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Abstract

Background: The G-protein-coupled receptors (GPCRs) are one of the largest protein families
in human and other animal genomes, but no more than 10 GPCRs have been characterized in fungi.
Do fungi contain only this handful or are there more receptors to be discovered? We asked this
question using the recently sequenced genome of the fungal plant pathogen Magnaporthe grisea.

Results: Proteins with significant similarity to fungus-specific and other eukaryotic GPCRs were
identified in M. grisea. These included homologs of known fungal GPCRs, the cAMP receptors from
Dictyostelium, and a steroid receptor mPR. We also identified a novel class of receptors typified by
PTHII, a cell-surface integral membrane protein required for pathogenicity. PTHI | has seven
transmembrane regions and an amino-terminal extracellular cysteine-rich EGF-like domain (CFEM
domain), a characteristic also seen in human GPCRs. Sixty-one PTHI |-related proteins were
identified in M. grisea that shared a common domain with homologs in Neurospora crassa and other
fungi belonging to this subphylum of the Ascomycota (the Pezizomycotina). None was detected in
other fungal groups (Basidiomycota or other Ascomycota subphyla, including yeasts) or any other
eukaryote. The subclass of PTHI | containing the CFEM domain is highly represented in M. grisea.

Conclusion: In M. grisea we identified homologs of known GPCRs and a novel class of GPCR-like
receptors specific to filamentous ascomycetes. A member of this new class, PTHI I, is required for
pathogenesis, thus suggesting roles in pathogenicity for other members. The identified classes
constitute the largest number of GPCR-like proteins reported in fungi to date.

Background

Cell-surface G-protein-coupled receptors (GPCRs) bind exog-
enous as well as endogenous ligands such as photons, odor-
ants, lipids, nucleotides, hormones, pheromones, peptides
and proteins. Interaction with these ligands drives diverse
processes such as photoreception, taste and olfactory sensa-

tions in animals, mating in fungi and cell-cell communica-
tions in slime molds [1-3]. These receptors are characterized
by seven transmembrane a-helices that upon ligand binding
relay the signal by bringing about conformational changes in
bound G proteins. The extracellular amino terminus in most
cases interacts with the ligand and the carboxyl terminus with
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G proteins. The G proteins in turn activate different signaling
pathways, such as those activated by adenylate cyclase and
phospholipase C. These GPCRs are of immense importance as
they are major targets for drug discovery [4].

A classification scheme that encompasses all GPCRs is the
grouping into classes A-E [5]. A-C are the main classes
present in animals: class A is the largest and comprises the
rhodopsin-like receptors, class B comprises the secretin-like
receptors and class C the metabotropic glutamate/pherom-
one receptors. Class D is unique to fungi and comprises fungal
pheromone receptors. Class E contains cAMP receptors, such
as the cAMP receptors of Dictyostelium. Other classes include
frizzled/smoothened, adhesion receptors and the insect-spe-
cific chemosensory receptors [6,7]. Sequence conservation
between GPCR classes is limited, however, with each receptor
class exhibiting specific identifiable characteristics [6,8]. The
secretin and the adhesion receptors are characterized by con-
served cysteine residues or by known cysteine-rich domains
resembling the epidermal growth factor (EGF) domain at
their amino termini.

GPCRs form the largest family of receptors in animals, with
more than 600 members in the human genome [9,10]. Only a
handful of GPCRs have been identified in fungal genomes,
however. In Saccharomyces cerevisiae and Schizosaccharo-
myces pombe only three and four receptors, respectively, are
well characterized [1,11-16]. In the Neurospora crassa
genome a total of 10 receptors is predicted [17]. A recent
report for Aspergillus nidulans identified GPCRs similar to
the yeast pheromone receptors, the glucose-sensing receptor
GPR1, the nitrogen-starvation sensing STM1, and the Dicty-
ostelium discoideum cAMP receptors [18]. Given the preva-
lence and significance of GPCRs in higher eukaryotes, their
relative paucity in the kingdom Fungi warranted further
investigation. To see if we could find additional families, we
searched the predicted proteome of the rice blast fungus
Magnaporthe grisea.

The fungal plant pathogen M. grisea is a powerful model sys-
tem to study the pathogenicity determinants required for
plant cell-surface recognition and production of an appresso-
rium, a specialized structure required to penetrate the plant
surface [19,20]. The fungus causes rice blast disease, the most
destructive disease of rice worldwide. M. grisea is amenable
to molecular genetic manipulation and the subject of large-
scale genome-wide functional studies following the recent
completion of a draft genome sequence [21]. Infection begins
when a conidium, attached to the plant surface, sends forth a
germ tube that differentiates to form a highly melanized
appressorium. Turgor pressure inside the appressorium
results in a penetration hypha breaching the cell wall and
invasion of the plant tissues. This developmental program,
which is accompanied by a number of biochemical and devel-
opmental changes, is a result of perception by the fungus of

http://genomebiology.com/2005/6/3/R24

appropriate environmental and plant cell-surface signals and
induction of a cascade of signaling pathways.

Cell-surface receptors that perceive signals at critical times in
the life cycle of M. grisea and other pathogenic fungi are
strongly implicated as pathogenicity determinants. Signaling
plays a key role in appressorium formation and infection in
M. grisea. The cAMP-dependent and pheromone response,
as well as other mitogen-activated protein kinase (MAPK)-,
phospholipase- and calmodulin-dependent pathways, are
essential for pathogenicity and are likely to involve percep-
tion of signals through GPCRs [22-24]. The three identified
G-protein alpha subunits, required for different aspects of
development and pathogenicity, possibly transduce perceived
signals to the above-mentioned pathways [25]. The M. grisea
G proteins probably receive signals from receptors such as
PTHz11, an integral membrane protein required for patho-
genicity [26]. As animal GPCRs are important targets for drug
discovery, identifying fungal receptors would be equally
important for understanding and controlling M. grisea and
other fungal pathogens.

Identification of new GPCR classes is difficult because of low
sequence similarity; even within related classes, sequence
conservation is limited to the membrane-spanning regions
[8]. There are also large variations in the type and number of
receptors in classes that show no sequence or structural sim-
ilarities to each other. We therefore carried out an exhaustive
analysis to mine the proteome of the sequenced genome of the
rice blast fungus M. grisea for GPCR-like proteins. Homologs
of known fungal GPCRs were found in the M. grisea pro-
teome, including the pheromone receptors STE2 and STE3
and the glucose-sensing receptor GPR1. In total, 76 GPCR-
like proteins were identified in the present study of which 61
represent a large novel class related to PTH11, a receptor
implicated in fungal development and pathogenicity and pro-
posed to act upstream of the cAMP-dependent pathway.
Many of these novel receptors will have roles in known path-
ways or may define new pathways involved in fungal
development.

Results

Identification of novel classes of GPCR-like proteins in
M. grisea

We searched the M. grisea proteome for GPCR-like proteins
on the basis of their similarity to known receptors. GPCR
sequences including all present in the GPCR database
(GPCRDB [5]) were used as a query in a BLASTP search
against the M. grisea predicted protein set [21]. The proteins
retrieved in this search were used to BLAST the M. grisea
proteins again to find all related sequences (Table 1). A total
of 14 GPCR-like proteins were found. These included
homologs of characterized fungal GPCRs (GPR1, STM1, and
the STE2- and STE3-like pheromone receptors). Other pro-
teins identified were similar to the cAMP receptors and to
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Table |

Predicted G-protein-coupled receptor-like proteins in M. grisea

Known receptors used as query in BLAST M. grisea proteins retrieved by E-value Other proteins homologous to M. PfamA GPCR domains (E-value)/
against M. grisea proteins or another search known receptor (BLASTP) grisea proteins retrieved by known conserved domain identified in the
method receptor present study
Pheromone receptor (CAC86431; STE2-like) MG04711.4* 3e-65 Pfam STE2 (2.1e-04)
Pheromone receptor STE3 (STE3_YEAST) MG06452.41 2e-14 Pfam STE3 (I.1e-09)
cAMP receptor TASA (QINDL2) MG06738.4* - Se-11 Pfam7tm_2 (1.3e-04)/cAMP_dom
MG06797.4 cAMP_dom
MG06257.4* cAMP_dom
MG00326.4 Pfam 7tm_2 (7.9e-05)/cAMP_dom
MG00258.4 cAMP_dom
MG10544.4 cAMP_dom
GPCR GPRI (GPRI_YEAST) MG08803.4 4e-18
GPCR STMI (STMI_SCHPO) MG04698.4* Se-19 STMI_dom
MG02855.4* - le-17 STMI_dom
GPCR mPR (NP_848509) MG05072.4* 6e-17 mPR_dom
MG09091 .4* mPR_dom
MG04679.4* - mPR_dom
PTHI I receptor (AFI19670_1) MGO05871.4 (PTHII) * 1% 0 PTHI1_dom
MG10473.4% 3e-34 PTHI1_dom
MGO06755.4% le-33 PTHI1_dom 3
MGO07553.4¢ 2e-32 PTHI1_dom _'n;"
MG09022.4* + 2e-27 PTHII_dom 4
Q.
MGO07565. * 44 6e-23 PTHI1_dom ~
[}
MG07946.41% 3e-21 PTHI1_dom 3
8
fal
MG| 1006.4 2e-32 PTHI1_dom i
MG09070.4* 2e-29 PTHI1_dom
MG07806.4 2e-21 PTHI1_dom
MG03584.4t le-22 PTHI1_dom
MGO05214.4* 4e-31 PTHI1_dom
MG09863.4* + le-28 PTHI1_dom
MG10407.4* 3e-26 PTHI1_dom
MGI10571.4* . 4e-25 PTHI1_dom
MGO01867.4+ le-23 PTHI1_dom
MG09455.41+ 2e-23 PTHI1_dom
MG10050.4% le-14 PTHI1_dom
MG09667.4 1E-22 PTHI1_dom
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Table | (Continued)

Predicted G-protein-coupled receptor-like proteins in M. grisea

MG05352.4* 2e-22 PTHII_dom
MG07420.4 le-21 PTHII_dom
MG10442.4 4e-20 PTHI1_dom
MGO02160.4t 6e-19 PTHII_dom
MG02001.4* - le-18 PTHII_dom
MG10257.4 2e-18 PTHII_dom
MGO01905.4 2e-17 PTHII_dom
MG07987.4 le-16 PTHII_dom
MG10438.4* ¢ 6e-18 PTHII_dom
MGO06171.4* le-17 PTHII_dom
MG07851.4 le-17 PTHII_dom
MG04935.4* le-17 PTHII_dom
MG05386.4 3e-17 PTHII_dom
MG09865.4* 3e-16 PTHII_dom
MGO09061.4 4e-16 PTHII_dom
MGO5514.4% le-16 PTHII_dom
MG06535.4* 3e-14 PTHII_dom
MGO1190.4 7e-14 PTHII_dom
MG 10581 .4* Te-14 PTHII_dom
MG03009.4* 2e-13 PTHII_dom
MG10747.4 8e-13 PTHII_dom
MG03935.4 2e-12 PTHII_dom

MG04682.4* PTHII_dom
MG09416.4 le-10 PTHII_dom
MG02692.4*% 2e-10 PTHII_dom

MG07857.4 PTHII_dom

MG00826.4 PTHII_dom

MG06624.4% PTHII_dom

MG00435.4* PTHII_dom

MG08653.4* PTHII_dom
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Table | (Continued)
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Predicted G-protein-coupled receptor-like proteins in M. grisea

InterProScan MG00532.1 MG00532.4 (weak similarity to

animal GPCRs) *

MG10706.4* PTHII_dom
MGO04170.4* PTHII_dom
MG08525.4* PTHII_dom
MGO00277.4*,1 PTHII_dom
MG02365.4* PTHII_dom
MG06595.4 PTHII_dom
MG06084.4* PTHII_dom
MG09437.4* PTHII_dom
MG01890.4 PTHII_dom
MGOI871.4 PTHII_dom
MG03794.4 PTHII_dom
MGO01884.4* PTHII_dom

Pfam 7tm_2 (|.4e-02)

Classes of GPCR-like protein in M. grisea were subdivided on the basis of BLASTP analysis and shared domains, as described in Materials and methods.
They were clustered into paralogous families if the proteins showed 30% identity and 80% overlap over the complete length of the protein.
Paralogous families are separated by a blank line. The GPCR-like proteins in M. grisea could be classified into nine subclasses containing more than one
member and 48 containing a single member. Six subclasses contained two members, two contained three and one contained six. *M. grisea proteins
represented by genes expressed in microarray experiments. TM. grisea proteins that are represented in M. grisea ESTs. Proteins containing the

cysteine-rich CFEM domain.

mPR, a steroid receptor. No homologs of the animal rho-
dopsin-, secretin- and metabotropic-like receptor classes,
which form the majority of the proteins in GPCRDB, could be
found. All proteins listed in the table were checked to make
sure they had seven transmembrane regions (Additional data
file 1). The M. grisea proteins were searched with InterProS-
can [27] and 16 proteins associated with InterPro entries con-
taining the terms 'GPCR' or 'G protein-coupled receptors'
were identified. Four were already identified in the above
BLAST searches. Of the remaining 12, only one (MG00532.4)
had seven transmembrane regions and was added to Table 1.
This protein had weak similarity to rat growth hormone-
releasing factor receptor and other GPCRs. A PfamA HMM
search revealed that some of the proteins identified above had
characteristic GPCR domains (Table 1, and see [28]).

The receptor PTH11 in M. grisea is required for development
of the appressorium [26]. It is an integral membrane protein
and has been localized to the cell membrane. It is proposed to
act upstream of the cAMP pathway, which is required for

pathogenicity. The PTH11 amino-terminal domain contains
an EGF-like cysteine rich CFEM domain, predicted to be
extracellular, followed by seven transmembrane regions [29].
Based on the transmembrane topology, with the amino-ter-
minal outside and the carboxy-terminal inside, PTH11 is a
novel GPCR-like protein. PTH11 has been reported to have
nine transmembrane regions; however, the two putative
transmembrane regions at the amino-terminal end are the
predicted signal sequence and the hydrophobic region within
the extracellular CFEM domain, respectively, and are there-
fore not membrane spanning [26,29]. The CFEM domain is
an EGF-like domain, characteristically present in the extra-
cellular regions of membrane proteins; thus PTH11 is charac-
terized as having an extracellular amino-terminal CFEM
domain, followed by seven transmembrane regions. A
BLASTP search using PTH11 as query against known M. gri-
sea proteins retrieved a number of proteins with seven trans-
membrane regions (E-value cutoff of 1e-09). A BLASTP
search using these PTH11-related proteins against M. grisea
predicted proteins returned additional members within this
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Table 2
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Classes of GPCR-like proteins in fungi

Class of receptors

M. grisea

N. crassa S. cerevisiae S. pombe

GPCR homologs of known classes
Fungal pheromone STE2-like (class D)
Fungal pheromone STE3-like (class D)
cAMP receptor-like (class E)

Other GPCR homologs

S. cerevisiae GPR1-like

S. pombe STM|-like

H. sapiens mPR-like

M. grisea MG00532.4-like (weak similarities to animal GPCRs)

Other GPCR-like proteins
M. grisea PTHI | -related

—_ W N -

6l

3* |
3* 2%

—_ NN N -

25 - -

*Have not been characterized as GPCR in the yeast species but do have seven transmembrane spans.

class (total 61, Table 1). Only a subset of the retrieved proteins
contained the CFEM domain, as indicated in Table 1 (12
CFEM-containing proteins).

In total we identified 76 receptors, including members of
known classes as well as novel classes. Sixty-one represented
a novel class that included PTH11. All other receptors identi-
fied were assigned to different classes on the basis of their
similarity to known receptors using BLASTP against the Gen-
Bank (nonredundant) and Swiss-Prot databases, and their
conserved domain characteristics. We found three members
of the mPR class and one (MG0532.4) with weak similarity to
animal GPCRs. No members of these classes have been
reported previously in fungi. Within each class, members
were assigned to paralogous families (Table 1). Many of the
genes in Table 1 are expressed, as suggested by representation
in expressed sequence tags or microarray experiments. A
BLAST search against the GenBank EST databases revealed
that some of the predicted open reading frames (ORFs) had
matches in the M. grisea ESTs (Table 1, and see [30]). Results
from microarray experiments on gene expression during
conidia germination and appressorium formation also
showed that many of these ORFs are expressed (T.K. Mitchell
and R.A.D, unpublished work).

Shared and unique GPCR-like protein classes in M.
grisea

M. grisea GPCRs were compared with published fungal
genome sequence databases to identify proteins belonging to
the same GPCR classes. A BLASTP search against the genome
of the closely related filamentous fungus N. crassa [17], using
all the M. grisea GPCR-like proteins as query, revealed the
presence of similar proteins in N. crassa, including PTH11
homologs (Table 2 and Additional data file 2). No PTH11

homologs were found in S. cerevisiae and S. pombe. Further
analysis revealed putative homologs of the mPR-1 class in
both yeasts, in which they had not previously been identified.
In addition, we found no evidence for cAMP receptor-like
GPCRs in either yeast, unlike both M. grisea and N. crassa.
The cAMP, STM1, and mPR receptors are shared between
fungi and other eukaryotic species. However, the fungal phe-
romone receptors (class D) and GPR1-like receptors appear to
be fungus-specific.

Members of the large class of PTH11-related receptors were
restricted to a fungal subphylum. BLASTP of all the PTH11
class members, and PSI-BLAST using conserved regions,
against the GenBank (nonredundant) and Swiss-Prot data-
bases and publicly available fungal genomes retrieved
matches in members of the subphylum Pezizomycotina
within the Ascomycota, including Podospora anserina,
Blumeria graminis, Fusarium graminearum and Aspergil-
lus species. Other fungi belonging to the Ascomycota but not
to this subphylum, such as S. cerevisiae, S. pombe, Candida
albicans and Pneumocystis carinii lacked PTHii-related
sequences. Also, no PTH11-related sequences were found in
the genomes of the Basidiomycetes Cryptococcus neoform-
ans, Ustilago maydis and Phanerochaete chrysosporium. No
matches were found in plant, animal or prokaryotic genomes.

Phylogenetic analysis of PTHI | -related GPCR-like
proteins in M. grisea and N. crassa

PTHu11-related receptors from M. grisea and N. crassa were
classified into paralogous families (Additional data file 2). We
also identified any that were orthologs between these two spe-
cies. PTH11-related receptors in M. grisea and N. crassa and
other sequences from P. anserina and B. graminis were
aligned to determine any relationships. The region containing

Genome Biology 2005, 6:R24
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Figure | (see previous page)

Gene phylogeny based on the conserved membrane-spanning PTH 1 |-domain. The tree shown was constructed using parsimony methods. Numbers on
branches represent bootstrap values based on 100 random dataset simulations. Open ovals indicate putative paralogs and filled ovals the M. grisea-N. crassa
orthologs. For sequences other than the ones predicted from M. grisea and N. crassa genome sequences the GenBank accession numbers are indicated.
The abbreviations for species names are indicated in parentheses after the accession numbers as follows: BG, Blumeria graminis; PA, Podospora anserina;
NC, N. crassa. The product of the gene PTHI | was referred to as Pthl I p in the original report. Subsequently it has been referred to as PTHI |. We refer
to this gene product as PTHI | in this paper and would like to propose revision of its name from Pthl Ip to PTHI I.

the conserved PTH11-domain was used to build a phyloge-
netic tree (Figures 1, 2a). Our analysis indicated that PTH11-
related proteins form a large and divergent protein family
that evolved before the divergence of M. grisea and N. crassa.
M. grisea and N. crassa orthologs occurred in the same
clades (Figure 1). Many different clades on the tree may rep-
resent paralogous sequences. The tree supports the putative
orthologs and paralogs we identified (see Additional data file
2). Even though only the PTH11 domain was used to build the
tree (the amino-terminal CFEM domain seen in a few pro-
teins was not included), the 13 CFEM domain-containing pro-
teins occurred together in one clade, indicating that the
sequences are closely related. The phylogeny also revealed
that within certain clades there was a marked expansion of
the PTHi1-related proteins in M. grisea compared to N.
crassa. This is particularly notable for the CFEM domain-
containing proteins. There were six M. grisea members con-
taining the CFEM domain in a paralogous family (Table 1 and
Figure 1; a total of 12 related CFEM and seven-span proteins),
but only one from N. crassa. We found 38 PTH11-related pro-
teins in A. nidulans with an E-value less than 1e-09. Further
characterization of these proteins will be required to define
the number of seven-span PTHi1i-related proteins in this
genome. Preliminary analysis shows that only two seven-span
proteins contain the CFEM domain in A. nidulans. These
observations could represent either expansion since specia-
tion of the CFEM-containing PTH11 relatives in M. grisea, or
loss of these proteins in the other fungal species.

New domain signatures as defined by conserved
regions in homologous classes of identified receptors
Members of each class of M. grisea GPCR-like proteins
described above, for example, cAMP-, STM1-like, PTH11-
related receptors, have domains that are conserved within
each class. Sequence alignments from the BLASTP searches
revealed specific regions containing shared residues for each
of these classes of receptors. Figure 2 shows an alignment for
some of the sequences that belong to classes other than the
better-studied pheromone and glucose-sensing receptors. In
all the PTH11-related members the region towards the amino
terminus was conserved (Figure 2a, PTH11_dom). The
extreme amino-terminal and the carboxy-terminal sequences
flanking this region were divergent. Conserved residues
occurred within the seven-span regions for all of these pro-
teins. This is consistent with other observations that sequence
conservation is typically limited to the transmembrane
regions in GPCRs. The M. grisea protein MG06738.4, which

has similarity to the cAMP receptors, shared conserved
amino-acid residues between positions 81-179 with
MG06797.4, MG00326.4, MG06257.4, related N. crassa pro-
teins and other cAMP receptors (cAMP_dom, Figure 2b).
Other proteins - MG00258.4 and MG10544.4 - with weak
similarity to cAMP receptors also shared residues within this
domain (data not shown). MG04698.4 shared two domains
between amino-acid residues 22-101 and 244-327 with STM1,
MGo02855.4 and related proteins from different eukaryotic
species (stm1_dom, Figure 2¢). MG05072.4 shared residues
within the region of 56-277 with MG09091.4 (residues 18-
228), MG04679.4 (residues 260-497) and other proteins that
were retrieved in the BLAST search, including mPR receptors
(mPR_dom, Figure 2d).

The proteins containing the PFAM GPCR domains are indi-
cated in Table 1. It is worth noting that the low scores for the
PFAM domains that we observed may be due to the need to
update these domain alignments by adding many new pro-
teins, including those we discovered. For example,
MGO06452.4 contains a putative STE3 domain; the alignment
score (E-value) is low, however. With the new fungal genomes
being sequenced, more STE3 homolog sequences are availa-
ble and inclusion of these in the seed alignment defining the
STE3 domain will make the domain more representative for
fungal STE3 domains.

Each class of receptors contained specific conserved regions
within the membrane-spanning topology. A representative
example of each class, showing the location of the conserved
region within the membrane topology is illustrated in Figure
3. For fungus-specific receptors, the conserved domain
spanned almost the entire length of the seven transmem-
brane regions. When other eukaryotic receptors were
included in the class, however, only shorter conserved
domains were discerned. These conserved residues may
reflect functional constraints and may be valuable for study-
ing the structure-function relationships of these proteins.

Discussion

Distinct classes of GPCR-like proteins identified in M.
grisea

Fungi respond to a variety of signals from the environment
that regulate cellular metabolism and development as well as
host-pathogen interactions. Cell-surface receptors perceive
these signals and relay them to intracellular signaling path-
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(@) pPTH11 dom

AF119670_1 FLFGMLGMQLE - SARLY FEKHI DEM------ PGLSLLKYFW
AF329397_1 VLTTLCAILIKTGTHL&LDTHRVDUTPH------ YLVKLSCYTF
CAD60573 QGMAMVV - IQGLWAP] YPMAETA-P------ NIEHILKMLV
MG10571.1 WNFMVVG-FAFAMY SNEM LHADKEPMN —————— NIVMMAKWLV
MG06624.1 LTMTTIG-MSTAVYT. YDLDPKSPYFPTLYNNLEYILKNTF
MG06755.1 LGVADTVLIVEGLTAYELERDIWTIETSE--~---- QITQFGLHMY
NCU06531.1 LGIPYTVLIAHSLA IERDVWTIETPQ------ EATWFLKVFY
MG01905.1 LGWMNVAT -FGVAVSHEFEQHVDNIETVE- - - - - - QRSQAMMWS T
NCU05854 .1 CAWICVGM-TVASVYHEFERHFDVIEPLD- - -~ -~ GKQOMIKWAF
MG06535.1 LLLVDASL-TTYVVKLEY KHAWD*PFE —————— NVDAQALIGL
NCU09201.1 : ISHLLLAWLTQFHY TKALLFINTVF -TTSSVLMEYELHTDAYPVE- - - - - - NEKYLSIIGG
AF119670_1 : FGQMMYUVVQVFGINISILILYIBFF - -TTPW- FQMFWKLSMVEMALH! NeYMVLVIVQELEVAAVE-D- - - -RSTIEG EFNPI---
AF329397_1 : TCEILYJITIALT] !HVINFTIAIVSILgaIYISFTIFQC.PVNYF -RQHEANPPLGT@QTRRHVVNL
CAD60573 : SYELIYATSISTI SMATKGVIIFVCLWS|GNILQVFLI® -TV--ALMPTAQ@GDQVGS - - -
MG10571.1 : VAEIFYAWNLVWT] SRICIGIGILVVCWGFTIMFIFIFI@VIFVNKLE-YP--DI--PGH@INQVAT- -~
MG06624.1 : AFVGVY[EWALAF WTSIIVLIWAHVLTFIAIFLC IZVEAQ - SV--DRK-PEQ@MDQILV- - -
MG06755.1 : VIQIM F-—PNPR—I'QLLWGTVAFNTGYFvAFSVTAACLC -ERWDGEHLDGI@MDANAT - - -
NCU06531.1 : VLIEY ‘RVLWGTVGT-—VVL“GGVFLLPV @KIZSVKVIIWEGWD - GEHEGR@DNINAS - - -
MG01905.1 : IGYTP SRILWSIAILCVTNL\PYITLYYAQE -DP--SV--SGTELSKSVLIGY
NCU05854.1 : FSFTPS 'VFLWVLVSTCQVAI&GCAVILFAQC 1ZSRAQW-DF--SI-TNV. SPWLLVRY
MG06535.1 : ICTTL SIVIYFLIFSMNTLMGVGALLM -QP--MI--EGY@WDRQLDVIF
NCU09201.1 : INGTTS 1RLVWFIIVTLTLCQESTALMFWLLCEPPEAT -NS--SI-VHKI SPDGLLAY

TisviBErcaliTce
STEPSVSITAA

AF119670_1 : VYSGAALSVFE[Y VE
AF329397_1 : TYAHAAMNCATBWIFGIFSFLER

CAD60573  : FIATIGAFNIITLEL VLI ESMVWADF|SATIRPNLGIFCV
MG10571.1 : WIANAASTILT: FTYS-NQPPIRTLAPTVGTAMaVSAGITSA
MG06624.1 : LKTLIMTNVVTBUFMLIETHT] FTIDLOGNLIGTSLRTFMLCAMBLCLAGFCT
MG06755.1 : GWANAAVSTALINIW!LAIETSQIGY DNWDVVRIST: VNVGiICA
NCU06531.1 : AWTLSIVTIVLIBW SAVIYHVAYICA
MG01905.1 : ATYSSAFCAFABYIISVYIEA PMVA - SPPIGDTVDIVI[\TIH8GST I TAR
NCU05854.1 : SMVAGCFSALTY GSBFEDTTDLY I SLIJaGS TI I TAS
MG06535.1 : GIFSGSYSGISIA DGVPLVI||GT\8VAIT\/TAA
NCU09201.1 : SIALGIYSAVCEF SN FEMEGFLLVVCALJBGACAMAA
AF119670 1 127-359
AF329397 1 36-276
CAD60573 32-262
MG10571.1 39-270
MG06624 .1 32-269
MG06755. 1 117-355
NCU06531.1 141-388
MG01905.1 25-260
NCU05854 .1 45-281
MG06535.1 65-298
NCU09201.1 31-274

(b) cAMP dom

AAC49962 AFT) HRTVVKHKTD***VEDLEAMEHL GTSLFVTVIRS- - - FGNNHSH- - - - - - - LGPEYTQT

MG00326.1 SIYT) IIVTGQKQTAAWIDNHQPVVLVIPwALSLHSAGVSL———TITSYND ——————— IGSRYHQ 3
AAO62367 MVFFTTIFE---LNHWFKYSHFICRGIPLFTAIISL- - -IFHAYGK----TGS- - -[(&3:SD o
BAA99285 LMIVRRYPE- - - PEKLERYMFFVCRGLPL{STIIML - - -SKDLVHF - - - - LGN - - - & IGE a
P13773 (SP) MLIVKREPE- - - PERFEKY}YLLCGLPLIESTIVML- - -AKNTVQF - - - -VGN - - - @i GV g
P35352 (SP) NLIVKREPE- - - PEKFEKY| HVFCwVVPFIMSVIMLfffSKGVIEfoffTGfofWCWIGN -
Q9TX43 (SP) NLIVKREPE- - - PEKYEKIMHGVCYTIPLEECVIVML- - -AKKTIEP- - - -VGN - - -\l[&jiiSE 8
P34907 (SP) NLIVRREPE---PERFEKF}{FCLCMGLPLISTIVML- - -STHIIQP----VGG- - - [&Yi:GD [
CAD37067 LIFERQYDAQK-LRAMEKW FLGCXGLTF‘VALAFCFIESPKKGKM————YGNATLWCW SP %
NCU04626.1 LIFERQYDAQK-LRAMEKW FLGC&GLTF¥VALAFCFIESPKKGKM————YGNATLWCW SP =
MG06738.1 LTFYHKFDAVK-LRKMEIP)LFICMGLPF|IALTYVFIQSPERGRM- - - - YGDATL®{[{SP

NCU09427.1 LTFYHHFDGRA-LRKMEIP FLFC&GVPFHSGFTFIFIRQ—HGERP————YGNAILWCW SK

NCU00786.1 : LVFFFALNPNA-FRDYLWL){CLVCMGLPS)PATIVLL-AHSPATTRY - - - - YGNATLIGWIAD

MG06257.1 : HTPYLVATIRGWKPSQ- - -RALILTCSSIIFNYIELVFIGFA - -AT-NKVNVG-FFGRATTI[®Y TR

MG06797.1 : HTPLVVIHGWRPTQ- - -RALIMSCVCLMFTYJEMAATGIL - -GTANGSQVGGFYVRAAARGY/NN

AAC49962

MG00326.1 100-191

AAO62367 130-219

BAA99285 96-186

P13773 (SP) 78-171

P35352 (SP) 89-179

Q9TX43 (SP) 74-172

P34907 (SP) 75-167

CAD37067 88-186

NCU04626.1 88-186

MG06738.1 81-179

NCU09427.1 76-173

NCU00786.1 99-196

MG06257.1 213-310

MG06797.1 159-257

Figure 2 (see legend on page after next)
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() sTM1 dom 1

AAK39328 : YGPYLKIYN : 48-127
CAD79648 21-100
NCU09195.1 21-100
MG02855.1 34-94
AAK76703 40-123
AAM91683 18-98
CAB79010 13-92
CAA85105 20-99
MG04698.1 22-101
NCU00300.1 22-101
Q10482 (SP) : 24-103
AAB64788 : FFTSVISLFjgepy I E 4 : 18-97

STM1 dom 2

AAK76703 : ---EHSALEQWL
AAM91683 :

CAB79010
CAA85105
NCU00300.1
MG04698.1
CAD79648 : SQEPQAVI
NCU09195.1 : SQEPQAVI
MG02855.1 : ---AVTAF
AAK39328 : ---YTDML ) "y (@3S 71 2\ T
Q10482 (SP) : ---DLNAWPFTAECISSVLMFCAISENZON T KINHIAKST)HeINS T FIgVLAS VN TIMAFEI I VE - - - - - - - - - - - - o oo o= PAS
AAB64788 I BR2l0 T KI\YNRK =/ TD@MS PFLIGATTLL CIN I pR4N L [SF TSC- - -RFLD--- - - - - === === = = NQ

AAK76703 : TEWDNJKP:
AAM91683 : VEWL P!
CAB79010 : VEWSKUEP: 175-272

CAA85105 Dommmm oo A : 203-289
NCU00300.1 : IYWRYNLINYSpl : 329-445
MG04698.1 : IYGQYEL 244-327
CAD79648 : QERDY, 230-331
NCU09195.1 : QERDY 230-331
MG02855.1 : QEKSYHIK 216-313
AAK39328 : TSWLYJELR! 196-293
Q10482 (SP) : DYLNYTY. 173-272
AAB64788 : NKREFEVNE 180-283

Lo e I e M el
1
1
|
1
|
1]
=
2
9]
o]
@
g
(e}
=
g
Q
=
g
Q
je}

272-369
265-362

(d) mPR_dom

AAC49478  : LH BN T YSHETS GFFTVLL——LDKSTIKVFATTTWLEHMVIDL
CAA91897  : TFINBANMNE! | SAFRVEFAVLA - - YEYPSSSSWVSSNVS RIVRIF
MG04679.1 : LV A TG LVLAVAF - - YEY PTSPNFSLSTKTRVEIAA
NCU03238.1 : RN T GLHLVLAVAF- —YFYPTSINFSQSTTTIIEIAAI
MG09091.1 VG
AF151803_1 : v/ FG
MG05072.1 : ‘ FAC
NCU04987.1

009749 (SP)

AF313620_1

ARC49478 -CSIVSLKD
CAA91897 TFSSL, I-GIYTPWKKW
MG04679.1 : TUNSIADAI G-GVILPWHP,
NCU03238.1 : TUNSVAD G-GVILPWHP
MG09091.1 : TFSDH G-CGILTLRP
AF151803_1 : TJYCH S-ATIVAQWD
MG05072.1 : AWSNH G- CLAVSWVEH

NCU04987.1 : TESNH G-CITISWFEH

Q09749 (SP) : TuSNH I-VASTCLLD:!

AF313620_1 : PMAAFFAWLSCIGSCYNKYIQKPGLL

ANC49478 : CFGLEST 1P TWG 63-232
CAA91897 : CEGL) ( 1T I G 182-351
MG04679.1 : S|EG. ClapYFEG 255-425
NCU03238.1 : S. MY VG 277-396
MG09091.1 GAEL TIALIG 1-161
AF151803_1 GLEG I TWE 108-277
MGO05072.1 GLEG IFNTWCS| 56-277
NCU04987.1 : GAEGV\ g i LHALTFTSFTQLDELMGLRWVMLQGAM A F (€L iEM - - - - - - -~ - - - - - — - - — - - : 72-242
Q09749 (SP) : LUGLFGIF QW IS/ CVATAAFCEIFHGYCI : 91-310

TFaW S KBVEGS)
AF313620_1 : LAYALDIS RIFVSSDPTTDDP - ALLYHKCQVVF 3 LALAFIYS TFM= 5 WF |2 SCHVFGQG - Qi gk FIMYL CTLAQLEAWAL : 45-216

Figure 2 (continued from the previous page, see legend on next page)
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Figure 2 (see previous page)

Alignment of GPCR-like proteins. Domains conserved in (a) PTHI |-, (b) cAMP-, (c) STMI- and (d) mPR-related classes are shown. Representative
sequences from each class were aligned using T_Coffee [39]. The alignment was analyzed using GenDoc. We used the default setting using the
conservative shading mode with similarity groups enabled. Black and the dark and light gray represent 80% or greater conserved, 60% or greater
conserved, and less than 60% conserved, respectively. Conservative substitutions were counted as a single residue type. The GenBank or Swiss-Prot (SP)
accession numbers or the accession numbers of the predicted proteins in the M. grisea or N. crassa genome databases are indicted on the left [21, 42]. The

boundaries of each sequence used in the alignment are indicated on the right.

ways. We searched the proteome of M. grisea for GPCR-like
proteins and identified a total of 76 sequences (Table 1). This
is the largest number of GPCR candidates identified for any
fungal species. The identified proteins in M. grisea include
homologs of known fungal receptors and a few other eukary-
otic receptors. Putative orthologs of fungal STE2- and STE3-
like pheromone receptors required for the mating responses
in yeast were identified. A homolog of GPR1, which is
involved in pseudohyphal differentiation in S. cerevisiae, and
two proteins that share similarities with STM1 from S. pombe
were also found [11,13,16]. Six proteins shared similarities
with cAMP receptors from Dictyostelium. In Dictyostelium
the cAMP receptors are involved in establishing polarity dur-
ing chemotaxis [3]. All the above M. grisea proteins can be
annotated as putative GPCRs on the basis of homology to
known receptors. It is likely that they respond to similar lig-
ands, such as pheromones, nutrients and cAMP (Table 1).
Response to fungal mating pheromones and the existence of
pheromone receptors in M. grisea was first suggested by the
observation that M. grisea responded to S. cerevisiae phe-
romones in a mating-type-specific manner [22]. Intracellular
cAMP, produced by adenylate cyclase, is a critical factor reg-
ulating appressorium development in M. grisea. Lee and
Dean have found that the fungus will respond to exogenously
added cAMP by development of appressoria, although the
concentrations required are high [31]. They noted that the cell
wall and cell membrane should be relatively impermeable to
cAMP, and thus any responses to extracellular cAMP will be
due to cAMP receptors. Further research will be required to
learn about the mechanism of perception of exogenous cAMP
and other ligands and their targets within the cell.

PTHi1-related proteins share a number of characteristics
diagnostic of GPCRs and define a new class of GPCR-like pro-
teins. The predicted membrane topology suggests a seven-
span protein with an amino terminus outside the cell, that
could respond to extracellular signals, and a cytoplasmic car-
boxy-terminal domain that could interact with G proteins. All
the PTH11-related proteins shared conserved residues within
the membrane spans, as observed in other GPCRs classes [8].
A subclass of the PTH11 receptors showed another character-
istic that is seen in a few classes of human GPCRs: they have
an amino-terminal cysteine-rich EGF-like CFEM domain.
The animal secretin receptors are characterized by six con-
served cysteines at the amino terminus, with cysteine bridges
implicated in ligand binding. Some of the adhesion receptors
have cysteine rich-EGF-like domains at their amino termini
[6,8]. CFEM-domain-containing proteins, which are smaller

in size and lack the seven transmembrane regions, may inter-
act with the CFEM-containing GPCR-like proteins (Addi-
tional data file 3 and [29]). The CFEM-containing proteins
have a signal peptide and/or a glycosylphosphatidylinositol
(GPI) anchor. Thus they are either secreted from the cell or
are anchored to the cell membrane. They may be similar to
the odorant-binding proteins, which also have cysteine-rich
domains and have been proposed to interact with odorant-
GPCRs [32].

Unique classes of fungal G-protein-coupled receptors
with ancient origins

Having diverged approximately 1,460 million years ago
(Mya) [33], it is clear that fungi have classes of GPCRs that are
distinct from those of animals. The class D fungal pheromone
receptors define a fungus-specific class of receptors. We
found the GPRi-like receptors to be also fungal specific.
Classes of receptors specific to a group of species also occur in
animals. For example, some of GPCRs in Anopheles gambiae
constitute an insect-specific class of chemosensory receptors
[7]. Insects are estimated to have diverged from other animals
nearly 1,000 Mya. Thus, we would expect to find novel fungal
GPCRs with no similarities to ones present in other eukaryo-
tic kingdoms. The largest class of M. grisea GPCR-like pro-
teins we identified is the novel PTHz1i-related class. It is
interesting that we only found homologs of PTH11 in fungi
belonging to subphylum Pezizomycotina within the
Ascomycota (this subphylum has an estimated divergence
date of 1,140 Mya). None was found in fungi belonging to
other subphyla in Ascomycota or Basidiomycota, estimated to
have diverged from each other 1,210 Mya. This indicates that
these proteins are extremely ancient in origin, having possi-
bly evolved to serve specialized functions in a specific sub-
group of fungi. They are either unique to this fungal group or
have evolved sufficiently to be unrecognizable.

Relationships between the PTHI | -related proteins

The PTH11-related proteins form a large and divergent pro-
tein family, as suggested by the similarity between the pro-
teins and the phylogenetic tree (Table 1, Figure 1). This gene
family may have evolved before the divergence of M. grisea
and N. crassa. There are a few orthologs between these spe-
cies; however, it is apparent that this family has undergone
considerable expansion in M. grisea compared to N. crassa,
with the largest subclass in M. grisea being the CFEM-con-
taining proteins. Many of the PTH11-related genes are located
in close proximity to each other on the genome (data not
shown), whereas none of the other GPCR-like proteins,
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MGO04711.4 (STE2-homolog)

Pfam_STE2_dom
N \ n N

&

MG06738.4 (cCAMP receptor-like)
cAMP_dom (Figure 2b)

A\ N
11

MG00532.4 (similarity to animal GPCRs)

MG06452.4 (STE3-homolog)
Pfam_STE3_dom

MG04698.4 (STM1-homolog)
stm1_dom (Figure 2c)

MG08803.4 (GPR1-homolog)

MG05072.4 (mPR-homolog)
mPR_dom (Figure 2d)

MG05871.4 (Pth11)
pth11_dom (Figure 2a)

nNNN

AEEAEP
127UUU

Figure 3

Membrane topology of M. grisea GPCR-like proteins. The figure shows representative examples from different classes with domains that are conserved
with respect to other receptors of the same class. Known Pfam domains or domains conserved between the M. grisea protein and other members of the
class, as shown in Figure 2, are shaded in black. The amino-acid residue numbers that mark the boundaries of these domains are given. The location of the
domains on the membrane topology shown for the M. grisea protein is the same for other proteins that share these domains. For GPR|-related proteins,
sequence similarity was limited to the membrane-spanning regions and MG00532.4 had sequence similarity with other animal GPCRs between the third

and the fifth membrane-spanning regions (not shown in figure).

except a pair of cAMP-receptor-related proteins, occurs in
close proximity. A paralogous pair, MG07553.4 and
MGo07565.4, occurs close together on linkage group III, indi-
cating that these genes may have arisen as a result of
duplication. We blasted these sequences against each other
and observed that they show 30% identity with an E-value of
7e-54. This suggests that even if these genes are a result of
duplication, they have diverged sufficiently and are not incor-
rect duplicate predictions of the same gene due to sequencing
or assembly errors. Both these genes contain the CFEM
domain and also occur in the same clade on the phylogenetic
tree (Figure 1). Another pair of CFEM-containing proteins is
located in close proximity (LGI, group 1). The above examples
of relative expansions within the PTH11-related proteins, as
compared to N. crassa, are an indication that gene duplica-

tion may still be occurring in M. grisea. In N. crassa it is
believed that because of the phenomenon of repeat induced
point mutations (RIP), gene duplications are not maintained
[17]. There is evidence of RIP in M. grisea, but the present
study provides an example that has escaped the RIP process
[34]. Other possibilities are that these genes duplicated
before the evolution of RIP or have escaped RIP because M.
grisea rarely undergoes meiosis in the wild.

Regulation of the activity of GPCR-like proteins by
differential expression and interaction with different
signal transducers

Differential expression and interaction with different signal
transducers could be a way to regulate specific signaling path-
ways. Results from genome-wide microarray experiments
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suggest different patterns of expression for the GPCR-like
receptors during growth and development (T.K. Mitchell and
R.A.D, unpublished work). Representation of some of the
GPCR-like receptors in the fungal ESTs and microarray
experiments suggests that most of these genes are expressed
(Table 1). In addition to differential regulation of the GPCR-
like proteins, their interaction with different G proteins could
channel various signals to different pathways. As well as the
well studied interactions with G proteins, it has been pro-
posed that the seven-span receptors may also interact with
other signal transducers and receptor-interacting proteins to
transmit the signal to different cellular pathways.

Conclusion

The number of classes of GPCR-like proteins identified in the
present study is the largest reported in fungi. Further
research on these receptors will help delineate potentially
novel signaling pathways with which they interact. The new
class of PTH11-related receptors, specific to an Ascomycota
subphylum and relatively numerous in M. grisea, is particu-
larly interesting. PTH11 is an integral membrane protein
localized to the cell membrane and is required for pathogenic-
ity [26]. It is proposed to act upstream of the cAMP pathway
as a receptor that channels signals to this pathway. PTH11
does not have an ortholog in N. crassa. Also, as discussed ear-
lier, only one CFEM-containing seven-span protein is present
in N. crassa compared to 12, including PTH11, in M. grisea. It
remains to be determined whether other members of this
expanded class of PTH11-related proteins are involved in dif-
ferent aspects of pathogenicity. The subphylum Pezizomy-
cotina includes the majority of known ascomycete species,
and includes pathogens and mutualists. Because PTH11-
related GPCR-like proteins are present in non-pathogens,
many members of this class are likely to be involved in func-
tions not related to pathogenesis. All the seven-span recep-
tors and their characteristic domain signatures we discovered
(Figures 2, 3) will be valuable in the identification and com-
parative studies of new receptors in the many fungal genomes
being sequenced.

Materials and methods

Identification of GPCR-like proteins in Magnaporthe
grisea

Known GPCR sequences, including ones present in the
GPCRDB [5], were BLASTed against the predicted M. grisea
proteome to identify homologs in M. grisea [21]. The data-
base containing 7,000 GPCR sequences (updated 28 May
2003) was used as a query in a BLASTP search against the M.
grisea predicted proteins with an E-value limit of 1e-09.
Results from an InterPro scan of the M. grisea proteins were
searched for domains containing the following terms: 'GPCR'
and 'G-protein-coupled receptors' [27]. M. grisea PTH11, a
GPCR-like protein (see Results), was also used in a BLASTP
search against the M. grisea proteome. BLAST and PfamA

Genome Biology 2005, Volume 6, Issue 3, Article R24

searches and related sequence analysis were done using
Genomax (Informax (now Invitrogen)).

Characterization of the GPCR-like proteins and
identification of additional members in M. grisea and
other fungi

GPCR-like sequences were evaluated for seven transmem-
brane regions by TMPRED, Phobius and TMHMM [35-37].
Default settings were used. In nearly all cases at least two of
the algorithms predicted the seven-span helix topology
(Additional data file 1). A BLASTP search using the seven-
span polypeptide sequences as query against the M. grisea
protein set was also done to identify any other similar mem-
bers. The set of identified seven-span proteins was then sub-
ject to BLASTP analysis against GenBank and Swiss-Prot to
confirm sequence similarity to GPCRs. This exercise also
allowed identification of other members that were similar to
these sequences. The M. grisea seven-span proteins identi-
fied as above were used as a query in a BLAST search against
the N. crassa predicted proteins [17] to identify homologs.
The M. grisea and N. crassa proteins were placed into clus-
ters using the blastclust program [38]. All M. grisea and N.
crassa proteins that had at least 30% identity and 80% over-
lap over the length of the proteins were clustered together.
Members of the same species within a cluster were considered
paralogs. Orthologs were defined as proteins that had bidirec-
tional best BLAST hits. A TBLASTN search using the seven-
span containing sequences as query against the GenBank EST
database was performed to identify any identical matches in
the M. grisea ESTs (or other closely related fungal
sequences). The GPCR-like sequences identified in M. grisea
were used as query in BLASTP searches (cutoff < 1e-09)
against the S. cerevisiae and S. pombe genomes and other
completely sequenced fungal genomes to identify putative
homologs in these species.

Alignments and phylogenetic relationships between
the predicted GPCR sequences

The alignment of sequences within related classes in Figure 2
was done using T_Coffee and minor editing as per results
from the BLAST alignments was done using GenDoc [39]. For
phylogenetic analysis, the conserved PTHi1i-domain that
spans the membrane-spanning regions was used. Sequences
were aligned using ClustalW version 1.81 [40]. The phyloge-
netic tree was constructed using PAUP by both neighbor-join-
ing and parsimony methods followed by bootstrap analysis
(100 bootstrap replications). A tree was also constructed
using the neighbor-joining method implemented in the soft-
ware package MEGA 2.1 [41]. All methods showed similar
relationships between the proteins.

Additional data files

The following additional data is available with the online ver-
sion of this paper: additional data file 1 is a table listing M.
grisea-GPCR-like protein accession numbers and seven-span

Genome Biology 2005, 6:R24

Kulkarni et al. R24.13

-
o,
o
]
o
o
[=§
]
o
w
[]
Y
5
fal
=




R24.14 Genome Biology 2005,

Volume 6, Issue 3, Article R24 Kulkarni et al.

predictions; additional data file 2 is a table listing M. grisea-
GPCR-like protein classes and N. crassa homologs; addi-
tional data file 3 is a table listing M. grisea CFEM-containing
proteins that may be membrane associated or secreted.
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