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To some in the signal transduction field, heterotrimeric guanine nucleotide–binding protein 

(G protein) signaling is a “mature” field from which no important new insights will be 

obtained. This naïve view is somewhat understandable. (How did you know that my grant 

renewal was not funded by that study section?) The basics of G protein signaling (1) are a 

staple of biology textbooks. In these pathways, a heptihelical G protein–coupled receptor 

(GPCR) forms a preactivation complex with an inactive heterotrimeric G protein, composed 

of Gα, Gβ, and Gγ subunits, in which Gα is bound to guanosine diphosphate (GDP). Upon 

binding an extracellular agonist (or detection of a photon), the GPCR causes Gα to release 

GDP, allowing it to bind GTP and undergo a conformational change. Gα •GTP then 

dissociates from both the GPCR and the Gβγ dimer, which retains the same conformation as 

in the heterotrimer. Once activated, Gα, Gβγ, or both bind downstream effectors, including 

adenylyl cyclases, components of mitogen-activated protein kinase (MAPK) pathways, and 

membrane channels to regulate cellular responses. The cycle is completed when the Gα 

subunit’s GTPase activity, which can be stimulated by regulator of G protein signaling 

proteins, hydrolyzes the gamma phosphate from the GTP molecule to which it is bound, thus 

restoring Gα to the GDP-bound, inactive conformation and allowing reassembly of the 

preactivation complex. Studies of proteins from Saccharomyces cerevisiae, Cryptococcus 

neoformans, and Schizosaccharomyces pombe have identified four “noncanonical” Gβ 

subunits that bind Gα subunits in place of traditional Gβ subunits and function in G protein 

signaling pathways. All four Gα-binding proteins are structurally similar to traditional Gβs 

and belie the opinion that we have figured out all there is to know about G protein signaling.

In yeast and fungal systems, receptor-mediated G protein signaling is associated with 

pheromone- and nutrient-sensing pathways (2–4) that control metabolism, sexual 

development, and dimorphic cell growth. The pheromone signaling pathway is best known 

for regulating a MAPK cascade, whereas the nutrient signaling pathway promotes adenylyl 

cyclase activation and adenosine 3′,5′-monophosphate (cAMP) signaling. In all yeast and 

fungi examined to date, there are two or three Gα-encoding genes, yet a single Gβ-encoding 

gene. Although the simplest explanation for fewer Gβ genes is that the one Gβ functionally 

interacts with multiple Gα subunits, this has yet to be demonstrated in any system and is 

clearly not true in S. cerevisiae and S. pombe. Thus, some fungal Gα subunits either use a 
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noncanonical Gβ partner for signaling or act as monomeric G proteins. Because the latter 

model is difficult to prove, efforts have been made to identify noncanonical Gβ subunits in 

several organisms.

Before designating a protein as a noncanonical Gβ, we must define the criteria for this 

designation. The two most obvious criteria are that it binds a Gα and that it physically 

resembles a Gβ, although it must be sufficiently distinct from Gβ subunits or it would not be 

noncanonical. The seven-bladed propeller of the Gβ is one of the most easily recognized 

protein structures (5). Each blade is composed of an approximately 40-residue tryptophan–

aspartic acid (WD) repeat, which folds into a four-stranded antiparallel β-sheet. WD repeat 

proteins make up a large protein superfamily that performs many distinct functions in 

eukaryotic cells. In fact, the WD repeat proteins are the largest protein family in S. pombe 

and the second-largest protein family in S. cerevisiae (6). Yet, although many fungal 

proteins contain WD repeats, there appears to be only one canonical Gβ in each fungal 

genome examined. Gβ subunits are 40 to 44% identical to each other, whereas only about 

25% identical to other seven-bladed WD repeat proteins, and are thus readily distinguishable 

at the sequence level. It is less clear what additional criteria must be met for a protein to be 

viewed as a noncanonical Gβ, as discussed below.

Possibly the best-characterized G protein signaling pathway is the S. cerevisiae pheromone 

pathway, in which pheromone detection causes the Ste4–Ste18 Gβγ dimer to activate a 

MAPK pathway to control cell growth and gene expression (7, 8). The Gpa1 Gα is often 

overlooked, characterized as simply preventing inappropriate Gβγ signaling in the absence 

of pheromone detection. However, Slessareva et al. (9) showed that Gpa1 binds both the 

regulatory and catalytic subunits of phosphoinositol 3-kinase (PI3K): Vps15 and Vps34. 

This interaction takes place on the endosome rather than in the cell periphery, leads to 

Vps34 activation to raise PI3-phosphate levels, and is required for Gpa1Q323L-mediated 

signaling (Gpa1Q323L is a mutationally activated form of Gpa1), as well as contributing to 

normal pheromone signaling. Vps15, a 1454-residue protein of which the C-terminal 400 

residues are predicted to form a seven-bladed WD repeat protein, appears to recruit 

Gpa1•GDP to the endosome, mimicking the role of Gβγ dimers in recruiting Gα subunits to 

the peripheral membrane. As such, a strong case can be made for designating Vps15 as a 

noncanonical Gβ. This also suggests two additional criteria for a noncanonical Gβ subunit: 

recruitment of Gα to the membrane in order to enhance signaling, and demonstration of a 

higher affinity for the GDP-bound Gα than for the GTP-bound form.

Because the S. cerevisiae Gpa2 Gα of the glucose-to-cAMP signaling pathway does not 

bind the Ste4p–Ste18p Gβγ dimer, efforts were made to identify Gpa2-binding proteins, 

leading to the identification of the kelch-repeat proteins Gpb1 (also known as Krh2) and 

Gpb2 (also known as Krh1) (10, 11). Crystal structure analysis of the Hypomyces rosellus 

galactose oxidase showed that kelch repeats fold into the same four-stranded antiparallel β-

sheet as do WD repeats. Thus, Gpb1 and Gpb2, which contain seven kelch repeats, 

structurally resemble Gβ subunits. However, unlike Gβ subunits, they do not facilitate the 

interaction between the Gpa2 Gα and the Gpr1 GPCR (11). Instead, they negatively regulate 

Gpa2-mediated signaling. Two distinct mechanisms for this regulation have been reported. 

Epistasis analyses by Harashima et al. (12) indicated that Gpb1 and Gpb2 inhibit Ras2 
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activity [Ras2 binds and activates adenylyl cyclase (13)] by binding and stabilizing the Ira1 

and Ira2 Ras GTPase-activating proteins (GAPs) (14). Gpb1 and Gpb2 are proposed to 

reduce Gpa2 activation before glucose detection and raise Ira1 and Ira2 activity to reduce 

Ras2 activity subsequent to glucose signaling.

However, this model cannot account for the observation by Lu and Hirsch (15) that cells 

lacking adenylyl cyclase require decreased concentrations of cAMP to remain viable if they 

also lack Gpb1 and Gpb2, suggesting that Gpb1 and Gpb2 act downstream of adenylyl 

cyclase to regulate protein kinase A (PKA) activity. In support of this, Peeters et al. (16) 

demonstrated that Gpb2 binds PKA catalytic subunits in the PKA holoenzyme, stabilizing 

the interaction between the catalytic and regulatory subunits, effectively raising the 

concentration of cAMP required to activate PKA. In this model, Gpa2 stimulates PKA 

activity by activating adenylyl cyclase to raise cAMP levels and by sequestering Gpb2 and 

Gpb1, which they showed preferentially bound Gpa2•GTP, to lower the concentration of 

cAMP required to activate PKA. Although Gpb2 and Gpb1 physically resemble Gβ subunits 

and bind Gpa2, they do not seem to perform any functional role normally assigned to a Gβ 

subunit. These proteins may be downstream effectors for Gpa2 rather than partners in 

signaling, suggesting a designation of Gβ mimic rather than noncanonical Gβ subunit. 

Additional studies to confirm whether the interaction between Gpa2 and these kelch repeat 

proteins occurs during glucose signaling or in the absence of glucose signaling will be 

important to understanding whether Gpb1 and Gpb2 regulate Gpa2 or vice versa.

The human fungal pathogen Cryptococcus neoformans appears to encode three Gα subunits 

but only one Gβ that functions in pheromone signaling. In a two-hybrid screen for proteins 

that bind the Gpa1 Gα of the cAMP pathway, Palmer et al. (17) identified a RACK1 

(receptor for activated C kinase 1) homolog, Gib2, as a noncanonical Gβ subunit. RACK1 

proteins contain seven WD repeats but are clearly not members of the Gβ protein family 

(18). Additional in vitro co-immunoprecipitations confirmed this interaction, and two-hybrid 

assays demonstrated an interaction between Gib2 and two likely Gγ subunits, Gpg1 and 

Gpg2. Antisense inhibition of Gib2 expression reduced cAMP levels, the most direct 

evidence that Gib2 positively regulates the cAMP pathway, although it remains to be seen 

whether this is a Gβ-like, Gpa1-dependent effect or a RACK1-like effect. Mammalian 

RACK1 binds the cAMP phosphodiesterase PDE4D5 (19), suggesting that Gib2 could bind 

and inhibit phosphodiesterase to reduce cAMP turnover. Gib2 also appears to act 

downstream of adenylyl cyclase by binding Smg1, a multicopy suppressor of a gpa1 

mutation, the transcription of which is regulated by Gpa1 activity (20). This may explain the 

ability of Gib2 overexpression to partially suppress the loss of Gpa1 (as would 

phosphodiesterase inhibition), although much remains to be done to tease apart the role of 

Gib2 as a RACK1 homolog relative to its function as a Gβ-like protein. The ability to bind 

candidate Gγ subunits [although RACK1 proteins also bind Gβγ dimers (18)], along with the 

positive role in cAMP signaling, support a noncanonical Gβ designation for Gib2. However, 

evidence that Gib2 couples Gpa1 to a GPCR is still needed.

Unlike in S. cerevisiae and C. neoformans, the S. pombe glucose-to-cAMP pathway 

possesses an authentic heterotrimeric G protein (2, 21–23), whereas pheromone signaling is 

mediated by the Gpa1 Gα, which functions in the absence of a traditional Gβγ partner (24, 
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25). Using a two-hybrid screen, Goddard et al. (26) identified the seven-WD-repeat protein 

Gnr1 (systematic name SPCC1020.09) as binding Gpa1. Deletion and overexpression 

analyses of Gnr1 suggest that it negatively regulates pheromone signaling; however, the 

deletion result suggests that Gnr1 is not acting as a traditional Gβ to promote coupling of Gα 

to the GPCR. More remarkably, overexpression of mammalian Gβ subunits reduced the 

elevated pheromone signaling caused by deleting gnr1, although these Gβ subunits do not 

interact with Gpa1 in two-hybrid experiments. The lack of this twohybrid interaction does 

not preclude the possibility that these Gβ subunits bind Gpa1 in S. pombe or that they 

somehow prevent Gpa1 from functioning; however, the effect on signaling may be Gpa1-

independent. Thus, it is too early to judge whether Gnr1 is a noncanonical Gβ, because the 

link between its interaction with Gpa1 and its role in pheromone signaling remain unclear.

The four proteins discussed here have claims of various strengths for consideration as 

noncanonical Gβ subunits (see Table 1 for a compilation of characteristics). All bind Gα 

subunits and physically resemble Gβ subunits. However, only the S. cerevisiae Vps15 

protein can be said to carry out a true Gβ-like role, which I would define as facilitating 

signaling by its Gα partner. Although C. neoformans Gib2 functions in a positive manner in 

the same pathway as Gpa1, it remains to be determined whether it is doing so by a Gβ-like 

mechanism. Meanwhile, S. cerevisiae Gbp1 and Gbp2, as well as S. pombe Gnr1, are not 

required for the coupling of their respective Gα subunits to the GPCRs of these pathways, 

arguing against a designation of noncanonical Gβ subunit. What we clearly see is that Gα 

subunits bind authentic Gβ subunits and Gβ-like proteins, although it remains to be seen 

whether the nature of the interaction is similar. It is worth remembering that our appreciation 

of the signaling roles for authentic G protein subunits has evolved over the years; there was 

a time when the idea of signaling by Gβγ dimers was heretical. We should be wary that the 

term “noncanonical Gβ” may constrain our thinking about the roles of these proteins in their 

respective signaling pathways and our interpretation of the studies into their functions. As 

mentioned above, the S. cerevisiae Gpb1 and Gpb2 proteins, might be more properly viewed 

as downstream effectors in Gα-mediated signaling pathways.

These studies may say as much about Gα subunits that lack traditional Gβ partners as they 

do about the Gβ-like partners. As suggested by the Gnr1 study (26), Gα subunits such as S. 

pombe Gpa1 may be fairly promiscuous in their interactions with Gβ and Gβ-like proteins. 

This promiscuity could lead to the loss of their traditional Gβ partner. Selective pressure for 

the loss of the Gβ would occur if Gα binding to Gβ-like proteins created a pool of 

dissociated, and thus activated, Gβγ dimers that inappropriately activated downstream 

effectors. As in these fungal systems, a similar link between promiscuity and the loss of a 

partner has been observed in humans, as shown by a study examining the effect of adultery 

on the stability of marriages (27).
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