVLKK'iLACm>DPERQCYSHFTTATDTENIKLVFCAVKDTIMQNALKErnLG 353 
••••••••••••••••••••••••••• 'QR'AQ' 'RE' I' 'MFVDL' •• SDKI I ° ••• 'C'" ••• 'RF' 'A' •••• 'L'W' •• y •• y 359 
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FIG. 4. Amino acid comparison of the Drosophila Gaq homologue (DGaq) with Gaq and Gall. Dots represent identities with the DGaq 

sequence. 
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are good candidates for this role. Furthermore, there are a 
variety of isoforms of phospholipase C; many cells contain 
mUltiple related but distinct phospholipase C gene products 
(39). Members of the Gq class could be involved in the 
activation of specific phospholipase C isozymes. Speculation 
about the possible interaction of the Gq class with phospho
lipase C. is strengthened by the recent finding that DGaq 

message IS locahzed mamly to the Drosophila eye and ocellus 
structures (40). Earlier work indicated that regulation of 
phospholipase C in invertebrate eyes is central to the pho
totransduction cascade (41). There are a variety of other roles 
that are possible for the a subunits described here-e.g., ion 
channel activation and phospholipase A2 activation. 

cDNA clones with deduced amino acid sequences that are 
identical to Gall have been found in RNA preparations from 
human tissue (T. T. Amatruda and M.l.S., unpublished 
results). The partial amino acid sequences found by Pang and 
Sternweiss (36) suggest that both Gaq and Gall exist in rat 
brain extracts, and experiments with specific probes in our 
laboratory have detected Gaq and Gall messages in a variety 
of tissues and cloned cell lines. These results suggest that 
both a subunits are expressed together in at least some cells. 

The diversity of the G protein family continues to grow. As 
more a subunits are cloned, more classes will emerge. Within 
each class, highly homologous members are likely to display 
apparent crosstalk in reconstitution experiments. Indeed, it is 
difficult to discriminate between Gail and Gai3 by in vitro 
assays (27,42). Gaq and Gall may behave in similar fashion, 
since they are 97% identical over the domains apparently 
responsible for receptor and effector specificity. However, 
the strict evolutionary conservation of amino acid sequence 
differences that identify these a subunits argues that they are 
not redundant (2). The distinctions may become apparent as 
we begin to use more sophisticated assays of G protein 
function that include different combinations of {3y dimers. 
There is evidence to suggest that all {3y subunits are not 
equivalent (43, 44). Perhaps the diversity afforded by com
binatorial associations of a, {3, and y subunits allows a cell to 
"fine tune" G protein function to the specific requirements 
of a particular signaling response. 
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Heterotrimeric GTP-binding proteins (G proteins) are central to the signaling 

processes of multicellular organisms. We have explored the diversity of the G protein 

subunits in mammals and found evidence for a large family of genes that encode tha 

alpha subunits. Amino acid sequence comparisons show that the different alpha 

subunits fall into at least three classes. These classes have been conserved in animals 

separated by considerable evolutionary distances; they are present in mammals, 

Drosophila and nematodes. We have now obtained cDNA clones encoding two 

murine alpha subunits, Gal2 and Ga13, that define a fourth class. The translation 

products are predicted to have molecular weights of 44 leD and to be insensitive to 

ADP-ribosylation by pertussis toxin. They share 67% amino acid sequence identity 

with each other and less than 45% identity with other alpha subunits. Their transcripts 

can be detected in every tissue examined, though the relative levels of the Gal3 

message appear to be somewhat variable. 
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G proteins are heterotrimers composed of alpha, beta, and gamma subunits (for 

reviews see refs. 1-3). The alpha subunits belong to a much larger group of GTPases, 

including EF-Tu and Ras, which share similar structural elements (4,5). In all of these 

GTPases, a cycle of guanine nucleotide exchange and hydrolysis enables the protein to 

exist in two distinct states. This cycle allows G proteins to transiently relay signals 

from cell surface receptors to intracellular effectors. The receptors comprise a diverse 

family of proteins characterized by their transmembrane structure; they have seven 

membrane-spanning domains with highly conserved amino acid sequences. Upon 

interaction with the appropriate agonist, the receptor serves to accelerate the exchange 

of GDP for GTP on the G protein alpha subunit. This exchange is believed to be 

accompanied by dissociation of the alpha and beta-gamma subunits, allowing alpha 

(and in some cases beta-gamma) to interact with effectors. The intrinsic GTPase 

activity terminates the signal, returning the alpha subunit to its basal GDP bound state. 

More than 100 different receptors in mammals are thought to couple through G 

proteins to a variety of effectors (6). The diverse alpha subunits, which mediate 

receptor function, can be classified on the basis of their amino acid sequence similarity. 

Gs and Gi SUbtypes have been implicated in the regulation of adenylate cyclase and the 

gating of certain ion channels (7). In the highly specialized visual system, biochemical 

experiments have elucidated the role of transducin (Gtl) in regulating phoshodiesterase 

and subsequently in controlling the levels of cyclic GMP during the photoreceptor 

cascade (8). These systems are the best characterized examples of G protein mediated 

effector activation. However, many other effector systems have been shown to be 

regulated by G proteins. 

Pertussis toxin has proven to be an important tool in the dissection of G protein 

mediated pathways. Certain alpha subunits can be ADP-ribosylated by this toxin, 

thereby uncoupling the G protein from receptors. There are, however, some signaling 
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processes that are refractory to toxin inhibition but seem to be mediated by G proteins. 

In particular, phospholipase C is involved in both pertussis toxin sensitive and 

insensitive pathways (9). Recently, using molecular biological techniques we found a 

novel class of alpha subunits termed Gq that were predicted to be insensitive to 

pertussis toxin (10). Two groups independently purified the corresponding alpha 

subunits and have now demonstrated that these proteins can activate one of the 

phospholipase C (PLC) isotypes, PLC-~ (11,12,13). 

We are interested in understanding how G protein mediated signal transduction 

has adapted to the complex signaling processes that define multicellular organisms. To 

this end, we have examined G protein diversity in the mouse. Using a method based 

on the polymerase chain reaction (PCR), we found evidence for extensive diversity 

among the G protein alpha subunits (14). A small screen uncovered five novel 

sequences termed GalO through Ga14. Analysis of amino acid sequence 

conservation suggested that the known alpha subunits could be grouped into three 

distinct classes, Gs, Gi and Gq (10). Gall and Ga14 belong to the Gq class. In this 

paper, we present the cDNA sequences of Ga12 and Ga13, which define the fourth 

class of alpha subunits. 

Materials and Methods 

Polymerase Chain Reaction cDNA was made from 5/-1g total RNA with 

random hexanucleotide primers using MML V reverse transcriptase in a 501-11 reaction 

volume. Conditions were those supplied by the manufacturer (Bethesda Research 

Labs). The reactions were heated to lOO·C for 5 min. The cDNA was then diluted to 

400/-11 with water containing lO/-1g/ml DNase-free RNase A and incubated at 3TC for 

30 min. 2/-11 of the cDNA mixture was used in a 20/-11 PCR reaction. The 

oligonucleotides used for PCR amplification of the cDNA were as follows: 
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oMP19, CGGATCCAARTGGA mCA YTGYTf' , 

o~O,GGAATTCRTCYTTYTTRTTNAGRAA 

o~l, GGAA TTCRTCYTTYTTRTTY AARAA; 

CT56,CGGATCCARRTGGHTNSARTGYTT 

in which R = A or G, Y = C or T, S = C or G, H = A, C, or T, and N = A, C, G or T. 

PCR was performed for 35 cycles on a Perkin Elmer Cetus thermal cycler. During 

each cycle, samples were denatured for 0.5 min at 94°C, annealed for 0.5 min at 40°C 

and extended for 0.5 min at 72°C. Each oligonucleotide was used in the PCR at 10 

ng/Jll. The buffer and taq polymerase were supplied by Cetus. 

PCR Northern Analysis PCR was performed on cDNA prepared from total 

RNA as described above. To control for possible contamination of the RNAs by 

chromosomal DNA, each preparation of RNA was treated as described above except 

reverse transcriptase was not added to the cDNA synthesis mixture. These controls 

were then subjected to PCR alongside the other samples. The PCR products were 

electrophoresed through a 2% agarose gel, blotted to Hybond-N (Amersham) and 

hybridized according to the manufacturer's instructions. These blots were probed with 

radiolabeled oligonucleotides specific to Gall (CTCGCTTAGTGCCACC), Ga12 

(CTCGCTCGAGGACACCATGAAC) and Ga13 (TTCACTIGAAGAGACAAGGA 

AA). The oligonucleotides were end-labeled with y32p-ATP as described (15). Blots 

were washed three times at room temperature for 5 min in 0.90 M NaCl/0.90 M 

sodium citrate (6X SSC)! 0.1 % SDS followed by a 1 min wash in the same solution at 

the calculated melting temperature of each oligonucleotide. 

Isolation of cDNAs To obtain cDNAs encoding Ga12 and Ga13, a random

hexanucleotide primed mouse brain cDNA library in AZAPII (Stratagene) was 

screened using standard techniques. 6x105 clones were plated at a density of 3x105 

plaques per 150 mm petri dish (16). Nylon filters (Hybond-N, Amersham) were 
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prepared and hybridized according to the manufactures instructions. Probes were 

made from the Ga12 and Go. 13 PCR fragments isolated previously. These fragments 

were labeled using the Multiprime DNA Labelling System (Amersham). 

Sequence Analysis rG12-5 and 3-G13 cDNA clones (Fig. 1) were subcloned 

into the plasmid pMOB (17). In order to obtain sequence priming sites spaced 

throughout the clones, the y<> transposon was randomly inserted into the cDNAs as 

described (17). A subset of these insertions was isolated, with transposons located 

every 300-400 bases along the length of each clone. Supercoiled plasmid DNA was 

sequenced using the Sequenase kit marketed by United States Biochemical. 

Results 

Sequence ofGa12 and Ga13 Ga12 and Ga13.were initially isolated as peR 

products. Mouse brain cDNA was amplified with a set of degenerate oligonucleotide 

primers corresponding to amino acid domains conserved in all alpha subunits (14). 

The resulting mixture of peR products was characterized by sequencing individual 

clones. 

To obtain full-length cDNAs encoding Ga12 and Ga13, approximately 6x105 

clones from a random-primed mouse brain cDNA library were screened at high 

stringency using the individual peR products as probes. 25 positives were obtained 

with the Ga12 probe, whereas four were found using the Ga13 probe. In order to 

determine the extent of the 5'-sequence present in these Ga12 clones, peR was 

performed on the primary positives with oligonucleotide primers specific to the cloning 

vector and the known Ga12 sequence (16). Those clones yielding the largest 

amplified fragments were purified. The complete sequences of two cDNAs encoding 

Ga12 and Ga13 are shown in Figure 1. The predicted translation products are 379 

and 377 amino acids in length, respectively. Both proteins are predicted to have a 
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molecular weight of 44 lcD. A small open reading frame (12 amino acids) is located 

just upstream of the Gal2 coding region; however, the first methionine lies in a poor 

context for translation initiation (18). 

The amino termini of Ga 12 and Ga 13 are quite distinctive when compared to 

other mammalian alpha subunits (Fig. 2). A number of proteins, including Gai and 

Gao, are known to be N-myristylated on a glycine at the second position (Gly-2, 

ref. 19). This modification is essential for anchoring the src oncogene product to the 

membrane (20). A comparison of the known N-myristylated proteins yields the 

consensus sequence MGXXXS (2). Thus Ga12 and Ga13 are not predicted to be 

modified in this way. Perhaps these two alpha subunits undergo a different form of 

post-translational modification. 

The crystal structures of ras and EF-Tu, as well as genetic studies of the effects 

of specific mutations on GTPase function, have revealed several domains in these 

proteins that are critical for guanine nucleotide interactions (5). Analogous regions in 

G protein alpha subunits are readily identifiable (2). These regions are indicated in 

figure 2 as A,C,G and r from Halliday's nomenclature (21). The function of the 1-

region is not well characterized in the alpha subunits; however, it is very highly 

conserved. All of the previously known mammalian alpha subunits contain the 

sequence TCA TDT except Gas and Gaolf, which differ at a single position (Fig.2). A 

mutation (Thr-l44 to Ile) in the analogous region in ras results in a 25-fold reduction in 

GTP affinity (22). The fact that both Gal2 and Ga13 differ markedly from the 

consensus sequence in this region suggests that they may interact with guanine 

nuc1eotides in a manner distinct from some of the more well characterized alpha 

subunits. 

The C-terminus of several alpha subunits can be ADP-ribosylated by pertussis 

toxin. The modification occurs at a cysteine 4 residues from the end of the protein. 
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Those mammalian alpha subunits that lack this cysteine, Gas, Gaolf, Gaz, Gaq and 

Gall are all refractory to modification by pertussis toxin (2,12,23). The predicted 

amino acid sequences of Ga12 and Ga13 also lack this cysteine. Consequently, the 

translation products are likely to be insensitive to pertussis toxin. 

Distribution ofGa12 and Ga13 Messages Northern analysis indicates that the 

Ga12 message is approximately 4 kb whereas the transcript encoding Ga13 is >6 kb 

(14). As a sensitive assay for the distribution of these transcripts in a wide variety of 

tissues, we used PCR northern analysis (T.M. Wilkie and MJ.S., unpublished). 

With this technique, multiple alpha subunit sequences are amplified by PCR from 

cDNA using degenerate oligonucleotide primers. These primers correspond to amino 

acid domains that are conserved in all alpha subunits. An individual sequence is 

detected by Southern hybridization of the amplified pool with a labeled oligonucleotide 

specific for that sequence. The method provides a sensitive means of detecting the 

presence and relative abundance of a specific alpha subunit sequence. The results of 

this analysis are shown in Figure 3. Both Ga12 and Ga13 can be detected in every 

tissue examined. Ga12 is expressed at relatively constant levels in most tissues, 

though it is noticeably lower in intestine. Ga 13 appears to be expressed at somewhat 

higher levels in eye, kidney, liver, lung and testis. Ga 11 has been shown by northern 

hybridization to be expressed at fairly constant levels in a variety of tissues (10); this 

pattern is reproduced by the PCR northern analysis. Controls for contaminating 

chromosomal DNA were negative (data not shown, see Material and Methods). It 

should be noted that PCR northern analysis can minimize the effect of partially 

degraded RNA preparations which upon northern analysis will indicate artificially low 

expression levels. This effect is particularly pronounced with large messages and may 

explain the lower relative expression level originally observed for Ga13 in liver (14). 
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Relationships Among the Alpha Subunits The previously known mammalian 

alpha subunits can be grouped by amino acid identity into three classes, Gs, Gi and Gq 

(10). Members of one class, in general, are less than 50% identical to members of the 

other classes. These relationships represent not only primary sequence homologies but 

also, to some extent, functional similarities. Thus within a class, members often 

display significant levels of "crosstalk" in reconstitution experiments. For example, 

both Gas and Gaolf can couple J3-adrenergic receptors to adenylate cyclase (24). 

Also, the three types of Gai proteins, both purified and recombinant forms, can open 

atrial potassium channels (25). 

Ga12 and Ga13 define a fourth class of alpha subunits (Fig. A). They are less 

than 45% identical to members of the other three classes while they share 67% amino 

acid identity with each other. 

Discussion 

Cellular responses elicited by numerous different ligands can be affected by 

pertussis toxin. The ability to inhibit a particular pathway with this toxin has been 

widely used to implicate a G protein mediator. Only the Gi class includes alpha 

subunits known to be substrates for ADP-ribosylation by pertussis toxin. In fact, the 

majority of genes encoding alpha subunits yield products that appear to be insensitive 

to this modification. The ubiquitously expressed Ga12 and Ga13 cDNAs reveal a 

fourth class of alpha subunits that are predicted to encode pertussis toxin resistant 

proteins. 

Phospholipase C (PLC) catalysed release of inositol triphosphate and 

diacylglycerol was inferred to involve a pertussis toxin resistant G protein that has 

been called "Gp" (9). Purified activated alpha subunits corresponding to the Gaq 
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and/or Ga 11 clones have been shown to stimulate PLC-13 activity and to have some of 

the properties previously ascribed to Gp (13). However, there are a variety of PLC 

isoforms; many cells contain multiple related but distinct PLC gene products (28). 

Perhaps Ga12 and Ga13 couple to these other PLC isozymes or to other 

phospholipases that are activated through G-protein mediated pathways. 

The relationships among the alpha subunits depicted in Figure 3 developed 

early in the evolution of the animal kingdom. Representatives of the Gs, Gi and Gq 

classes have been found in Drosophila and nematodes (10, 29-36, Kim, D.-J. and 

Simon, M.I., unpublished). It seems likely that the G 12 class will be found in these 

organisms as well. In fact, Parks and Wieschaus recently showed that the Drosophila 

gene concertina (eta) encodes a G protein alpha subunit (37). eta is clearly more 

related to Ga12 and Ga13 (56% amino acid sequence identity) than to the other alpha 

subunits (35-44% identity). Mutations in eta affect gastrulation and have a maternal 

effect; mothers homozygous for these mutations will survive, but their offspring do 

not develop properly. If the functions of specific alpha subunits are conserved in 

evolution, then we may expect a member of the G 12 class, perhaps as yet unidentified, 

to influence early developmental processes in more complex organisms. 

The application of molecular biological techniques to the study of G proteins 

has proven to be a powerful tool in the analysis of signal transduction in complex 

multicellular organisms. The perception that the diverse signaling requirements of 

mammals need only a small set of G proteins is being replaced by an image of greater 

complexity. In addition to multiple classes of alpha subunits, extensive diversity of 

beta and gamma subunits has also been found (38-42). If combinatorial associations 

of the three subunits can occur in a functionally relevant manner, then the potential for 

G protein diversity is enormous. 
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Figure 1. The nucleotide sequence and predicted amino acid sequence of Ga 12 and 

GaB. The complete sequences of two cDNA clones encoding Ga12 and Ga13 

(rG 12-5 and 3-G 13, respectively) are shown above. These clones were isolated from 

a random primed mouse brain cDNA library. Sequence was obtained from two other 

clones (rG12-l and rG12-2) which begin at bases 5 and -100 respectively of the Ga12 

sequence. 200 bases from the 5'-ends of both clones were sequenced and found to be 

identical to rG 12-5. 



Ga12 
• • • • TCGGGGC:GGCGGCGG -121 

CGGACGCAGCCTGAGGGAGCGGCGGGCGGGGC:'GGCGCCTGGCCCGGCAGGGCCGCGCCGG -61 
CTGAGGGGCGTCCATGGCGCGCGGGCCCCAOCGGGGCGCGGCCGCGGCC'l"GAGGGCGGCC -1 

ATG~TGCGGA.CccTTAGCcOCTGCTTGC~~cOC 60 
M S G V V R T L S R eLL P A E A GAR 20 

GAGCGCAGGGcGoococcxi::ocGCGAC~GCGCG~CGA~GCCGCGAC 120 
ERR A G A A R 0 A ERE A R R R S R 0 40 

ATE:GACGCGCTGC'I'GGC~GGTGCooCoocrooTaiGA'l'CCrocro 180 
I 0 ALL ARE R R A V R R L V J( ILL 60 

CTGGGCGCCGGcGAGA~TCCAcCTT~GATGCGCA.fCATCCACooC 240 
L GAG E S G X S T F L X 0 M R I I H G 80 

CGGGAGTroW:CAGAAcxi::ocTGCTG<JAGTT=AciccATCTT~TCCTT 300 
REF 0 Q K ALL E FRO T I F 0 NIL 100 

AAGGGT'l'~rcTroTooACGCTCGia.ACMGCorcGacAT'I'CCCrGGcAGCACorcT 360 
K G S R V L V DAR 0 K L G I P 1f Q H 5 120 . . . . 
GAGAACGAGAAGCACGGGATGTTTCTGATGGCCT'l'CGAGAACAAGGCAGGGCTGCCTG'I'G 420 
ENE K H G H F L H A FEN K A G L P V 140 · . . . . . 
GAGCCTGCCACCTTCCAGCTCTACGTGCCAGCCCTGAG=CTCTGGAGAGA= 480 
EPA T F 0 L Y. V PAL SAL If R 0 S G 160 

· . . . . . 
ATCAGGGAAGCCl'TCAGCCGCAGAAGCGAGTTCCAGCTGGGTGAATCAGTGAAGTAC'I'TC 540 
IRE A F S R R S E F a L G E S V K Y F 180 

· . . . . . 
CTGGATAACTTGGACCGGAT'I'GGCCAGCTGAACTACTTCCCCAGTAAGCAAGACATCCTG 600 
LON LOR I GaL N Y F P S K 0 0 I L 200 

· . . . . . 
CTGGCTAGAAAGGCCACCAAGGGAATCGTGGAACATGACTTCGTTATAAAGAAAATCCCA '60 
L ARK A T K G I V E R 0 F V I K KIP 220 · . . . . . 
TTTAAGATGGTGGATGTGGGCGGCCAGAGGTCACAGCGCCAGAAGTGGTTCCAGTGCTTC 720 
F K M V 0 V G G 0 R S 0 R Q K W Foe F 240 · .... 
GACGGCATCACATCTATCCTGTTCATGGTGTCCTCGAGCGAGTATGACCAGGTCCTCATG '180 
o G ITS I L F M V S SSE Y 0 Q v L M 2'0 · .... 
GAGGACAGGCGCACCAACCGGCTGGTGGAGTCCATGAACATCTTCGAGACCATCGTCAAC 840 
E 0 R R T N R L V E 5 M N I F E T I V N 280 

· . . . . . 
AACAAGCTCTTCT'l'CAACGTCTCCATCATCCTCT'l'CCTCAACAAGATGGACCTCCTGGTG 900 
N K L F F N V S I I L F L N K MOL L V 300 

· .... 
GAGAAGGTGAAGTCTGTGAGCATTMGAAGCACT'I'CCCAGATTTCAAGGGCGACCCGCAC 960 
E K V K S V S I K K H F PDF K GOP H 320 · . . . . . 
CGGCTGGAGGACGTCCAGCGCT ACCTGGTGCAGTGCTTCGACAGGAAGCGCAGGAACCGC 1020 
R LEO V Q R Y L V Q C FOR K R R N R 340 · . . . . . 
AGCAAGCCCCTGTTCCACCACTTCACCACCGCCATAGACACCGAGAACATCCGCTTCGTG 1080 
S K P L F H H F T T A lOT E N I R F V 360 · . . . . . 
TTTCA'I'GCTGTGAAGGACACGATCCTGCAGGAGAACCTGAAAGACA't'CATGCTGCAGTGA 1140 
FHA V K 0 TIL Q E N L K 0 I M L Q 319 

· . . . . . 
GAGACAGCCCCTCCCTCTGCTGTCC'I'CTCGGC:CTCTGGGGC't'GTGGCCGCCCACGTGG't''t' 1200 
CTGGTGTGTCTGCCGCCTGCATGGACCTGCAGTGGGCATCTCGAATCCACACCATCTAAT 1260 
ACCTGGCTCAAGAGTGCTGGACTACCAGCCACACCAGCGAGCTCCGGGCAAGAGGACGCG 1320 
GGAGTGTCAGTGATAGCTACTGAA'I'CGGGGACTGTGAGAC't'ACTGAATCCACACCATCAC 1380 
TCTGCTGTTGATCTGTAAAACCTGGGGACACACGTTTCGCC't'CTCTACAGAAACTCTTCC 1440 
TTGTTGACACAGTTAACCAAGGTTCAGGTGTACGCAGACACACGCGTGCTC't'CA't'TAATG 1500 
ACAGAAACCCAACCCCAGCTGGCCTTGCAGCCGGCTCTCCCCTCTGCCGTGCAGGTTC'I'C 1560 
ACTGAG't'CACACTAACTCGGGAGCTTGGCCTCACACTAGGCTGTAAAGAOCA'I'GCGA TGC 1620 
TGCTAAGCTCACCGTG't'CCAAGCCCAGGCCTCAGTGCCACCTCCCAGAGTGAACACACAG 1680 
CCTTAGCATCGTGCCAGCACCCTCCGAGTCTCGCAAAGGCGCAGGCGGGGTCAGGTGTCC 1140 
ACACT 1145 

70 

Ga13 
• • • • • TCCCTCCC -121 

CGGGCGCGCTCGGGCCGCCGC!'G(';GCTCCCCGCCC'l'CCAGCCGCCTTGCCGGAGCCGCCC -61 
GCTGCC'GGAGG1.GGAGGTGGAGGAGCCGCAGGGGCCCGCCGAGGCGGCGGCGGC'GGCAA -1 

ATGGCGGAcTTCC~GCGCTCCGrocTGTCCGTGTGCTTC<:CGGGCTGCGTGCrG 60 
MAD F L P S R S V L S V C F P G C V L 20 

ACGAACGGCGAGGCCGAGCi..GCAGCOCAAGTCCAAGGAc;iTCGACAAArGccroTcocOO 120 
T N G E A E 0 Q R K S K E 10K C L S R 40 

GAGAAGAC:CTACGTGAAocGGc-ra;~ATCCTGCroCTGGGC~GAGCGGC 180 
E K T Y V X R L V K ILL L GAG E S G 60 

AAGTCCACciTCCTGAAGCiGATGCGGArCATCCAcc;c;cCAGGACTTCGACCAGCGCGCG 240 
x S T F L K Q M R I I H G Q 0 F 0 Q R A 80 · . . . . . 
CGCGAGGAGTTCCGCCCCACCATCTACAGCAACGTGATCAAAGGTATGAGGGTGCTGGTA 300 
R E E F R P T I Y S N V I K G H R V L V 100 

· . . . . . 
GATGCCCGAGAGAAGCTTCATATTCCCTGGGGAGA TAACAAAAACCAGC'l'CCA TGGAGAC 360 
DAR E X L HIP W G 0 N K N 0 L H G 0 120 

· . . . . . 
AAGTTGATGGCATTTGATACCCGCGCCCCCATGGCTGCCCA~ATGGTGGAGACTCGA 420 
X L M A F 0 T RAP H A A Q G M VET R 140 

· . . . . . 
GTGTTCCTGCAGTATCTTCCTOCTATCAGAGCCTTATGGGAGGACAGTGGTATACAGAAT 480 
V FLO Y L P A I R A L WED S G ION 160 · . . . . . 
GCCTACGATCQGCGCCGGGAATTCCAOCTGGGTGAGTCTGTAAAGTATTTCTTGGATAAC 540 
A Y 0 R R REF 0 L G E S V K Y FLO N 180 

· . . . . . 
TTGGATAAACTTGGAGTACCGGATTACATTCCATCACAGCAAGATATCCTGC'l'TGCCAGA 600 
L D K L G V P 0 YIP S Q Q 0 ILL A R 200 

· . . . . . 
AGGCCCACCA.a.AGGCATCCATGAGTACGACTTTGAAATTAAAAATGTTCCTTTCAAAATG 660 
R P T X G I HEY 0 F ElK N V P F K M 220 

· . . . . . 
GTTGATGTAGGTGGCCAGAGATCAGAACGGAJl.ACGCTGGTTTGMTGCTTTGACAGTGTG '120 
V D V G G 0 R S E R K R W FEe F D S V 240 

· . . . . . 
ACGTCGATAC'I'TTTCCTTGTCTCTTCAAGTGAATTTGACCAGGTGCTTATGGAGGACCGC '180 
T S I L F L V S SSE F 0 Q v L M E 0 R 260 

• •• • < 

CAGACCAATCGCCTTACAGAATCTCTGAACATTTTTGAAACAATTGTCAACAATCGGGTT 840 
o 'I' N R L T E S L N I F E T I V N N R V 280 

· . . . . . 
TTCAGCAACGTCTCCATAATCCTCTTCTTAAACAAGACAGACTTGCTCGAGGAGAAAGTG 900 
F S N V S I I L F L N K T 0 L 1. E E K V 300 

· . . . . . 
CAAGT'I'GTTAGCATCAAAGACTATTTCCTAGAATTTGAAGGGG.-'\CCCCCACTGCTTAAGA 960 
o V v S I X 0 Y F L E F E G D P H C L R 320 

· . . . . . 
GACGTCCAAAAG'rT'rCTGGTGGAA TGCTTCCGGGGGAAACGCCGGGACCAGCAGCAGAGG 1020 
o V 0 K F L V E C F R G K R ROO Q 0 R 340 · . . . . . 
CCGTTGTACCACCACTTCACCACCGCGATCAACACAGAGAACATCCGCCTCGTGTTCCGG 1080 
PLY H H F T T A I N TEN I R L V F R 360 

· . . . . . 
GACGTGAAGGACACGATCCTTCATGACAACCTGAAGCAGCTCATGCTGCAGTGATGACAA 1140 
o V K 0 TIL H 0 N L K 0 L M L 0 317 

· . . . . . 
GACTCGCTG'rTTTAATACCTTGTTGTGATTTTGA'l'TGTTTTCTGTTTGTCTTGTTTTTCT 1200 
CTTTAAATGGCAGTT'I'ACAACAOCAGTTAGAAGAATCTCAGT'I'GTG'I'GTGTC1'AACTTCT 1260 
TGGAGAACTTAG'I'TCA'I'CTGTGGCCTTTAGTTTGTGGCTGACAGCTGCTGAATTAACCCA 1320 
TTGCCAATATCTGCTAGAATTTGGGCTTTGATTGGTTTCACTGTGGCTTACCTTCAAGTC 1380 
CAATTATAACTTCCTGGCAACCTTACACTAGGTGTTTTTCAGGCCTTGAATTCTCATAAC 1440 
TGTCCTGCAGTTCTAAGAATAGGCAGTATCTTTAAGAACTTGTAGaiATGAGAGTATGAA 1500 
AATTCAGCTCTAAAGAGAGAGAGTGCCTTACCCAGCAATGACATGCCTCCCTATGTGAGC 1560 
CCTGGTCTGGAAGGGCTGTTAGAGAAAAGTTTTAGGGAGGM;TCTCGGCCCACAGAGGCT 1620 
TGGCCCCCTACACACACAGCAGTAGTTTGTTTTCCCTCAAT'1"rcTCTAATTTCTGTAGGG 1680 
CAGCAG'I'CTCAGCCCACAGAGGCTTGGCCCCCTACACACACAGCAGTAGTTTGTTTTTCT 1140 
CAATCTCTTTACTTTCTGAAGGTAATGTCTTACTGCTTAAGTTTACAAGATGGATCTCAG 180e 
CCTGATGCTGATGCGGTCACAAATGGTACATGTGCTATGTTGATCTGAGATGAGCAGTGA 1860 
CACGCAGTTTCCTTTGCCATACATGCTGTCACTAACTTAATGTGCCA'I'GTTACAACATCT 1920 
GGAGAGGGCAAGCACCCTGGTGACGGACATCACCA TAGCAGCCCCAGAGTGTGACTTTCT 1980 
GGTCCTGTCTCCTTGGACTTTGTGCCTTGCTGGAGAGAACCACTGTTGGGTCT'I'CTTCCT 2040 
TTTGCCCCACTGTCTCAACCTCAGCAGCTCTGAACTGTGGTGC'I'CTCGGGCTTCTCTTGT 2100 
CCCCGAGAG'rTTGGTGGGCAGCATTTCCCTGTGAACTGTTCAAAAAGGCATCCTTTCAGT 2160 
ACCCTGTCCCTGGTTAGTGTCTCTCTGTGACAGAGTTTGTATGTGTTGTGTGTGTCATCG 2220 
TGTGTGAGACACAGCTTCATTGAGGTACATTCAAA TGTCTTAAGGATGCATCTAAGGATA 2280 
AGeMTTTTTTTTT 2294 
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Figure 2. Amino acid comparison of Gal2 with Ga13, Gas, Gail and Gaq. Dots 

represent identities with the Gal2 sequence. 
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Figure 3. PCR Northern analysis of Ga12, Ga13 and Gall. RNA from various 

mouse tissues was reverse transcribed and PCR amplified using the degenerate 

oligonucleotides oMP19, oMP20, oMP21, and Cf56. The amplified products were 

hybridized with radiolabelled oligonucleotides specific to Ga 12, Ga 13 and Ga 11 (see 

Materials and Methods). 
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Figure 4. Relationships among mammalian G Protein alpha subunits. Alpha subunits 

are grouped by amino acid identity (2, 10, 26, 27). Branch junctions approximate 

values calculated for each pair of sequences. 
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Transposon-facilitated DNA sequencing 
(,-.5/ polymerase chaiD reaction) 
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ELLIOT M. MEYEROWITZ, AND MICHAEL J. PALAZZOLO 
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ABSTRACT We describe here a transposon-based DNA 
sequencing strategy that allows the introduction of sequencing 
priming sites througbout a target sequence by bacterial mating. 
A mlnlplasmld was designed to select against transposon In
JeI'1Ions into the vector. Sites of transposon insertion are 
mapped by the polymerase chain reaction with bacterial over
night cultures providing the templates. A small set of plasmids 
with transposons spaced several hundred base pairs apart can 
then be sequenced_ Sequencing primers corresponding to the 
tnDsposon ends allow sequencing in both directions. Thus, the 
eatire 8eCIuence of both strands can be easily determined. 

One of the major problems in DNA sequence analysis oflarge 
or even moderately sized fragments is how to position 
unsequenced regions next to known priming sites. A variety 
of techniques have been developed for this purpose including 
random shotgun subcloning, unidirectional deletions and 
subcloning, and the continued synthesis of additional oligo
deoxynucleotide primers (1-4). These methods are expensive 
or require many molecular manipulations. 

A number of strategies employ bacterial transposons to 
generate priming sites within a target DNA sequence (5-10). 
Several criteria exist for an efficient transposon-based se
quencing strategy: (i) Mobilization of the transposon must be 
relatively simple. (ii) Selection for transposon insertions into 
the plasmid as opposed to the bacterial chromosome must be 
efficient. (iii) The transposon must insert into the target 
sequence and not into the plasmid vector. (iv) The transpo
sition sites must be easily mapped to minimize the number of 
required sequencing reactions. In this paper we describe a 
transposon-based strategy that meets these criteria. 

We employ y6. which belongs to the Tn3 family of trans
posons (11) and which has been used previously in transpo
son-facilitated strategies (8, 20). The members of this family 
contain 38-base-pair (bp) terminal inverted repeats and trans
pose by a replicative mechanism. Donor and target sequences 
are joined in an intermediate structure termed a cointegrate. 
The cointegrate, which contains two copies of the transpo
son, is rapidly resolved by a site-specific recombination 
system. The resolvase is encoded by the transposon and acts 
at the 120-bp res site located within the mobile element. 

y6 is present on the F factor. Consequently, transposition 
to a plasmid transiently fuses tlte F factor and plasmid in a 
cointegraled structure. This coinlegrate can be transferred to 
a recipient cell by conjugation. Resolution of this structure in 
the recipient yields the F factor and the plasmid each with a 
single y6 insertion (Fig. 1). 

This paper describes the use of conjugal transfer of a 
plasmid to introduce y6 insertions into a target sequence (12). 
The target DNA fragment has been subcloned into a minimal 
plasmid in which nearly all the plasmid sequences are select
able. Under these conditions recovered transpositions almost 

The publication costs of this anicle were defrayed in part by pase charge 
payment. This anicle must therefore be hereby marked "ad",rt;um,nt" 
in accordance with 18 U.S.C. §l734 solely to indicate this fact. 
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always contain a y6 transposon inserted into the target 
sequences. The sites of insertion can be readily mapped by 
polymerase chain reaction (PeR) (13). Finally. orientation
specific sequencing primers allow sequence analysis in both 
directions from the insertion point. 

METHODS 

Bacterial Mating. Two Escherichia coli strains are grown 
overnight under appropriate antibiotic selection. The donor 
strain, DPWC (supE42 ~recA[Sst Il-EcoRI] sr/::TnlO
[Tet'], F+), contains the target plasmid, which confers resis
tance to ampicillin. The recipient, strain JGM. is strain 
MCI061 (14) that carries Tn5seql (9) and is F- and kanamy
cin resistant. One-tenth milliliter of each overnight culture 
and 2 ml of LB medium are combined in a sterile 15-ml tube 
and incubated on a rotary wheel (30 rpm) for 3 hr or longer 
at 37°C. One-tenth milliliter of a l00-fold dilution of the 
mating mixture is plated on an LB-agar plate containing both 
ampicillin at 100 /-Lg/ml and kanamycin at 50 /-Lg/ml. This 
plate is incubated overnight at 37°C. Generally, this proce
dure yields 50-500 AmprKanr colonies. Plating nondiluted 
and 100fold dilutions of the mating mixture results in bacterial 
lawns that consist primarily of bacteria resistant only to 
kanamycin. 

Construction or the Miniplasmld Vector. The miniplasmid 
vector. used as a transposon target, was constructed by the 
PCR (14) followed by standard recombinant DNA techniques 
(15). (i) Two oligonucleotides were synthesized that would 
PCR-amplify the /3-lactamase gene and the replication origin 
of the pUC plasmids. One oligonucleotide, N-AMP (5'
A TGAGACAA T AACCCTGA-3 '), hybridizes just upstream 
of the /3-lactamase gene (near position 4210 of the pBR322 
map) (16). The second oligonucleotide, ORI F (5'
GCCCGGGCGTTGCTGGCGTITITCC), is located around 
pBR322 position 2520 and contains a Sma 1 site. A PCR was 
performed by using this oligonucleotide pair as primers and 
pBluescriptKS2 (Stratagene) as template. The PCR product 
was phosphorylated with T4 polynucleotide kinase, ligated, 
and introduced into E. coli to generate plasmid pOAS. The 
polylinker from pBluescriptKS2 was then introduced into 
pOAS to generate pMOB (Fig. 2). To accomplish this con
struction, the polylinker was first PCR-amplified by using the 
reverse and universal sequencing oligonucleotides that are 
commercially available (New England Biolabs). Plasmid 
pOAS was linearized with Sma I and ligated to the polylinker. 

DNA Sequence Analysis. Templates for DNA sequence 
analysis were prepared by using rapid-boil plasmid prepara
tions (17). The sequencing reactions were done with the 
United States Biochemical 17 Sequenase version 2.0 kit 
according to the enclosed protocols. The sequencing primers 
are oligonucleotides complementary to transposon sequences 
adjacent to the inverted repeat ends. GDI (5'-CAACGAAT
TATCTCCTT-3') will sequence outward from the y6 end 

Abbreviation: PCR. polymerase chain reaction. 
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FIG. 1. Transposon mobilization into target DNA sequences. 
This diagrams the probable mechanism of YO-transposon insertion 
into the target sequences by bacterial mating. According to this 
model (5), a cointegrate is formed in the donor cell between the F 
factor and the target plasmid. In this cointegrate, both plasmids are 
flanked by yeS transposons. Aftertransfer, the cointegrate is resolved, 
leaving a transposon copy in each plasmid. 

closest to the Sac I site in the transposon (12). GD2 (5'
TCAATAAGTTATACCAT-3') will sequence outward from 
the opposite end. 

PeR Conditions. All PCRs were done in 40-p.1 total volume 
with a light mineral oil overlay. For the construction steps. a 
three-step protocol was used that included the following: 
94°C for 45 sec, 55°C for 45 sec. and noc for 2 min. This 
protocol was then repeated for 10 cycles. For the transposon 
mapping experiments a two-step PCR protocol was used: 
92°C for 20 sec and noc for 2 min. One-half microliter of a 

L REV, T3, K, A, H, R, P, Xb, S, n, L UNI 

~ / 

ori 
amp R 

FIG. 2. Map of pMOB. the miniplasmid used for transposon
/argeted DNA sequence analysis. This plasmid contains (i) a pUC 
plasmid origin of replication (pUC ori). (ii) f:l-Iactamase gene (Amp'), 
(iii) a multiple cloning site (MCS). (iv) bacteriophage RNA polymer
ase promoters (T3 and 17), (v) primer sites for PCR mapping of the 
transposon insertion sites (LREV, LUN!). The polylinker was 
derived from a PCR from the plasmid pBluescriptKS2; many restric
tion sites occur in this polylinker. We have tested for and used only 
the Apa I (A), EcoRI (R), Kpn I (K). Pst I (P), HindlII (H). Sac I (S) 
and Xba I (Xb) sites (these sites are all unique and found only in the 
MCS region). Because this plasmid was constructed from DNA 
fragments amplified by PCRs, the DNA sequence may vary some
what from sequence of the parent plasmids. 
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bacterial overnight culture was added to the 40-p.1 reaction 
mixture and subjected to the PCR for 40 cycles. For each 
template two PCRs were done. Both PCRs used an oligonu
cleotide (GDIR; 5'-TTTCGTTCCATTGGCCCTCAAAC
CCC-3') complementary to the inverted repeat of the yl5 
transposon. The second oligonucleotide primer used in one 
PCR (LREV; 5'-AACAGCTATGACCATGATTACGC
CAAG-3') was complementary to a sequence just upstream 
of the T7 promoter (see Fig. 2). The second oligonucleotide 
primer used in the other PCR mapping (LUNI; 5'
GTAAAACGACGGCCAGTGAGCGCG-3') is complemen
tary to a region immediately adjacent to the T7 RNA pro
moter. The PCR buffer was purchased from Cetus. 

RESULTS AND DISCUSSION 
Efficiency of yo Transposition into Target Plasmids. Trans

position of yl5 from an F factor to a plasmid is believed to 
produce a cointegrate that can be conjugally transferred . 
After conjugation the cointegrate is resolved in the recipient 
cell (Fig. 1). 

LREV 

M 1 2 3 4 5 6 7 8 9 10 11121314151617 18 19 20 

LUNI 

M 1 2 3 4 5 6 7 8 910 11 121314 151617 18 19 20 

FIG. 3. PCR mapping of transposon-insertion sites. yeS trans
posons were introduced by bacterial mating into 1.7-kb eDNA (lH2) 
that was subcloned into pMOB. Bacterial overnight cultures from 
each of 20 individual transposition events provided the templates in 
two separate PCRs. In the first set of peRs LREV and GDIR were 
the primers; PCR products were then analyzed by agarose gel 
electrophoresis (Upper. labeled LREV). The second set of PCRs 
were identical. except that LUNI and GDIR oligonucleotides were 
the primers (Lower); results of these PCRs are labeled LUNl. Lanes 
in each of these gels are matched so that the upper gel shows the PCR 
products generated by using the first set of primers, and the bottom 
gels show the analogous products with the second set of primers. 
Exact sequences of the oligonucleotides and PCR conditions are 
indicated in text; interpretation of Ihis data is presented in Fig. 4. As 
mentioned in text, some PCRs gave ambiguous results: for example. 
multiple PCR products can be seen in lane 9 (Lower), whereas no 
apparent products can be seen in either reaction in lane 14. Size 
markers (M) are Hinfl digests of pBR322. 
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LUNJ LREV 
(Sac I) 

y~ 
(Apa I) 

IH2 Y Y i~ SZ 

1011 YSZ Y b i i y y 

4B9 Y Y l SlSlW 

I I I I I 
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FIG. 4. PCR mapping analysis allows the generation of maps of the y~transposon-insertion points. Insertions into three different cDNAs 
(lH2, 1.7 kb; lOll, 2.0 kb; and 4B9, 1.6 kb) are shown. These plasmids are all longer versions of eDNA clones originally isolated by Palazzolo 
el 01. (19). Each triangle represents the insertion of a single yo transposon into a given eDNA. PCR mappings that gave ambiguous results were 
excluded from the map. The filled triangles represent clones selected for DNA sequence analysis. A complete double-stranded analysis was 
possible from just these selected clones. 

Although the mobilized plasmid is expected to contain a 
single copy of ')'0, some experiments (18) indicated that an 
alternative method of plasmid transfer is possible in certain 
E, coli strains. Examination of transferred plasmids in these 
strains showed that only 30% of the plasmids contained 
transposons after transfer. To determine the fraction of 
mobilized plasmids that contain ,),0, E. coli DPWC (a donor 
strain; see Methods) was transformed with a 3-kilobase (kb) 
plasmid vector conferring ampicillin resistance, pBlue
scriptKS2 (Stratagene), into which a 1.5-kb Drosophila 
cDNA fragment (4B9; ref. 19) had been subcloned. These 
cells were then mated to JGM (a kanamycin-resistant recip
ient strain, see Methods). Recipient cells that received the 
plasmid were selected on plates containing ampicillin and 
kanamycin. Restriction enzyme analysis of 20 mobilized 
plasmids indicated that, in each instance, the plasmid con
tained a ')'0 insertion. Furthermore, restriction fragment 
length polymorphisms in the restriction enzyme digests sug
gested that the transposons had inserted at different sites. 

Construction of a Minlplasmid Sequencing Vector. An im
portant criterion for the successful application of transposi
tion to DNA sequence analysis is that the transposon be 
forced into the target DNA sequences and not the plasmid. 
Restriction analysis of the ')'0 insertions described above 
suggested that most insertion events occurred in the vector 
and not in the insert. We used dideoxynucleotide chain
termination DNA sequencing to identify the transposon
insertion sites in more detail. Of eight clones chosen at 
random and sequenced, all transposition sites occurred at 
different locations in the vector. 

These experimt"nts suggest that a plasmid, in which inser
tions into the vectOT sequences can be selected against, is 
useful, as then only the transposon insertions in the target can 
be recovered. Ideally, the vector should contain only an 
origin of replication, a drug-resistance gene, and a multiple 
cloning site [the construction of such a miniplasmid, pMOB 
(Fig. 2), has been described). 

To test where transposons insert in this 1.8-kb construct, 
three different Drosophila cDNA molecules (lH2, IDll, 
4B9) (19) were subcloned into this plasmid, and each sub
clone was separately used as target for ')'0 transposition. 
Twenty clones from each of the mating mixtures were 
selected and analyzed by restriction mapping. All 60 clones 

contained a ')'0 transposon, and most insertion sites were in 
or near the target cDNA fragments. 

Analysis of Transposen-Insertlon Sites by PCR. The ability 
to rapidly and simply map the sites of insertion is important 
for minimizing the labor required to sequence a given target 
DNA fragment. PCR promised to allow such an identifica
tion. For this purpose, we synthesized three oligodeoxynu
c1eotides. One (GDIR) matches the inverted repeat found at 
each end of ,),0. The other two oligonucleotides (LREV and 
LUN!) flank the cloning site of the miniplasmid (see Fig. 2). 
Two separate PeRs can be used to determine the point of 
insertion of a given transposon. In one reaction LREV and 
GDIR are used as primers, whereas LUNI and GDIR are 
used in the second reaction. In both cases the same plasmid 
containing a ')'0 transposon is the template. Size of the 
LUNI-DDIR PeR product allows determination of the dis
tance from the trans po son-insertion site to the LUNI site at 
one end of the target fragment, whereas the size of the 
LREV-DDIR PeR product allows a similar determination of 
the distance from transposition site to the opposite end of the 
subclone. Furthermore, the two PeR products should add up 
to approximately the same size as the fragment subcloned 
into the miniplasmid. 

Such an analysis was performed on the 60 plasmids isolated 
in the transposon experiments described above. Bacterial 
overnight cultures provided the templates in two separate 
PeRs. These reactions were subsequently analyzed by aga
rose gel electrophoresis. Analysis of 20 transposition events 
into one clone is shown in Fig. 3. The size of the fragment in 
each lane delimits the distance of the transposition site from 
the fixed points in the plasmid. 

These experiments allowed us to map the ')'0 insertion sites 
for most of the 60 plasmids containing transposons (Fig. 4). 
Three conclusions can be drawn from these results. (i) 
Forty-two of the 60 transposition events occurred within the 
cDNA inserts and could be rapidly localized. (ii) The inser
tion sites were sufficiently dispersed within the target to be 
useful for DNA sequencing. (iii) Eighteen of the PCRs gave 
apparently anomalous results, including mUltiple PCR prod
ucts or the apparent absence of PCR products. The transpo
son insertions that gave such results could not be placed on 
the transposition maps by this technique and were not further 
characterized. 
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DNA Sequence Analysis By Using Transposon Sequences as 
PrIming Sites. Several plasmids were then chosen for DNA 
sequence analysis of the different cDNA clones. The plas
mids that were sequenced were selected because the trans
posons were spaced =300-400 bp apart (Fig. 4). Because 
end-specific sequences are found immediately adjacent to the 
inverted repeats. oligonucleotides complementary to these 
regions can be used to sequence outward from each end of the 
transposon (see Methods for primer sequences). Thus. it is 
straightforward to simultaneously obtain complete sequence 
information from both strands of the target sequence from a 
relatively small number of plasmid-transpo son templates. All 
three plasmids presented in this paper were completely 
sequenced by a small number of transposon-containing tem
plates (Fig. 4). In addition. we have sequenced six other 
cDNA clones with inserts from 1.2 to 2 kb. For each clone. 
a screen of 20-30 -y5 insertions was sufficient to obtain a 
subset of transposon insertions that were spaced every 
300-400 bp along the cDNA insert. 

Some Limitations to this Sequencing Strategy. One major 
limitation to this strategy is the inability of the PCR to map 
transpositional events that are relatively distant from the 
fixed points of the plasmid (LREV and LUNI). Specifically. 
PCRs typically yield anomalous products on templates in 
which transposons have inserted> 3 kb away from the fixed 
plasmid point. One potential response to this limitation is the 
use of strand-switching PCR to map the position of unknown 
transposon insertions relative to known transposon-insertion 
points. In other words. two plasmids that contain the same 
initial insert but have transposons in different locations can 
be mapped relative to each other in a single PCR. This 
reaction contains both plasmids as templates but uses only 
the inverted-repeat oligonucleotide (GDIR) as primer. The 
PCR product should be the DNA sequence between the two 
transpositional events. and its size will map the position of 
the unknown site relative to the known one. 

To test this strategy we used various combinations of the 
plasmids containing the 1H2 cDNA and different transposi
tional events. PCRs containing different pairwise combina
tions of 1H2 plasmids as templates and only GDIR as primer 
resulted in PCR products of the sizes predicted by the results 
presented in Figs. 3 and 4. 

ao 
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Abstract 

Heterotrimeric guanine nucleotide binding proteins transduce signals from cell 

surface receptors to intracellular effectors. The alpha subunit is believed to confer 

receptor and effector specificity on the G protein. This role is reflected in the diversity 

of genes that encode these subunits. The beta subunit is thought to have a more 

passive role in G protein function; biochemical data suggests that beta-gamma dimers 

are shared among the alpha subunits. There is growing evidence, though, for active 

participation of beta-gamma dimers in some G protein mediated signaling systems. To 

further investigate this role, we examined the diversity of the beta subunit family in 

mouse. Using the polymerase chain reaction, we uncovered a new member of this 

family, Gl34, which is expressed at widely varying levels in a variety of tissues. The 

predicted amino acid sequence of Gl34 is 79% to 89% identical to the three previously 

known beta subunits. The diversity of beta gene products may be an important 

corollary to the functional diversity of G proteins. 



83 
Introduction 

G proteins are guanine nucleotide binding regulatory proteins composed of 

three subunits, alpha, beta and gamma. They relay signals from a multitude of cell 

surface receptors to numerous intracellular effectors including adenylyl cyclases, 

cGMP-phosphodiesterases, phospholipases and ion channels (for reviews see 1,2 and 

3). The alpha subunit binds GDP which is exchanged for GTP upon interaction with 

the appropriate activated receptor. This exchange is believed to be accompanied by 

dissociation of the alpha subunit from the beta-gamma dimer. An intrinsic GTPase 

activity hydrolyses the GTP to GDP, thereby allowing reassociation of the subunits 

and termination of the signal. 

There is a rapidly growing list of genes that encode alpha subunits. 

Nonetheless, the diversity of alpha subunits is much less than the number of different 

receptors that are coupled to G proteins. There may be more than 100 receptors that 

are linked to GTP binding proteins while thus far sixteen different alpha subunits have 

been found (1). The alpha subunit is believed to confer receptor and effector 

specificity on the heterotrimer. However, there is accumulating evidence for a role of 

the beta-gamma dimer in determining the specificity ofG protein function (4). Indeed, 

genetic studies with signal transducing systems in yeast provide evidence for an active 

role of the beta-gamma subunit in coupling to an effector, the binding of GTP to the 

alpha subunit may serve to release and activate beta-gamma function (5,6). In 

mammalian cells, a role for the beta-gamma subunits in the activation of ion channel 

function has been suggested (7). This effect may be due to the ability of beta-gamma 

dimers to activate phospholipase A2. If beta subunits are integrally involved in 

influencing receptor or effector function, then we might expect a diverse family of 

these subunits with a relatively wide range of activities. 
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Initially, two genes specifying highly homologous beta subunits, G/31 and 

G/32, were found (8,9,10,11,). These were correlated to two separable polypeptides 

with gel migration patterns corresponding to a 35 Kd and a 36 Kd polypeptide 

(12,13). Recently, a transcript encoding a third highly homologous protein, G/33, was 

described (14). All three of these gene products appear to be distributed in a relatively 

ubiquitous fashion. This raises the problem that in any reconstitution experiment the 

beta subunits that are used to interact with alpha subunits represent a mixture of gene 

products. Furthermore, until we can determine the nature and number of the 

components that make up the beta-gamma portion of the G protein complexes, we will 

not be able to rigorously assess their functional role. Therefore, in order to examine 

the diversity among the beta subunits, we used a Polymerase Chain Reaction technique 

that has, in the past, been successful in revealing the multiplicity of G protein alpha 

subunits (15). We found a fourth member of the beta subunit family which is 

expressed at significantly different levels among a variety of tissues. 

Materials and Methods 

Polymerase Chain Reaction PCR was performed as described previously 

(15). cDNA was made from PolyA+ RNA with random hexanucleotide or oligo dT 

primers using MML V reverse transcriptase. Conditions were those supplied by the 

manufacturer (Bethesda Research Labs). The oligonucleotides used for PCR 

amplification of the cDNA were as follows: 

E1, AAGGATCCCARGARGCNGARCARCT; 

E5, CCGGAATTCCCARTGCATNGCRTADAT; 

E8, GACTCGAGTCGACATCGA(T) 17; 

E10, GGAA TTCGTCT AATA TGGACTCCG; 

Ell, GGAATTCGTTGCAGGCCTTCCG; E12, GGACACACGGGCTACTTG; 
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EI8,GGCTCCAGCTCTTCACTTGAG;~,GGCTGTAACACGGATTTCTCCin 

which R = A or G, D = A,G, or T, and N = A, C, G or T. PCR was performed on a 

Perkin Elmer Cetus thermal cycler. During each cycle, samples were denatured for 1.0 

min at 94°C, extended for 1.0 min at 72°C, and the different oligonucleotide pairs were 

annealed for 0.5 min at the following temperatures: El+E5 - 48°C; E8+ElO - 54°C; 

Ell+EI2 - 50°C; E18+E19 - 64°C. Each oligonucleotide was used in the PCR at 10 

ng/J.l.1. 35 cycles were performed on approximately 5 ng cDNA in a 50 J.l.I reaction 

volume. Inverse PCR was performed on cDNA that was circularized by 

intramolecular ligation as follows: 2 J.l.g oligo dT primed cDNA was synthesized with 

the BRL cDNA synthesis system, diluted into 500 J.l.I ligation mix, ligated with T4 

DNA ligase for 2 hours at room temperature, ethanol precipitated and resuspended in 

100 J.l.I H20. 2J.l.I of the circularized cDNA was used for PCR. The buffer and taq 

polymerase were supplied by Cetus. 

Northern Analysis Total RNA was run on a 1 % agarose gel and transferred to 

Genescreen (Dupont) as described (15). A probe specific to the G134 3'-untranslated 

regions was made by PCR amplifying the cDNA clone 134-2 with the complement of 

oligonucleotide E19 (Fig. 1) and the M13 -20 primer (New England Biolabs) which is 

specific to the cloning vector. The amplified product was run on a low melting point 

agarose gels (Seaplaque, FMC), excised, and labeled by random priming as described 

(15). The RNA blot was hybridized as previously described (15). 

PCR Northern PCR was performed on cDNA prepared with reverse 

transcriptase (supplied by BRL) from total RNA as described above. The degenerate 

oligonucleotides E 1 and E5 were used for 35 cycles of amplification. The PCR 

products were electrophoresed through a 2% agarose gel, blotted to Genescreen and 

hybridized according to the manufacturer's instructions. These blots were probed with 

radiolabeled oligonucleotides specific to 134 (E 10), 131 (TCA CAAA CAA T A TTG 
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A TCCA) and J32 (TCACAGCTGGGCTTGACCCA). The oligonucleotides were end

labeled with y32p-ATP as described (16). Blots were hybridized at 42°C and washed 

at room temperature twice for 5 min in 0.90 M NaCVO.90 M sodium citrate (6X SSC)/ 

0.1% SDS. 

Isolation of cDNAs The J34-2 cDNA clone (Fig. 1) was isolated from a 

random primed mouse brain cDNA library in the lambda cloning vector mAJP3 

(M.P.S. and M.I.S., unpublished). 106 clones were screened with the J34 E18-E19 

PCR fragment using standard techniques (16). 

Results and Discussion 

To examine beta-subunit diversity, the polymerase chain reaction (PCR) was 

used to amplify cDNA from mouse brain. A set of degenerate oligonucleotide primers 

(E 1 and E5, Fig. 1) was designed for use in the PCR. These primers correspond to 

two domains in which the amino acid sequences of GJ31 and GJ32 are completely 

conserved. PCR amplified products were separated on an agarose gel, excised and 

subcloned into a plasmid vector. Analysis of twenty clones revealed three different 

beta-like sequences. Two of these sequences were classified as the mouse GJ31 and 

GJ32 homologs since the deduced translation products were identical to the bovine beta 

subunits and the nucleotide sequences differed by 15% and 7%, respectively. The 

third sequence, labeled GJ34, was unique, though clearly related to GJ31 and GJ32. 

To obtain more of the GJ34 sequence, a specific primer (E10) was synthesized 

which, in combination with an oligo dT primer (E8), was used to selectively amplify 

the 3' end of the GJ34 cDNA (17). The 5' end of the coding sequence was also 

obtained by PCR. Circular mouse brain cDNA was generated by intramolecular 

ligation (see Materials and Methods). This cDNA was used as a template for inverse 

PCR (18). Two GJ34 specific primers (Ell, E12), directed towards the noncoding 
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regions, were used to amplify the 3' end and 5' ends of the coding region as well as 

the connecting noncoding regions. The PCR product, 1 kb in size, was subcloned 

and sequenced. Finally, two primers based on the 3' and 5' noncoding regions of 

GJ34 were designed (EI8, EI9). PCR of mouse brain cDNA with these primers 

resulted in a 1.1 kb product which was subcloned and sequenced. It contained the 

entire coding region of GJ34. 

In addition, the E18-E19 PCR product was used as a probe for screening a 

randomly primed mouse brain cDNA library. Approximately 106 clones were 

screened. Four positives were obtained and purified. One clone (J34-2) contains a 

2 kb insert which includes the entire coding region. Figure 1 shows the nucleotide 

sequence and the predicted amino acid sequence obtained from J34-2. The open 

reading frame encodes a protein of 340 amino acids. 

Figure 2 compares the amino acid sequence of GJ34 to those of GJ31, GJ32 and 

GJ33. All four beta subunits are closely related; GJ34 is 89% identical to GJ31 and 

GJ32, and 79% identical to GJ33. The variation evident among the N-terrninal 40 

amino acids of the different beta subunits is noteworthy since Cys25 of GJ31 is known 

to contact Gyl. Perhaps the surrounding sequence can influence the pairing of beta 

with gamma, thereby limiting the pairwise combinations of these betas with the 

growing number of different gamma subunits (19). 

GJ34 belongs to an expanding set of proteins, including the other beta subunits, 

that conserve a repetitive segmental structure of about 40 amino acids, the WD-40 

motif, which is characterized by a tryptophan-aspartate amino acid pair (20). Members 

of this family include two yeast proteins involved in RNA splicing, PRP4 (21) and 

PRP17 (1), a protein critical to cell cycle regulation, CDC4 (8), a protein involved in 

regulating yeast Ras function MSIl (22), the 12.3 cDNA in chicken which is linked to 
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the major histocompatibility locus (23) and Enhancer of split E(spl), the product of a 

Drosophila neurogenic locus (24). The function of the WD-40 motif is unknown. 

To examine the distribution of the OP4 message, Northern analysis was 

performed on a variety of mouse tissues. A probe was made from the 3' untranslated 

sequence of the P4-2 cDNA, and it was hybridized to total RNA (Fig. 3). In contrast 

to apI, OP2 and Op3 messages, the levels of the OP4 transcript vary significantly 

among the examined tissues. The OP4 message is highest in brain, eye, lung, heart, 

and testis. As a more sensitive assay of tissue distribution, we examined OP4, Op I 

and OP2 using PCR Northern analysis (25). The degenerate oligos, EI and E5, were 

used to PCR amplify cDNA from numerous tissues. The population of amplified 

sequences was separated on a gel, transferred to a nylon membrane, and probed with 

end-labeled oligos specific for each beta. The results of this analysis (Fig. 4) agree 

with the Northern data. OPI and OP2 transcripts show relatively constant levels of 

expression, whereas OP4 varies significantly among the different tissues. 

The existence of diverse sets of beta and gamma subunits raises the possibility 

of combinatorial assembly of a proteins. Perhaps variations in primary sequence of 

the beta subunits limits the pairwise combinations with gamma subunits. 

Alternatively, other signals may prevent the "inappropriate" assembly of a particular 

heterodimer in the cell. However, the availability of a diverse collection of beta

gamma dimers may be essential for a complex multicellular organism. There is 

evidence to suggest that all beta-gamma dimers are not functionally equivalent 

(26,27,28). Since beta-gamma is essential for the interactions of the alpha subunit 

with receptor, a diverse collection of heterodimers may be critical for meeting the 

specific requirements of the many different receptors that activate a particular alpha 

subunit. Furthermore, the ability of different beta-gamma dimers to influence the 

coupling of receptor to alpha subunit could also enable these dimers to modulate the 
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kinetics of a signaling response. If the beta-gamma dimers released upon stimulation 

of a particular G protein coupled receptor can influence G proteins that are not coupled 

to this receptor, then complex signaling networks could exist in which the dynamics of 

one system are modulated directly by the released beta-gamma dimers from another 

system. In fact, Gi is postulated to exert its inhibitory action on adenylate cyclase 

through the effect of free beta-gamma on the stimulatory G protein, Gs (3). Thus there 

may exist G protein networks which are not only capable of transducing signals 

vertically across the cell membrane but also capable of distributing information 

horizontally among G proteins within the cell. 

We thank Bruce Birren, Narasimhan Gautam, Ryn Miake-Lye and Thomas 

Wilkie for discussions and materials. This work was supported by National Institutes 

of Health Grant #GM34236. 
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Figure 1. The nucleotide sequence and predicted amino acid sequence of murine Gf34. 

The nucleotide sequence was obtained from the clone f34-2 which was isolated from a 

mouse brain cDNA library. The oligonucleotide primers used for PCR are indicated 

by arrows above the nucleotide sequence. At position 431, the f34-2 clone contains an 

adenine instead of a guanine. Another cDNA clone, f34-4, and several PCR products 

contain a guanine at this position. 
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Figure 2. Amino acid sequence comparison of mammalian G protein beta subunits. 

The sequences are aligned to display the repetitive segmental pattern. Dots represent 

identities wi.th the G~4 sequence. The consensus amino acids in the repeated motif are 

shown at the bottom of the figure. Aliphatic amino acids are represented by lower case 

A. 
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Figure 3. Northern analysis of GJ34. Probes specific to the 3-prime un translated 

region of GJ34 (see Materials and Methods) were hybridized to total RNA from various 

mouse tissues. 20~g total RNA was loaded per lane. 

Figure 4. peR Northern. peR was performed on various mouse tissues using the 

degenerate oligonucleotides El and E5 (see Materials and Methods). The amplified 

products were hybridized with radiolabelled oligonucleotides specific to GJ31, GJ32, 

and GJ34 (see Materials and Methods). 
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