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The genome of the filamentous fungus Neurospora crassa contains a single gene encoding a heterotri-
meric G-protein � subunit, gnb-1. The predicted GNB-1 protein sequence is most identical to G� proteins
from the filamentous fungi Cryphonectria parasitica and Aspergillus nidulans. N. crassa GNB-1 is also 65%
identical to the human GNB-1 protein but only 38 and 45% identical to G� proteins from budding and
fission yeasts. Previous studies in animal and fungal systems have elucidated phenotypes of G� null
mutants, but little is known about the effects of G� loss on G� levels. In this study, we analyzed a gnb-1
deletion mutant for cellular phenotypes and levels of the three G� proteins. �gnb-1 strains are female-
sterile, with production of aberrant fertilized reproductive structures. �gnb-1 strains conidiate more
profusely and have altered mass on solid medium. Loss of gnb-1 leads to inappropriate conidiation and
expression of a conidiation-specific gene during growth in submerged culture. Intracellular cyclic AMP
levels are reduced by 60% in vegetative plate cultures of �gnb-1 mutants. Loss of gnb-1 leads to lower levels
of the three G� proteins under a variety of conditions. Analysis of transcript levels for the gna-1 and gna-2
G� genes in submerged cultures indicates that regulation of G� protein levels by gnb-1 is posttranscrip-
tional. The results suggest that GNB-1 directly regulates apical extension rate and mass accumulation. In
contrast, many other �gnb-1 phenotypes, including female sterility and defective conidiation, can be
explained by altered levels of the three N. crassa G� proteins.

Heterotrimeric G proteins (G���) transmit external signals
sensed by seven-helix transmembrane receptors, leading to a
variety of physiological responses (reviewed in references 12,
17, and 38). In the inactive state, G�, G�, and G� subunits are
in association, with GDP bound to G�. Ligand-induced con-
formational changes in its coupled receptor cause the G pro-
tein to dissociate into a GTP-bound G� and the G�� het-
erodimer. Both of these complexes can activate or inhibit
downstream effectors, thus triggering an array of cellular re-
sponses (reviewed in reference 17). Characterized G�� effec-
tors include adenylyl cyclases, phospholipase A2, phospho-
lipase C�, Na�, Ca2�, and K� channels, and tyrosine and
serine/threonine protein kinases (reviewed in references 8 and
17). Hydrolysis of GTP by the G� subunit leads to reformation
of the inactive heterotrimeric form.

G� proteins are important for environmental and cell-type
signaling in yeasts and filamentous fungi. In the budding yeast
Saccharomyces cerevisiae, the G� subunit Ste4p functions as a
positive regulator of the pheromone response in haploid cells
by recruiting the Ste20p mitogen-activated protein kinase ki-
nase kinase kinase (MAPKKKK) to the Ste11p MAPKKK on
the Ste5p scaffold (reviewed in reference 14). The Git5 G�
protein from Schizosaccharomyces pombe was originally
thought to participate in the mating pathway through its asso-
ciation with the G� Gpa1 (25). However, accumulating evi-
dence now suggests that Git5 is coupled to the Gpa2 G�

subunit and is required for the increased cyclic AMP (cAMP)
levels observed during transfer from glucose-starved to ade-
quate glucose conditions in S. pombe; basal steady-state cAMP
levels in adequate glucose medium are normal in git5 mutants
(28). In the filamentous fungus Aspergillus nidulans, mutation
of the G�-encoding gene sfaD results in hyperactive asexual
sporulation (conidiation) and slowed vegetative growth; ge-
netic evidence suggests that SfaD may be coupled to the FadA
G� protein (48). Disruption of the cpgb-1 G� subunit from the
filamentous fungus Cryphonectria parasitica leads to reduced
pigmentation, conidiation, hyphal tip branching, and virulence
while causing increased growth on vegetative solid medium
(22). In the basidiomycete Cryptococcus neoformans, deletion
of the G� gene GPB-1 leads to sterility and defective mono-
karyotic fruiting (57).

Mutational inactivation of G-protein subunit genes has been
demonstrated to affect expression of other associated subunits
and regulatory proteins in both fungal and animal systems. For
example, C. parasitica strains that lack the cpgb-1 G� gene have
greatly reduced levels of the CPG-1 G� protein (23). The
levels of G� proteins are reduced 68% in G�o null mutant
mice (34). In the nematode Caenorhabditis elegans, loss of the
GPB-2 G� gene leads to reduced protein levels for the EGL-10
regulator of G protein signaling (6). In contrast, G�o protein
levels are normal in gpb-2 mutants (6). Thus, only in the case
of C. parasitica has it been reported that loss of a G� gene
influences the level of a G� protein.

It was previously demonstrated that levels of a G� protein
(GNB-1) are not affected by deletion of any one of the three
G� genes (gna-1, gna-2, and gna-3) in the filamentous fungus
Neurospora crassa (21, 24). However, GNB-1 amount is re-
duced by approximately 50% in �gna-1 �gna-2 double mutants
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(21). Levels of the two remaining G� proteins are unaffected in
N. crassa strains lacking a single G� subunit gene (2, 24; A. M.
Kays and K. A. Borkovich, unpublished data).

N. crassa strains containing null or constitutively activated
gna-1 alleles exhibit different phenotypes for several cellular
functions. The results demonstrated that gna-1 positively reg-
ulates apical extension rates on normal and hyperosmotic me-
dium, aerial hypha height, and female fertility but is a negative
regulator of conidium production, thermotolerance, and resis-
tance to oxidative stress (20, 63). Since G�� is predicted to be
free to signal in strains with null or activated gna-1, the obser-
vation of different phenotypes in strains with these two alleles
supports an active role in signaling for GNA-1, independent of
G��. This result is also consistent with G�� serving as a neg-
ative regulator of GNA-1, through formation of the inactive
heterotrimeric complex.

Although �gna-2 strains do not have detectable defects,
�gna-1 �gna-2 mutants are more affected in �gna-1 pheno-
types, suggesting that gna-1 and gna-2 possess overlapping
functions (2). �gna-3 strains share several phenotypes with the
cr-1 adenylyl cyclase mutant (52), including premature conidia-
tion, short aerial hyphae, and inappropriate conidiation in sub-
merged culture (24). �gna-3 mutants also have reduced asco-
spore viability during homozygous crosses (24).

Here we report the cloning and characterization of the only
predicted heterotrimeric G� gene, gnb-1, from N. crassa. gnb-1
transcripts were identified, and GNB-1 protein levels were
measured in the wild type throughout the life cycle. A gnb-1
deletion mutant strain was constructed and analyzed for mor-
phological phenotypes and levels of cAMP and adenylyl cy-
clase protein. Transcript and/or protein levels for the G� genes
were also determined. The three G� genes previously cloned
and mutated in our laboratory are the only G� genes in
N. crassa (http://www-genome.wi.mit.edu/annotation/fungi
/neurospora/). Thus, with this study, we have now compared
the characteristics of single mutations in all G� and G� genes
in a given organism. Our findings suggest that GNB-1 is an
active and direct regulator of at least two processes in N.
crassa. However, many cellular and developmental phenotypes
of �gnb-1 mutants can be accounted for by reduced levels of
G� proteins.

MATERIALS AND METHODS

Strains and growth conditions. N. crassa strains used in this study are listed in
Table 1. Media supporting vegetative growth are Vogel’s minimal medium (VM)
(56) and sorbose-containing medium (to facilitate formation of colonies on
plates) (10). Synthetic crossing medium (SCM) (59), containing low levels of
nitrogen sources, was used to induce development of female reproductive struc-
tures. Hygromycin B was used at 200 �g/ml in media as indicated. Where
indicated, cultures were supplemented with peptone (2%, wt/vol) or cAMP (1
mM). Five- to seven-day-old conidia were used to inoculate all cultures. Plasmids
were maintained in Escherichia coli strain DH5� (18).

Cloning, sequencing, and restriction fragment length polymorphism (RFLP)
mapping of the gnb-1 gene. A G-protein � gene was isolated during low-strin-
gency hybridization screening of an N. crassa mycelial cDNA library (41) using a
degenerate oligonucleotide corresponding to a conserved region of mammalian
G� subunits (primer BETA-03) (31). Sequence analysis of the 1.7-kb insert in
hybridizing clone M1-1 showed high identity to G� proteins from other organ-
isms (data not shown). The M1-1 cDNA clone was then used to screen an N.
crassa BARGEM7 � genomic library (42). Four hybridizing clones were purified;
one of these (BG3) contained the gnb-1 coding sequence with significant 5� and
3� flanking regions. The entire 7.65-kb genomic fragment from BG3 was excised
and inserted into pGEM7Zf to yield plasmid pKB60 (Fig. 1A). Sequencing of the
gnb-1 cDNA and a region corresponding to 3.44 kb of the gnb-1 genomic frag-
ment in pKB60 (Fig. 1A) was performed as described elsewhere (54).

RFLP mapping was performed as described previously (36). Digestion with
either EcoRV or XhoI revealed RFLP patterns when the M1-1 cDNA insert was
used as a probe. The RFLP pattern observed in the 18 progeny was compared to
that of other mapped genes, allowing assignment of the gnb-1 gene to an N.
crassa linkage group (35).

Construction of �gnb-1 and complemented �gnb-1, gnb-1� strains and South-
ern analysis. Plasmid pCSN44 contains the dominant drug resistance marker, E.
coli hygromycin B phosphotransferase (hph), under the control of the A. nidulans
trpC promoter, which is expressed in N. crassa (50). The gnb-1 gene replacement
construct, pQY42, was made by replacing the EcoRI-StyI fragment from the
gnb-1 open reading frame (ORF) with the HindIII-BamHI fragment from
pCSN44 (containing the hph gene and A. nidulans promoter). pQY42 contains
3.8 kb of 5� and 1.4 kb of 3� flanking DNA, extending from the second XhoI site
to the second HindIII site in the gnb-1 genomic clone (Fig. 1A). To obtain the
gnb-1 deletion strain, 2 �g of plasmid pQY42 was electroporated into wild-type
strain 74A (20, 55), with selection on sorbose medium (5) containing hygromycin
B. Genomic DNA was isolated from the hygromycin B-resistant transformants,
digested with NcoI and XhoI, and subjected to Southern analysis as described
elsewhere (20), using the 0.6-kb HindIII fragment from pSJJ5 as a probe (Fig.
1A). Ectopic integration events of the deletion construct were detected by South-
ern analysis using both the 1.4-kb XbaI-BamHI insert from pQY38 (Fig. 1A) and
the 1.4-kb SalI-BamHI insert from pCSN44 (containing the hph gene) as probes.
Heterokaryotic �gnb-1 strains (with no ectopic integration events) were subse-
quently crossed to wild-type strain 74a. Hygromycin-resistant progeny were se-
lected and tested for homokaryon status by Southern analysis using the pSJJ5
and pCSN44 probes described above.

The �gnb-1 mutation was complemented in trans by using the 7.65-kb gnb-1
genomic clone in a vector containing the benomyl resistance gene from N. crassa

TABLE 1. N. crassa strains

Strain Relevant genotype Comments Source or reference

74-OR23-1A Wild type, mat A 74A (wild type) R. L. Weiss, UCLA
OR8-1a Wild type, mat a 74a (wild type) FGSCa

3B10 �gna-1::hph mat a �gna-1 gene replacement 21
21c �gna-2::pyrG� mat a �gna-2 gene replacement 2
Sta(73a) Wild type, mat a 73a (wild type) R. L. Weiss
42-5-1 �gnb-1::hph mat a �gnb-1 homokaryon This study
42-5-18 �gnb-1::hph mat A �gnb-1 homokaryon This study
42-8-3 �gnb-1::hph mat A �gnb-1 homokaryon This study
42-8-5 �gnb-1::hph mat a �gnb-1 homokaryon This study
42-31-2 �gnb-1::hph mat a �gnb-1 homokaryon This study
A16 �gnb-1::hph gnb-1�::benR mat A Complemented mutant This study
G10 �gnb-1::hph gnb-1�::benR mat A Complemented mutant This study

a FGSC, Fungal Genetics Stock Center, Kansas City, Mo.
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(plasmid pBT6) (40). Briefly, plasmid pKB60 was digested with BamHI and the
ends blunted with Klenow fragment, followed by digestion with XbaI. The
7.65-kb gnb-1 fragment was isolated and ligated with plasmid pBT3 digested with
XbaI and SmaI to yield pQY52-4, the complementation construct. �gnb-1 strain
42-8-3 was transformed by electroporation using pQY52-4, with selection on
sorbose plates containing 500 ng of benomyl (Dupont, Wilmington, Del.) per ml.
Genomic DNA was isolated from benomyl-resistant transformants, digested with
XhoI, and subjected to Southern analysis using the insert from plasmid pBT6 as
a probe. Heterokaryons containing a single copy of the pQY52-4 DNA were
identified, and homokaryons were obtained from these strains by repeated plat-
ing on sorbose plates containing 500 ng of benomyl per ml, followed by isolation
of microconidia (13) and plating on benomyl-containing plates (data not shown).

Western and Northern analysis. Samples for Western and Northern analysis
were obtained from the following tissues. For submerged cultures, conidia were
inoculated into liquid VM (with or without 2% [wt/vol] peptone) at a final
concentration of 3 	 106 or 1 	 107 cells/ml, as indicated in the figure legends.
Cultures were incubated in the dark at 30°C with shaking for 2, 5.5, 8, or 16 h. For
cultures growing on solid medium, 1 �l of a conidial suspension was inoculated
onto the center of VM or SCM plates overlaid with cellophane (Bio-Rad Lab-
oratories, Hercules, Calif.). VM plates were grown either in the dark at 30°C or

under light at room temperature for 3 days, while SCM plates were grown for 6
days at room temperature under constant light.

The M1-1 cDNA clone is truncated at the 5� end, missing the first 46 bp of the
amino acid coding region. In order to construct a vector for overexpression of
GNB-1 in E. coli, the first exon of the gnb-1 coding region (127 bp) was amplified
from a gnb-1 genomic subclone plasmid using the PCR. The primers were
designed to generate a SpeI site at the 3� end of the first exon (creating a silent
mutation) and a NdeI site at the translational initiation methionine. This step
facilitated cloning of the amino-terminal fragment and the remainder of the
ORF into the E. coli overexpression vector pET11a (Novagen, Madison, Wis.).
The resultant overexpression construct (pQY49) was transformed into E. coli
strain HMS 174 plysS (51). Growth of E. coli cells, purification of the expressed
38-kDa GNB-1 protein, and antiserum generation were as previously described
(2, 20).

For Western analysis, extraction of the plasma membrane fraction, determi-
nation of protein concentration, gel electrophoresis, and blotting were essentially
as described previously (20, 54). GNB-1, GNA-1, GNA-2, GNA-3, and CR-1
antisera were used at dilutions of 1:5,000, 1:1,000 or 1:5,000, 1:3,000, 1:1,000 and
1:10,000, respectively. The two alternatives for secondary antibody and signal
detection have been previously described (20, 24).

FIG. 1. Structure of the N. crassa gnb-1 genomic region and construction of �gnb-1 and rescued strains. (A) gnb-1 genomic clone. The unique
XbaI and BamHI sites are artifacts of cloning. The region that was sequenced, as well as the fragments used as probes for Southern and Northern
analysis, is shown at the top of the figure. The shaded area depicts the ORF, and the closed triangles correspond to introns which are (left to right)
106, 80, and 67 bp in length. The gene replacement construct using the hph marker is shown below the genomic clone. P, A. nidulans trpC promoter.
Enzyme abbreviations: A, AatII; B, BamHI, C, ClaI; E, EcoRI; H, HindIII; K, KpnI; N, NcoI; S, StyI; X, XhoI; Xb, XbaI. In the case of multiple
sites for a given enzyme, the number following the abbreviation indicates order (from left to right) in the figure. (B) gnb-1 mRNA species. Samples
containing 20 �g of total RNA isolated from 5.5-h-submerged cultures inoculated at 107 conidia of wild type (WT) strain 74A per ml were subjected
to Northern analysis using a 1.0-kb HindIII-AatII fragment from pQY36 as a probe (see panel A). (C) Expression of GNB-1 during the N. crassa
life cycle. Samples from wild-type strain 74A (30 �g of the plasma membrane protein fraction) were conidia (C); 2-, 5.5-, 8-, and 16-h-submerged
cultures (inoculated at 107 conidia/ml); cultures grown at 30°C on solid VM in the dark (DK); cultures grown at room temperature on solid VM
under light (LT); and cultures grown at room temperature on SCM under light (S). (D) Southern analysis. Genomic DNA was digested with NcoI
and HindIII. The 600-bp HindIII fragment from plasmid pSJJ5 was used as a probe (see panel A). 42-5-1 and 42-8-3 are purified homokaryotic
�gnb-1 mutants, while 74A is the wild-type (WT) strain. (E) GNB-1 protein levels. Samples containing 30 �g of protein from plasma membrane
fractions of 16-h-submerged cultures inoculated at 3 	 106 conidia/ml were subjected to Western analysis using the GNB-1 antibody. Rescued,
�gnb-1, gnb-1� complemented strains; WT, wild type.
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Isolation of total RNA and Northern analysis of samples containing 20 �g of
total RNA were performed as previously described (62). �gna-1 and �gna-2 gene
replacement mutants were used as negative controls for the presence of the gna-1
and gna-2 transcripts. A 1.0-kb AatII-XbaI fragment from pQY36 (Fig. 1A), a
5.6-kb EcoRI-ClaI gna-1 genomic fragment from pPNO5 (20), the 2.0-kb BamHI
gna-2 cDNA insert from plasmid 13M2A5-2 (54), and the 200-bp BamHI-EcoRI
insert from pBW100 (47) were used as probes to detect expression of gnb-1,
gna-1, gna-2, and con-10 mRNA species, respectively. A cosmid containing the
rRNA gene (obtained from D. E. Ebbole, Texas A&M University) was labeled
and used as a probe to control for mRNA transfer.

Phenotypic analysis and determination of intracellular cAMP levels. Pheno-
typic studies, including determination of apical extension rate on normal and
hyperosmotic medium, measurements of dry weight accumulation on cello-
phane-overlaid plates, and assessment of female fertility, were performed as
described elsewhere (63), with details given in the figure legends. Microscopic
observation of submerged cultures was performed using an Olympus BH-2 mi-
croscope outfitted with an OM-2 camera (Olympus America, Lake Success,
N.Y.). Intracellular cAMP was extracted (21) and assayed by a binding protein
method according to the manufacturer’s recommendations (kit TRK432; Amer-
sham Pharmacia Biotech, Piscataway, N.J.). For these determinations, protein
was quantitated with the BCA protein assay (Pierce, Rockford, Ill.), as previously
described (21).

Nucleotide sequence accession number. The GenBank accession number for
the gnb-1 sequence is AF491286.

RESULTS

gnb-1 gene structure and expression of mRNA and protein.
An N. crassa mycelial cDNA library was screened by using a
degenerate oligonucleotide primer corresponding to a con-
served region of G� genes (BETA-03) (31) under low-strin-
gency hybridization conditions. The sequence of the insert in
the isolated cDNA clone, M1-1, showed high identity to re-
ported G� subunits (data not shown), and the gene was des-
ignated gnb-1. RFLP mapping using the M1-1 cDNA as a
probe demonstrated that gnb-1 gene resides on the right arm of
chromosome III, linked to the con-7 and trp-1 genes (data not
shown).

In order to isolate a gnb-1 genomic clone, the M1-1 cDNA
was used as a probe to screen the N. crassa BARGEM-7 �
genomic DNA library (42). A clone containing a 7.65-kb insert
was isolated, and 3.44 kb of sequence encompassing the ORF
and 5� and 3� flanking regions was determined (Fig. 1A). The
gnb-1 ORF is 1.33 kb in length and contains three introns (Fig.
1A). Subsequent to this work, the entire genomic sequence of
N. crassa was determined (http://www-genome.wi.mit.edu/
annotation/fungi/neurospora/). BLAST (1) searches revealed
that GNB-1 is the only G� protein in the genome.

Analysis of the sequence upstream of the gnb-1 coding re-
gion reveals several putative transcriptional regulatory motifs,
including two pyrimidine-rich segments at 
686 to 
664 and

405 to 
394, two CTTTG motifs at 
224 and 
139 and two
CCAAT boxes located at 
395 and 
57. The pyrimidine-rich
segment is important for efficient transcription in S. cerevisiae
(16). SRY-family high-mobility-group (HMG)-box proteins
recognize CTTTG or CAAAG motifs in a sequence-specific
but not conformation-specific pattern (3). An example of an N.
crassa SRY-HMG box protein is the MATa-1 mating type
protein (44). The CCAAT motif is a transcriptional regulatory
sequence found in eukaryotes (16).

The predicted GNB-1 protein contains 358 amino acid res-
idues and has a molecular mass of 39.7 kDa (Fig. 2). GNB-1 is
91% identical to the C. parasitica G� subunit CPGB-1 (22) and
82% identical to A. nidulans SfaD (48). GNB-1 is almost

equally related (65 to 68% identical) to G� proteins from the
fungus Pneumocystis carinii, the slime mold Dictyostelium dis-
coideum, the salamander Ambystoma tigrinum and to a human
G� subunit. Interestingly, N. crassa GNB-1 shows only 38 and
45% identity to G� proteins from S. cerevisiae and S. pombe,
respectively (25, 60), suggesting evolutionary divergence be-
tween G� genes from filamentous fungi and yeasts.

Using Northern analysis, two gnb-1 specific transcripts of 2.7
and 1.4 kb were detected in wild-type N. crassa (Fig. 1B). Two
different-sized transcripts have also been reported for the C.
parasitica cpgb-1 gene (22). In addition, expression of different-
sized mRNA species seems to be a common theme for mam-
malian G� genes (30, 58). In contrast, only one G�-specific
mRNA species has been detected in S. cerevisiae, S. pombe,
and D. discoideum (25, 31, 60).

To determine the expression pattern of the GNB-1 protein
during the N. crassa life cycle, plasma membranes were iso-
lated from a variety of culture conditions and subjected to
Western blot analysis using antiserum raised against GNB-1
protein heterologously expressed and purified from E. coli
(Fig. 1C). The antiserum recognized a single protein species in
all samples analyzed. GNB-1 levels are relatively low in conidia
isolated from solid VM. The amount of GNB-1 increases
within 2 h after conidia are transferred to liquid VM, peaking
at 8 h of germination and then decreasing at 16 h. Cells grown
on solid VM (under light or dark conditions) display the same
relative amount of GNB-1 protein as 2-h germlings, while SCM
cultures have the same high level of GNB-1 as 8-h germlings.
These results demonstrate that a single protein species is rec-
ognized by antiserum directed against the gnb-1 gene product
and that this protein is expressed throughout the life cycle. A
similar observation has been reported for the single G� pro-
tein in D. discoideum (31). In contrast, the Ste4p G� protein is
expressed in haploid but not diploid cells of S. cerevisiae (60).

Targeted deletion of gnb-1 and construction of �gnb-1,
gnb-1� complemented strains. A �gnb-1 mutant was created
by electroporation of the wild type with a construct in which
most of the gnb-1 coding region is replaced by the hygromycin
B resistance marker, hph (50) (Fig. 1A). Using the 600-bp
insert from pSJJ5 as the probe (Fig. 1A), wild-type genomic
DNA digested with XhoI and NcoI yields a 4.8-kb hybridizing
species during Southern analysis (Fig. 1D). Because the hph
gene contains a unique NcoI site, digestion of DNA from
�gnb-1 strains with XhoI and NcoI yields a 3.9-kb hybridizing
fragment (Fig. 1D). Heterokaryotic primary transformants that
contained both hybridizing fragments were identified (data not
shown). Homokaryotic �gnb-1 mutants were obtained by
crossing the heterokaryons to a wild-type strain, with selection
of progeny on hygromycin-containing medium (data not
shown). Southern analysis using the same probe and restriction
enzyme combination demonstrated that the hygromycin-resis-
tant progeny strains contain only the 3.9-kb hybridizing frag-
ment and no extra ectopic copies of the gene replacement
construct (Fig. 1D; Table 1; data not shown). Northern and
Western analysis showed that �gnb-1 strains lack the two gnb-1
mRNA species (data not shown) and the GNB-1 protein (Fig.
1E). The �gnb-1 mutation was complemented in trans with the
original 7.65-kb gnb-1 genomic fragment subcloned into a plas-
mid containing the benomyl resistance selectable marker. Such
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�gnb-1, gnb-1� rescued strains have essentially normal levels
of GNB-1 protein (Fig. 1E).

�gnb-1 strains are male-fertile but female-sterile. When
cultured under nitrogen-starved conditions, N. crassa initiates
the sexual cycle with production of female reproductive struc-
tures, termed protoperithecia (reviewed in reference 46). Fer-
tilization is accomplished when a male gamete (usually a
conidium or other vegetative cell) of opposite mating type
comes in contact with the trichogyne tube emanating from the
protoperithecium. The protoperithecium then enlarges to be-
come a perithecium, the structure in which both meiosis and
sexual spore (ascospore) formation take place.

Previous work from our laboratory has uncovered roles for
all three G� genes in sexual fertility. Therefore, �gnb-1 strains
were analyzed for possible defects during the sexual cycle.
�gnb-1 strains (mating type mat a or mat A) are able to func-
tion as males during crosses with wild-type strains (74A or 74a;
data not shown). However, when used as female parents,
�gnb-1 strains are sterile (Fig. 3A). �gnb-1 strain protoperi-
thecia do not develop normally after fertilization using wild-

type conidia as males, with production of small perithecia and
no ascospore ejection; this phenotype is identical to that ob-
served for �gna-1 strains (2, 20). The �gnb-1 defects are com-
mon to both mating types. Homozygous sexual crosses between
�gnb-1 strains were not successful using either mat A or mat a
mating types as female parents. cAMP supplementation did
not restore female fertility to �gnb-1 mutants, consistent with
previous results indicating that mating is largely cAMP-inde-
pendent in N. crassa (data not shown) (20, 24, 43).

Deletion of gnb-1 does not greatly impact apical extension
rate but influences mass accumulation and conidiation on
solid medium. N. crassa grows vegetatively by apical extension
and fusion of septated hyphae to form the basic body structure
of the organism, the mycelium (reviewed in reference 49). We
have previously shown that deletion of gna-1 leads to a lower
apical extension rate on nitrogen-sufficient VM, with a more
pronounced reduction on hyperosmotic media at 30°C in the
dark (2, 20). �gna-2 strains have essentially wild-type apical
extension rates (2). However, deletion of gna-2 in the �gna-1
background enhances the growth rate phenotypes, with levels

FIG. 2. Alignment of GNB-1 with its five closest G� relatives. The amino acid sequence of GNB-1 (NcGNB1) was aligned with G� proteins
from A. tigrinum (AtGB1; accession no. AF277161), Homo sapiens (HsGNB1; XM 010575.1), D. discoideum (DdGb; DDGPBS), C. parasitica
(CpCpgb1; CPU95139), A. nidulans (AnSfaD; AF056182), and P. carinii (Pcbeta; AF306565) using the Genetics Computer Group PILEUP
program, followed by shading using Boxshade. Black shading indicates identical sequences. The positions of the seven WD repeats are labeled and
indicated by arrows.
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at �15 to 20% of the wild-type level under hyperosmotic con-
ditions (2). In contrast, loss of gna-3 does not greatly impact
apical extension rates on normal and hyperosmotic solid media
(24). Analysis of apical extension rates for the �gnb-1 mutant
demonstrates similarities to �gna-3 strains, with nearly wild-
type growth rates on normal and hyperosmotic medium (0.75
M NaCl, 0.75 M KCl, or 1.5 M sorbitol) (Table 2).

Previous studies from our laboratory indicated that GNA-1
plays a positive role in regulation of mass accumulation under
both light and dark conditions (20). The mass accumulation of
�gnb-1 strains was explored using cultures grown under two
different conditions (Table 3). �gnb-1 strains have significantly

greater mass than the wild type (122 to 129%) at 30°C in the
dark. However, the mass of �gnb-1 mutants is only 54 to 57%
that of the wild type at room temperature in light. The differ-
ence in mass accumulation is most influenced by the two
growth temperatures (data not shown).

We and others have shown that cr-1 and �gna-3 N. crassa
strains produce short aerial hyphae and conidiate prematurely
on solid medium (24, 52). Addition of cAMP rescues the pre-
mature-conidiation but not the short-aerial-hypha defect (24).
�gna-1 strains produce short aerial hyphae and exhibit delayed
but abundant conidiation; these defects are not reversed by
cAMP supplementation (20). Based upon these previous ob-

FIG. 3. Fertility and conidiation on solid medium. (A) Strains 42-8-3 (�gnb-1), 74A (wild type), and A16 (�gnb-1, gnb-1�) were cultured on
SCM plates for 6 days in light prior to fertilization with wild-type strain 73a conidia. Plates were photographed 6 days after fertilization. Arrows
indicate normal perithecia in wild-type and �gnb-1, gnb-1� strains and an aberrant perithecium in the �gnb-1 strain. (B) Strains 42-8-3 and 74A
were cultured on solid VM plates in the absence or presence of 1 mM cAMP for 3 days at 30°C in the dark. The more abundant conidium
production in the �gnb-1 strain is visible as the darker-orange, dense area at the edge of the plate.
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servations, �gnb-1 strains were analyzed during growth on
solid medium in the absence and presence of cAMP (Fig. 3B).
In the absence of cAMP, �gnb-1 strains have normal-height
aerial hyphae but produce more conidia than the wild type,
particularly around the edge of the plate (Fig. 3B; data not
shown). The abundant conidiation phenotype is a less severe
version of that noted previously for �gna-3 and cr-1 mutants.
The observed abundant conidiation, coupled with the normal
apical extension rate, may explain the higher mass accumula-
tion of �gnb-1 strains under these conditions. Addition of
cAMP does not revert the appearance of �gnb-1 strains to that
of wild-type, and instead, �gnb-1 strains exhibit mat-like
growth, with more abundant aerial hyphae around the edges of
the plate.

�gnb-1 strains conidiate inappropriately in submerged cul-
ture. At normal growth temperatures, wild-type N. crassa pro-
duces asexual spores (conidia) only on solid medium. How-
ever, N. crassa can be induced to conidiate in submerged
culture by starvation for carbon or nitrogen or by exposure to
high temperatures or cellular stress (9, 15, 45, 53). It was
previously shown that loss of gna-3 leads to inappropriate
conidiation in submerged culture (24). Recent results from our
laboratory demonstrate that �gna-1 strains exhibit cell density-
dependent conidiation in submerged culture, with formation of
conidiophores in cultures inoculated at 3 	 106 but not 1 	 106

cells/ml (F. D. Ivey, A. M. Kays, and K. A. Borkovich, unpub-
lished observations). Deletion of gna-2 in a wild-type or �gna-1
background does not affect submerged conidiation (data not
shown). Addition of 2% peptone, but not 1 mM cAMP, to
cultures of �gna-3 and �gna-1 strains suppresses the sub-
merged conidiation phenotype (24; F. D. Ivey and K. A. Bork-
ovich, unpublished observations).

Based on the connection between G� genes and inappro-
priate conidiation, we analyzed submerged cultures of �gnb-1

mutants and controls for the presence of conidiophores and
conidia. Similar to previous results, wild-type strains did not
produce conidiophores in 16-h-submerged cultures (Fig. 4A).
Rescued �gnb-1, gnb-1� strains were phenotypically wild type.
In contrast, loss of gnb-1 led to production of conidiophores
and free conidia in submerged cultures at all cell densities
tested (Fig. 4A; data not shown). Addition of 2% peptone to
the medium caused all strains to produce swollen hyphae and
suppressed the conidiation phenotype of �gnb-1 strains (Fig.
4A).

The submerged-conidiation phenotype of �gnb-1 mutants
was further examined by analysis of message levels for a
conidiation-specific gene, con-10 (47). The results show that
submerged conidiation of �gnb-1 strains is correlated with
expression of con-10 (Fig. 4B). Supplementation with 2% pep-
tone eliminated most, if not all, of the con-10 expression in
submerged cultures of �gnb-1 mutants (Fig. 4B). Peptone also
suppresses the submerged conidiation phenotype of other N.
crassa mutants, including cr-1 and rco-3, the latter encoding a
putative glucose sensor (33).

�gnb-1 mutants have lower levels of intracellular cAMP in
VM plate cultures. We have previously demonstrated roles for
all three G� proteins in cAMP metabolism in N. crassa (21, 24,
63). Submerged cultures of �gna-1 mutants lack GTP-stimu-
lated adenylyl cyclase activity but have near-normal levels of
adenylyl cyclase protein and steady-state cAMP (21; Ivey et al.,
unpublished). Observation of normal cAMP amounts presum-
ably results from a compensatory mechanism involving re-
duced cAMP-phosphodiesterase activity in submerged cultures
of �gna-1 (and �gna-2) mutants. GNA-1 antibody can inhibit
adenylyl cyclase activity in wild-type extracts, while a GNA-2
antibody has no effect (21). �gna-1 strains have reduced cAMP
amounts in VM and SCM plate cultures (67 and 53% of wild
type, respectively) (21). �gna-2 mutants have normal levels of
adenylyl cyclase activity and protein and intracellular cAMP
during submerged growth, wild-type cAMP amounts in VM
plate cultures, and levels that are 61% of wild-type levels on
SCM (21). �gna-1 �gna-2 mutants have normal cAMP during
submerged growth, but levels on VM and SCM plates are only
40 and 33% of wild-type levels, respectively (21). Submerged
cultures of �gna-3 mutants have lower levels of intracellular
cAMP (�32% of wild type) and adenylyl cyclase protein but
normal GTP stimulation of remaining adenylyl cyclase activity
(24). �gna-3 strains have greatly reduced cAMP amounts when
cultured on VM and SCM plate cultures (�9 and 11% of wild

TABLE 2. Apical extension rates on solid mediuma

Strain

Apical extension rate (mm/h)b

Light, RTc % of WTd Dark, RTc % of WT Dark, 30°Cc % of WT 0.75 M
NaCle % of WT 0.75 M KCle % of WT 1.5 M sorbitole % of WT

74A 4.32 � 0.07 100 4.02 � 0.06 100 4.57 � 0.21 100 2.63 � 0.10 100 3.06 � 0.14 100 2.52 � 0.12 100
42-8-3 3.60 � 0.11 83 3.18 � 0.07 79 4.53 � 0.07 99 2.72 � 0.05 103 2.84 � 0.12 93 2.52 � 0.10 100
A16 4.11 � 0.26 95 4.31 � 0.02 107 5.05 � 0.03 111 2.55 � 0.17 97 3.06 � 0.17 100 2.06 � 0.07 82
G10 4.11 � 0.21 95 4.34 � 0.04 108 4.72 � 0.13 103 2.29 � 0.01 87 2.89 � 0.05 94 2.07 � 0.04 82

a Plates were inoculated in the center with 1 �l of a conidial suspension. Growth rates were determined from measurements of colony diameters at various times.
b Values are means � standard errors of the means.
c Cells were inoculated on VM plates with no additions and incubated in the indicated conditions of light and temperature. RT, room temperature.
d WT, wild type.
e Cells were cultured on VM plates with the indicated addition at 30°C in darkness.

TABLE 3. Mass accumulation on solid medium

Strain
Dry wt (mg)a

Light, RT % of WT Dark, 30°C % of WT

74A 327 � 8.1 100 300 � 1.9 100
42-8-5 175 � 18 54 366 � 14 122
42-31-2 188 � 12 57 387 � 34 129

a Cells were grown on VM plates with a cellophane overlay under the indi-
cated conditions. Values are means � standard errors of the means. RT, room
temperature; WT, wild type.
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FIG. 4. Growth in submerged culture. (A) Microscopic observation. Wild-type (74A), �gnb-1 (42-8-3 and 42-5-18), and �gnb-1, gnb-1� (A16)
strains were cultured for 16 h in liquid VM in the absence or presence of 2% peptone. Representative conidiophores in the �gnb-1 (no peptone)
culture are indicated by arrows. (B) Levels of con-10 message. Samples containing 20 �g of total RNA obtained from the cultures in panel A were
subjected to Northern analysis using the 250-bp BamHI-EcoRI insert from pW100 (con-10 gene) as a probe. Blots were reprobed with an rRNA
gene to check for equal loading and transfer of RNA.
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type, respectively) (24). Results from analysis of adenylyl cy-
clase in all mutants support the hypothesis that GNA-1 func-
tions as a GTP-dependent, stimulatory G�, while GNA-3 reg-
ulates the levels of adenylyl cyclase protein.

Work from our laboratory and others has demonstrated that
sexual fertility is largely cAMP independent (20, 24). This
observation, coupled with the known connection between G�
proteins and cAMP metabolism in N. crassa, prompted mea-
surement of intracellular cAMP and/or adenylyl cyclase pro-
tein in �gnb-1 strains cultured in submerged liquid and solid
VM cultures. The results show that �gnb-1 mutants have nor-
mal or slightly elevated cAMP levels in submerged culture
(Table 4), similar to �gna-1 and �gna-2 strains. Furthermore,
like �gna-1 and �gna-2 strains, �gnb-1 mutants have essen-
tially normal levels of the CR-1 protein in submerged cultures
(Fig. 5A). Finally, similar to �gna-1 mutants, �gnb-1 strains
have normal Mn2� ATP adenylyl cyclase activity but drastically
reduced Mg2� ATP-dependent activity that is refractory to
stimulation by GTP (data not shown).

In VM plate cultures, strains lacking gnb-1 have significantly
reduced levels of cAMP (40 to 41% of wild-type levels) (Table
4). This value is identical to that previously measured in �gna-1
�gna-2 double mutants (40% of wild type) and intermediate
between those of �gna-3 and �gna-1 single mutants (�11 and
67% of wild-type levels, respectively). Since the CR-1 protein
cannot be reliably detected or assayed in extracts from VM
plate cultures (data not shown), it is not known whether the
reduced cAMP results from loss of stimulation or lowered
levels of the enzyme.

Loss of gnb-1 impacts levels of the three N. crassa G� pro-
teins. It was previously shown that levels of GNB-1 are normal
in N. crassa strains lacking any one of the three G� genes (21,
24). Similarly, deletion of individual G� gene(s) does not in-
fluence levels of the remaining G� proteins (2, 24). Therefore,
it was of interest to see if loss of gnb-1 affects expression of the
three G� proteins, GNA-1, GNA-2, and GNA-3. Western
analysis was conducted with the plasma membrane fraction
isolated from 16-h-submerged VM cultures, VM plates, and
SCM plates of wild-type and �gnb-1 strains. The results show
that in general, loss of gnb-1 leads to lower levels of G� pro-
teins (Fig. 5B). Similar results were obtained with whole-cell
extracts, suggesting that the lower levels observed in the
plasma membrane are not caused by free G� proteins being
released into the soluble fraction (data not shown). GNA-1 is
almost undetectable in 16-h-submerged cultures, and levels of

GNA-2 are greatly reduced. However, the effect on GNA-3
levels is much more subtle, with perhaps a 50% decrease in
�gnb-1 strains. The expression trend for G� proteins in VM
plate cultures is almost identical to that observed in submerged
cultures. In SCM cultures, levels of all three G� proteins are
greatly reduced (Fig. 5B).

Altered expression of G� proteins in the �gnb-1 strain back-
ground could result from several mechanisms, including regu-
lation of G� mRNA expression by GNB-1. Because levels of
GNA-1 and GNA-2 are most affected by loss of gnb-1, and the
mRNA species for gna-1 and gna-2 are easily detected during
Northern analysis of submerged culture mRNA, we analyzed
the levels of gna-1 and gna-2 transcripts in submerged cultures
of wild-type and �gnb-1 strains. The results demonstrate that
expression of the gna-1 and gna-2 mRNA species are normal in
the �gnb-1 mutant, consistent with posttranscriptional regula-
tion of GNA-1 and GNA-2 levels in this tissue (Fig. 5C).
mRNA species for gna-1 and gna-2 were absent from �gna-1
and �gna-2 mutants, respectively, but were present at normal
levels in all other strains (24; data not shown). Since posttran-
scriptional control of a single G� protein in the absence of the
G� subunit has also been reported for C. parasitica (23), our
results with multiple G� proteins in N. crassa may reflect a
conserved regulatory mechanism in filamentous fungi.

DISCUSSION

We have analyzed the contribution of the only known G�
protein gene, gnb-1, to signal transduction during the life cycle
of N. crassa. The predicted GNB-1 amino acid sequence shares
the greatest homology with corresponding genes from filamen-
tous fungi, followed by protist slime mold, amphibian, and
human G� subunits. The GNB-1 protein is constitutively ex-
pressed throughout the N. crassa life cycle. The most severe
phenotypes of �gnb-1 mutants are manifested during the sex-
ual cycle and in the control of conidiation in solid and liquid
medium. A model summarizing our data is shown in Fig. 6.

Analysis of G� proteins in the �gnb-1 mutant indicates a
profound role for GNB-1 in regulating their expression level.
Many of the cellular phenotypes of �gnb-1 mutants can be
explained by altered G� protein amounts. Decreased G� levels
in the absence of G�� may reflect a cellular mechanism for
preventing undesired activities of free G� subunits. Compari-
son of RNA and protein levels for gna-1 and gna-2 in �gnb-1
and wild-type hyphal submerged cultures suggests that GNB-1
regulates G� expression at a posttranscriptional step in this
cell type. Possibilities for posttranscriptional regulation include
altered translation of G� mRNA species and/or accelerated
degradation of G� proteins in the absence of the G�� tether.
In mammals, loss of the G�o gene leads to lower levels of G�
proteins, via a posttranscriptional mechanism (34). In contrast,
deletion of a single G� gene or activation of GNA-1 does not
influence GNB-1 levels in N. crassa (21).

The female sterility defect of �gnb-1 strains is identical to
that of �gna-1 mutants (20). It is reasonable to speculate that
the sexual defects of �gnb-1 strains result from the drastically
reduced GNA-1 protein levels in SCM cultures. On the other
hand, because the GNB-1 protein level is relatively high in
protoperithecial SCM cultures, GNB-1 itself could play a role
in regulating female fertility synergistically with, or indepen-

TABLE 4. Steady-state intracellular cAMP levels

Genotype (strain) Culture conditions

Intracellular cAMP levela

pmol of cAMP/mg
of protein

% of
wild type

Wild type (74A) Submerged culture 4.50 � 0.06 100
�gnb-1 (42-8-3) Submerged culture 5.35 � 0.11 119
�gnb-1 (42-5-18) Submerged culture 5.54 � 0.50 123
�gnb-1 (42-31-2) Submerged culture 4.40 � 1.16 98

Wild type (74A) VM plates 2.68 � 0.36 100
�gnb-1 (42-8-3) VM plates 1.08 � 0.02 40
�gnb-1 (42-5-18) VM plates 1.10 � 0.34 41

a Values are means � standard errors of the means.
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dently of, GNA-1. This hypothesis is supported by the finding
that G� proteins play a positive role during mating and/or
meiosis in all fungal species analyzed, with the exception of the
fission yeast S. pombe. A Ste4p-regulated MAPK cascade that
modulates the pheromone response has been well-character-
ized in the budding yeast S. cerevisiae (reviewed in reference
14), but less is known about G� signaling during sexual differ-
entiation in filamentous fungi. In both A. nidulans (48) and N.
crassa, mutation of the G� gene blocks normal fruiting body
development (cleistothecia and perithecia, respectively), which
normally follows mating in these organisms. The mode of reg-
ulation differs between these species, however, in that activat-
ing mutations in the G� most similar to N. crassa gna-1 (fadA)
leads to loss of cleistothecium formation in A. nidulans (48)
while N. crassa strains containing the corresponding gna-1 al-
leles produce fertile perithecia (albeit fewer and larger ones)
(63). In C. neoformans, the mating defect of G� mutants is not
corrected by cAMP (57), similar to N. crassa. Instead, evidence
has been presented that Gpb-1 regulates a MAPK to control
sexual development, analogous to S. cerevisiae. Several
MAPKs have now been identified in the N. crassa genome
sequence (data not shown), including NRC-1 (26). NRC-1 is
most similar to the MAPKKK proteins S. cerevisiae Ste11p, a
component of MAPK cascades required for mating, haploid
invasive growth, and diploid pseudohyphal growth, and S.
pombe Byr2, required for mating (reviewed in reference 9).

nrc-1 and gnb-1 mutants share the phenotypes of inappropriate
submerged conidiation and female sterility. However, it is not
clear that GNB-1 functions upstream of NRC-1, in that nrc-1
mutants do not produce protoperithecia (26), unlike gnb-1 null
strains. Alternatively, NRC-1 may be regulated by multiple
input pathways, including one containing GNB-1.

The submerged conidiation phenotype of �gnb-1 strains is
similar to that previously observed for �gna-3 mutants (24).
Since submerged cultures of �gnb-1 strains have lower levels of
GNA-3 than wild type, it is possible that this reduction is
responsible for the inappropriate conidiation. However,
GNB-1 may itself negatively regulate conidiation in submerged
culture, independent of GNA-3. The latter hypothesis is sup-
ported by the fluctuation in GNB-1 levels observed in wild-type
cells during early germination in submerged culture. Inappro-
priate submerged conidiation has also been reported for A.
nidulans sfaD mutants (48). However, an interesting difference
between the two species is that rich nutrient sources suppress
the submerged conidiation of N. crassa �gnb-1 mutants but
actually accentuate this phenotype in A. nidulans sfaD strains

FIG. 5. Analysis of G� and adenylyl cyclase levels. (A) CR-1 pro-
tein levels in submerged cultures. Whole-cell extracts were prepared
from 16-h-submerged cultures of the indicated strains, and 30 �g of
protein was examined by Western analysis with CR-1 antiserum.
(B) GNA-1, GNA-2 and GNA-3 protein levels under various growth
conditions. Plasma membrane fractions were obtained from 16-h-sub-
merged (inoculated at 3 	 106 conidia/ml), VM plate, or SCM plate
cultures. Samples containing 30 �g (submerged or VM plate cultures)
or 15 �g (SCM plate cultures) of protein were subjected to Western
analysis with specific antisera. The curved nature of the cross-reacting
protein bands in the SCM preparations presumably results from re-
sidual cell wall components that are not removed during the plasma
membrane isolation procedure. (C) Levels of the gna-1 and gna-2
messages. Total RNA was extracted from 16-h-submerged cultures,
and 20 �g was subjected to Northern analysis using the EcoRI-ClaI
fragment of pPNO5 or the BamHI insert of p13 M2A5-2 as a probe to
detect gna-1 and gna-2 expression, respectively. The N. crassa rRNA
gene probe was used as an internal standard to check for relative
amounts of RNA blotted onto the membrane. WT, wild-type strain 74A.
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(48). This divergence may reflect a difference in the relative
contributions of G proteins to growth in the two species.

The reduced levels of GNA-1 and GNA-2 in �gnb-1 mutants
can account for the observation that the cAMP metabolism
profile of �gnb-1 strains is most similar to that of �gna-1 or
�gna-1 �gna-2 strains. Thus, at this time, there is no evidence
for direct regulation of adenylyl cyclase activity by GNB-1 in N.
crassa. This hypothesis is supported by results from a previous
study comparing strains with wild-type, null, or activated gna-1
alleles, in which it was shown that the GTP-bound state of
GNA-1 is positively correlated with adenylyl cyclase activity
but does not influence levels of GNB-1 (63; F. D. Ivey, Q.
Yang, and K. A. Borkovich, unpublished data). This scenario
can be contrasted with the situation in D. discoideum, in which
G�, in concert with other proteins, serves as a positive regu-
lator of adenylyl cyclase activity (7, 19, 61). Finally, S. pombe
strains lacking git5 exhibit altered cAMP amounts only tran-
siently during the shift from glucose-starved to glucose-rich
conditions in liquid culture (28). This observation is in keeping
with the finding that �gnb-1 mutants have essentially normal
steady-state cAMP levels during submerged growth in liquid
medium.

The aerial-hypha phenotype of �gnb-1 mutants on cAMP-
containing medium is a less severe version of that observed for
strains containing constitutively activated gna-1 alleles (Q204L

and R179C) (63) and, to a more modest degree, for corre-
sponding activated gna-2 alleles (2). Strains carrying the gna-
1Q204L or gna-1R179C allele have normal amounts of the respec-
tive mutant GNA-1 protein and elevated levels of cAMP on
VM plates (63). �gnb-1 strains contain lower levels of all three
G� proteins, with the greatest reduction in GNA-1. A possible
explanation for these results is that strains with activated gna-1
alleles have elevated cAMP levels and free GNA-1, both of
which are necessary for production of abundant aerial hyphae.
The low level of free GNA-1 in �gnb-1 strains can only in-
crease aerial-hypha amount when cAMP is supplied exog-
enously. This model is consistent with our previous observation
that the short-aerial-hypha phenotype of �gna-1, cr-1, and
�gna-3 mutants on solid VM cannot be corrected by exogenous
cAMP (20, 24), presumably due to the absence of GNA-1
protein or normal tethering of GNA-1 in these strains. The
apparent requirement for free GNA-1 in addition to elevated
cAMP implies that GNA-1 regulates a cAMP-independent
effector pathway responsible for aerial-hypha formation in N.
crassa. One possibility is that GNA-1 acts upstream of a MAPK
pathway that includes NRC-1 and regulates aerial-hypha pro-
duction.

There are several �gnb-1 phenotypes that cannot be ac-
counted for by loss of a G� subunit(s). The near-wild-type
growth rates of �gnb-1 strains on normal and hyperosmotic

FIG. 6. Contributions of GNB-1 and the three G� subunits to N. crassa growth and development. It is presumed that each of the three
GDP-bound G� subunits (GNA-1, -2, and -3) can form a complex with GNB-1 and a yet-uncharacterized G� subunit in N. crassa; however, physical
association has not been directly demonstrated. Ligand binding to a receptor(s) triggers GDP/GTP exchange on a G� protein(s) and dissociation
from the GNB-1/G� heterodimer. GNB-1 plays a global, positive role in maintaining normal levels of all three G� proteins. During sexual
development, the three G� proteins (and perhaps GNB-1) regulate perithecial and ascospore formation via a cAMP-independent mechanism.
GNA-1 and GNA-3 positively regulate adenylyl cyclase (CR-1) activity and protein levels, respectively. cAMP binds the regulatory subunit of
protein kinase A (MCB) (4), leading to dissociation of MCB from the catalytic subunit (PKA-C). PKA-C activity promotes aerial hypha formation
and apical extension while negatively regulating aerial conidiation. Apical extension rate and mass accumulation are each negatively regulated by
GNB-1. Both GNA-3 and GNB-1 block conidiation in submerged culture. Bold lines indicate pathways regulated by GNB-1. Dashed lines depict
regulation of G� or CR-1 protein levels. “G�” is GNA-1, -2, and -3. A question mark represents an uncertain contribution.
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medium cannot easily be explained by a mechanism solely
involving regulation of apical extension rates by G� proteins,
as VM plate cultures of �gnb-1 strains have greatly reduced
levels of GNA-1 and lower levels of GNA-2 and GNA-3, yet
the apical extension rate on this medium is normal. Rather,
these observations suggest that GNB-1 may have a negative
effect on growth rate, independent of GNA-1 and GNA-2. A
similar argument can be made for the increased mass accumu-
lation of �gnb-1 cultures grown in the dark at 30°C. An alter-
native explanation is that loss of GNB-1 leads to constitutive
activation of residual G� subunits. There are examples of part-
nerless G� proteins in several organisms as well as evidence
that they perform cellular functions. For example, G�, but not
G��, proteins can be detected in Golgi fractions in rat exocrine
pancreas (11). S. cerevisiae Gpa2p is expressed in diploids
where Ste4p is not and is required for proper regulation of
pseudohyphal development (27, 32, 60). Similarly, evidence
shows that S. pombe Gpa1, a positive regulator of sexual dif-
ferentiation (39), is not coupled to the only known G� protein
in this organism (28). A possible mechanism for signaling by
G� in the absence of G�� is provided by evidence that G�
proteins can form oligomers (37). Oligomerization of G� sub-
units may facilitate the GDP/GTP exchange cycle without the
requirement for G��. Additionally, polymerization of G� al-
lows higher local concentration so that activated receptor can
transduce the signal to G� in a faster kinetic status (37).

Maintenance of appropriate interactions between G� and
G�� subunits is critical for normal G protein signaling in
eukaryotic organisms. Loss of a subunit can lead to activation
or to inhibition and/or destabilization of its corresponding
partner. Our work suggests that G� proteins are necessary for
maintaining normal levels of associated G� subunits in fila-
mentous fungi. Regardless of the specific mechanism, assign-
ment of functions to G� is complicated by the observation that
levels of all three G� proteins are aberrant in a �gnb-1 strain.
However, we have the advantage of having previously analyzed
the three G� subunits and characterized ��-independent func-
tions for GNA-1 in N. crassa. Future studies will be focused on
probing the mechanism of G protein activation and the relative
contribution of G� and G�� to signaling, using genetic and
biochemical tools.
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