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Abstract

We cloned and sequenced the cDNA and the gene encoding the catalytic subunit of protein phosphatase 1 from the
filamentous fungusNeurospora crassa. The gene, designatedppp-1 (phosphoprotein phosphatase 1), was mapped by
restriction fragment length polymorphism to linkage group III, in the vicinity ofcon-7 and trp-1. The expression of the
gene was monitored by reverse transcriptase and polymerase chain reactions, by Western blotting, and by protein
phosphatase activity assays in synchronized cultures. Transcripts ofppp-1 were detected in the dormant conidia. The
abundance ofppp-1 mRNA, Ppp-1 protein, and the activity of protein phosphatase 1 increased during germination and
subsequent hyphal elongation as well as during the early stages of aerial mycelium formation.
� 2002 Elsevier Science Inc. All rights reserved.

Keywords: Developmental analysis; Gene cloning; Gene localization; Phosphoprotein phosphatase 1; Protein dephosphorylation;
Neurospora crassa

1. Introduction

Protein phosphorylation and dephosphorylation
reactions are essential elements of signal transduc-

� Note: The DNA sequence reported in this publication has
been deposited in the EMBL database under the accession
number AF124149.

*Corresponding author. Tel.:q36-52-412345; fax:q36-52-
412566.

E-mail address: dombradi@jaguar.dote.hu(V. Dombradi).´
Present address: MRC Protein Phosphorylation Unit,1

School of Life Sciences, University of Dundee, Dundee DD1
5EH, UK.

Present address: Department of Zoology, University of2

Oxford, Oxford OX1 3PS, UK.

tion pathways in eukaryotic cells. The dynamic
balance between the activities of protein kinases
and phosphatases determines the level of phospho-
rylation of a given protein. Approximately 1% of
the active genes are dedicated to code for the
members of the protein kinase superfamily(Plow-
man et al., 1999). Protein phosphatases are less
numerous and more diverse. Distinct protein tyro-
sine phosphatase(PTP), phosphoprotein phospha-
tase (PPP), and metal ion dependent protein
phosphatase(PPM) enzyme families were identi-
fied on the bases of the primary structures of the
catalytic subunitsydomains(Wera and Hemmings,
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Table 1
Members of the PPP family inN. crassa

Name Code Sizea Localization Classification Reference

Geneb Protein Supercontig Chromosome

pzl-1 AF071751 AAD09995 531 136 1 PPZ 1
2.523

ppp-1 AF124149 AAD47567 308 178 3 PP1 Present
2.630 communication

ppe-1 AL390091 CAB98214 334 107 6 PP6 Neurospora
2.160 database

– 12802356 AAK07839 281 52 4 PPG-like 2
2.455

– 2.588 – 287 56 – PP4-like Neurospora
database

pph-1 X83593 CAA58573 310 52 – PP2A 3
2.451

ppt-1 2290382 AAB65138 479 213 5 PP5 4
2.49

cna-1 M73032 AAA33565* 518 23 2 PP2B 5
2.202 CAC18243* 517

References: 1, Szoor et al.(1998); 2, Bean et al.(2001); 3, Yatzkan and Yarden(1995); 4. Yatzkan and Yarden(1997); 5 Higuchi¨´´
et al. (1991).

Number of amino acid residues.a

NCBI code is above theNeurospora genome project code; –, missing information; *, splice variants.b

1995). The members of the latter two families are
specific for the dephosphorylation of phosphoester
bonds of Ser and Thr residues. Protein phosphatase
1 (PP1) is a prominent representative of the PPP
family. It was one of the first protein phosphatases
identified by biochemical methods and by molec-
ular cloning(Bollen and Stalmans, 1992). PP1 is
present in all of the eukaryotes from yeast to
human. The comparison of the amino acid
sequences of 44 different PP1 catalytic subunits
revealed the extremely high level of conservation
of the protein’s structure, indicating the fundamen-
tal roles and the large number of vital interactions
of these proteins(Lin et al., 1999). Genetic anal-
ysis of several mutant organisms suggests that PP1
is involved in the regulation of cell division cycle,
glycogen metabolism, muscle contraction, cellular
morphology, and the deposition of memory traces
(Dombradi, 1997).´

Neurospora crassa is a well-characterized model
organism of fungal genetics. Its genome sequence
has been recently determined. Several protein
phosphatases were identified in this filamentous
fungus by biochemical and genetic approaches
even before the completion of the genome project.
Protein phosphatase activity was first detected by
Tellez de Inon and Torres(1973) in N. crassa.
Subsequently, four phosphatases were identified
and classified according to biochemical criteria

(Szoor et al., 1995; Zapella et al., 1996; Szoor et¨´´ ¨´´
al., 1997). They were termed PP1, PP2A, PP2B
and PP2C. The first three enzymes belong to the
PPP family, while PP2C is a representative of the
PPM family. The catalytic subunits of PP2A
(Szoor et al., 1995) and PP1(Szoor et al., 1997)¨´´ ¨´´
were also purified and characterized. Molecular
cloning substantiated the above findings(Higuchi
et al., 1991; Yatzkan and Yarden, 1995, and present
communication) and extended the PPP family by
three novel members including Ppt-1(Yatzkan and
Yarden, 1997), Pzl-1 (Szoor et al., 1998), and a¨´´
PPG-like partial sequence(Bean et al., 2001). In
addition, sequences for a homologue of PP6 and a
putative PP4 can also be found in theNeurospora
database http:yywww-genome.wi.mit.eduyannota-
tionyfungiyneurospora(Table 1). In the present
communication we have analyzed the expression
of the ppp-1 gene that codes for the catalytic
subunit of PP1 inN. crassa and we suggest that
this enzyme may be involved in the regulation of
the asexual phases of fungal life cycle.

2. Materials and methods

2.1. Materials

Oligonucleotides were purchased from Amer-
sham Pharmacia Biotech. P-labeled rabbit muscle32
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phosphorylasea was prepared according to Cohen
et al. (1989). wa PxdCTP andwg PxATP were32 32

obtained from the Institute of Isotopes Ltd.(Hun-
gary). High DNA mass-ladder molecular mass
standard of GIBCO-BRL was used in agarose gel
electrophoresis. Low range molecular mass protein
markers(Sigma) were used in SDS polyacryla-
mide gel electrophoresis. The PP1g N-19 (sc-
6109) anti-peptide antibody and the corresponding
competitor peptide(sc-6109P) were purchased
from Santa Cruz Biotechnology Inc. Peroxidase
conjugated anti-goat secondary antibody was
obtained from Sigma–Aldrich.

2.2. Screening of cDNA and genomic DNA
libraries

An N. crassa lZAP cDNA library obtained
from the Fungal Genetics Stock Center(FGSC)
was screened with a 1.9 kbXbaI-EcoRI fragment
of the pzl-1 gene (Szoor et al., 1998) under¨´´
stringent conditions(Sambrook et al., 1989). Two
positive clones were found among 50 000 plaque
forming units. One of them represented the cDNA
of pzl-1 (Szoor et al., 1998), whereas the other¨´´
coded for a protein similar to the known PP1
catalytic subunits. The OrbachySachsN. crassa
genomic cosmid library(FGSC) was screened with
the 1.7 kb insert of the cDNA clone to facilitate
the isolation of the corresponding gene termed
ppp-1. Two identical cosmids were isolated this
way. A 3 kb DNA fragment containing theppp-1
gene was excised from one of the genomic clones
with the restriction enzymesXbaI and EcoRI and
was subcloned in the Bluescript pKS vector
(Stratagene).

2.3. DNA sequencing

The nucleotide sequences of theppp-1 cDNA
and gene were determined by the chain termination
method(Sanger et al., 1977) on both strands using
Sequenase Version 2.0 DNA sequencing kit(Unit-
ed States Biochemical) with universal (T3 and
T7) as well as specific(NPP11-NPP17) oligonu-
cleotide primers.

2.4. Molecular modeling

A homologous model ofNeurospora crassa
protein phosphatase 1 catalytic subunit was built
based on the crystal structure of rabbit muscle
PP1a (amino acid residues 7–300; Goldberg et

al., 1995; PDB accession number: 1FJM) using
the Modeller3 program(Sali and Blundell, 1993).
Sequence alignment was performed with ClustalW
software(Thompson et al., 1994). The amino acid
identity was 88% between the two sequences and
the root mean square deviation was 0.135 A for˚
the Ca atoms of the two structures.

2.5. Culturing of N. crassa strains

Wild type strain 74A(FGSC 2489) of N. crassa
was grown on solid Vogel’s sucrose medium
(Davis and de Serres, 1970). Conidia were washed
off from the surface, were collected by sieving
through cheesecloth and than were resuspended in
Vogel’s medium. The conidial concentration was
determined by counting in a hemocytometer.
Erlenmeyer flasks containing fluid Vogel’s medi-
um were inoculated to a density of 3=10 conidiay7

ml and were incubated overnight at 48C in order
to initiate synchronized cultures. Next day they
were transferred to an orbital shaker and were
shaken at 348C and 120–150 rev.ymin for the
indicated time periods. The germinating conidia
(0, 1, 3, 7 h) were collected by centrifugation,
whereas vegetative mycelia(11, 24 h) were fil-
tered on a filter paper in a Buchner funnel. To¨
obtain aerial mycelia the 24-h liquid cultures were
filtered as mentioned before then the mycelia
collected on the membranes were transferred to
Petri dishes containing a monolayer of sterile glass
beads(0.5 cm), which were just about covered
with Vogel’s sucrose medium. These samples were
further grown at 348C for 2, 4, 8, 24 h and were
harvested(at 26, 28, 32, 48 h of the total culturing
time) by peeling off the mycelium from the filter
paper. After measuring their mass the samples
were immediately frozen in liquid N and were2

stored aty70 8C until use.

2.6. Southern blotting and gene localization by
restriction fragment length polymorphism

Genomic DNA was prepared fromN. crassa
(FGSC 2489) and digested with different restric-
tion endonucleases. Southern blots were made and
probed by the 1.7 kbppp-1 cDNA fragment
labeling with the Rediprime II kit(Amersham
Pharmacia Biotech) and wa PxdCTP (Sambrook32

et al., 1989). To localize theppp-1 genomic DNA
was isolated from the progeny of the ‘small cross’
of the parental Mauriceville-1C-A and Oak Ridge
strains (Metzenberg and Grotelueschen, 1989).
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The DNA were digested withBglII, separated by
agarose gel electrophoresis and transferred to a
Hybond-Nq (Amersham Pharmacia Biotech)
membrane. These blots were analyzed with the
full-length ppp-1 genomic insert of the cosmid
clone in a high-stringency Southern blotting exper-
iment. Hybridizations were carried out in the
presence of 50% formamide at 428C and the
positive bands were visualized by autoradiography
(Sambrook et al., 1989).

2.7. Reverse transcriptase and polymerase chain
reactions

Total RNA was isolated fromN. crassa (Chom-
czynski and Sacchi, 1987). RNA concentration
was measured spectrophotometrically in 1 mM
Na HPO (pH 7.5). A sample of 0.3mg of RNA2 4

was reverse transcribed at 488C for 45 min,
denatured at 948C for 2 min and amplified in 30
cycles(94 8C for 0.5 min, 578C for 1 min, 688C
for 2 min) with the Access RT-PCR kit of Pro-
mega. A final extension step at 688C was per-
formed for 7 min. Oligonucleotides NPP12:
CATGACTCGGCGGATCTGC and NPP13:
GCTTCTTGCTGGGATGCT were used in the
direct reaction, while NPP14: AAA-
CATGGCGGCGGTAGAC and NPPP15:
ATGCACGGTGGTTGAGCC were applied in the
competitive set-up(Gilland et al., 1990). The
quality of the RNA preparations was monitored by
control amplifications of thergb-1 transcript(Yatz-
kan and Yarden, 1999). According to our prelimi-
nary tests the RNA preparation was devoid of
genomic DNA contamination. It was also shown
that RT-PCR yielded in a linear response under
the assay conditions. The optimal ratio of the
competitorppp-1 genomic DNA fragment(the 3
kb XbaI-EcoRI fragment subcloned into pKSq
vector) to total RNA was determined. As a result
of this calibration 5 pg of theppp-1 genomic DNA
was added to the samples in the competitive
reactions. The amplified products were separated
by agarose gel electrophoresis and were quantitated
by scanning the ethidium bromide stained bands
with a Pharmacia LKB ImageMaster DTS
densitometer.

2.8. Western blotting

A 50 mg samples of protein of the crudeN.
crassa extracts were loaded into each lane of a

12% polyacrylamide gel and were separated by
electrophoresis(Laemmli, 1970). Recombinant
human PP1d (10 mg) was used as positive control
(Hirano et al., 1995). Protein bands were trans-
ferred to nitrocellulose membrane(Hybond ECL,
Amersham Pharmacia Biotech) by electro-blotting.
The load was checked by Ponceau-S staining of
the membranes and the density of all lanes was
determined with a BioRad Fluor-S MultiImiger
using the Quantity One version 4 software. After
Western blotting protein phosphatase 1 catalytic
subunits were detected with a 1:100 diluted PP1g

N-19 antibody (Santa Cruz Biotechnology Inc.)
by an enzyme-coupled chemiluminescence(ECL)
kit of Amersham Pharmacia Biotech according to
Harlow and Lane (1988). ECL signals were
recorded on CEA RP medical X-ray films after 1–
3 min exposure and were quantitated by densito-
metry as before. Band intensities were corrected
for variations in load and were normalized for the
positive control band intensity in each film.

2.9. Assay of protein phosphatase activity

PP1 activity of N. crassa crude extracts was
determined with P-labeled rabbit muscle glyco-32

gen phosphorylasea substrate in the absence and
presence of rabbit skeletal muscle inhibitor-2 pro-
tein as described earlier(Szoor et al., 1997).¨´´
Protein concentration was measured by the dye-
binding assay, using bovine serum albumin as a
standard(Read and Northcote, 1981).

3. Results

3.1. Cloning and localization of the ppp-1 gene

We cloned a cDNA from aN. crassa lZAP
cDNA library on the bases of its sequence simi-
larity to pzl-1 (Szoor et al., 1998). The 1727-bp-¨´´
long nucleotide sequence of the insert overlaps
with the central portion of the 2233 bp cDNA
sequence AF049853(Zapella et al., 1996) that
codes for the catalytic subunit of protein phospha-
tase 1. We isolated the corresponding gene, termed
ppp-1, with the cDNA probe from the Orbachy
Sachs N. crassa genomic cosmid library. The
genomic DNA sequence is 99% identical with
nucleotides 16410–14835 and 14780–14266 of
contig 2.630 of theNeurospora genome project.
The small DNA segment between nucleotides
14834 and 14781 may represent an intron that is
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Fig. 1. Chromosomal localization of theppp-1 gene. Southern blot analysis was carried out afterBglII digestion of the genomic DNA
isolated from 18 progeny, originating from the ‘small cross’ as well as the parental Oak Ridge(O) and Mauriceville-1C-A(M) strains
(Metzenberg and Grotelueschen, 1989). Fungal Genetics Stock Center numbers are shown above the lanes. The segregation pattern of
the polymorphism is indicated in capital letters.

missing from our genomic clone. The full-length
genomic insert of approximately 36 kb was used
for the localization of the gene by RFLP. Out of
31 restriction endonucleases tested onlyBglII was
suitable for the detection of polymorphism
between the parental Oak Ridge and Mauriceville-
1C-A strains with this probe(Fig. 1). The restric-
tion fragment pattern coincided with that of the
lze-4, con-7 and trp-1 genes (Metzenberg and
Grotelueschen, 1989). Thus,ppp-1 was mapped to
linkage group III in the vicinity ofcon-7 and trp-
1. Southern blots obtained after digestion of
genomic DNA with several restriction enzymes
indicated that there was no close homologue of
the ppp-1 gene in theN. crassa genome(data not
documented).

3.2. Expression of the ppp-1 gene during the
asexual development of N. crassa

In order to analyze the expression ofppp-1 gene
in synchronizedN. crassa cultures an RT-PCR
strategy was designed. Two oligonucleotide pairs
were selected in such a way that the binding sites
of the forward and reverse primers bracket two
introns in the gene(Fig. 2a). Consequently, the
sizes of the PCR fragments amplified from mRNA
were smaller than those obtained from genomic
DNA in both cases. The strategy resulted in an
unambiguous detection of the mRNA related
bands. This arrangement also allowed the construc-
tion of a competitive RT-PCR scheme where pre-

determined amounts of externally added genomic
DNA competed with the reverse-transcribed cDNA
in the PCR cycles.

Densitometric scanning of the 780 bp band
obtained with the primer pair NPP13-NPP12 at
different stages of the asexual development sug-
gested that theppp-1 transcript is present in the
dormant conidia and its level increases during
germination and at the beginning of aerial myce-
lium formation (Fig. 2b). This conclusion was
substantiated by quantitative RT-PCR with the
primer pair NPP15-NPP14, where the ratio of the
490 bp band(mRNA) to the 680 bp band(genom-
ic DNA) was determined(Fig. 2c and Fig. 3a).

3.3. Translation of the Ppp-1 protein during the
asexual development of N. crassa

From a panel of PP1 antibodies we found a goat
IgG, raised against the N-terminal 19 amino acids
of the human PP1g isoform that cross-reacted with
the N. crassa Ppp-1 protein in Western blotting
(Fig. 2d). The antibody detected a single band of
35 kDa, in accordance with the predicted molecular
mass of the Ppp-1 polypeptide. The specificity of
the reaction was proven by the fact that a 10-fold
molar excess of the PP1g competitor peptide
completely eliminated the signal(data not docu-
mented). The amount of Ppp-1 protein increased
significantly in the first 3 h of cultivation (Fig. 2d
and Fig. 3b). A smaller rise was observed 4 h
after the initiation of aerial mycelium formation
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Fig. 2. RT-PCR and Western analysis ofppp-1 transcript and Ppp-1 protein levels during the asexual development ofN. crassa. The
hybridization positions of synthetic oligonucleotides NPP12-NPP15(arrowheads) are shown in a schematic representation of theppp-
1 mRNA and gene structures(a). Coding regions are black, and non-coding regions are gray. Introns in the gene are white and the
poly-A tail in the mRNA is light gray. Bold bars indicate the sizes of the expected PCR products. SynchronizedN. crassa cultures
were grown for 1 day in liquid medium(vegetative mycelia) and for another day on the surface of a filter paper(aerial mycelia). Total
RNA was isolated and analyzed by RT-PCR with the NPP13-NPP12 primer pair(b) or by competitive RT-PCR with the NPP15-NPP14
primer pair(c). The PCR products were resolved in 1.6 % agarose gel and stained with ethidium-bromide. A crude protein extract of
the samples was analyzed by Western blotting with PP1g N-19 antibody(c). The results of representative experiments are shown in
panels b–d. St denotes the lane for molecular mass standards in b and d.
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Fig. 3. Quantitative evaluation ofppp-1 gene expression. SynchronizedN. crassa cultures were prepared and analyzed as described in
Fig. 2. The band intensities were estimated by densitometry after RT-PCR(a) and Western blotting(b). The ratio of the mRNA(cDNA)
to the competitor genomic DNA is given in relative units in panel a. The Ppp-1 protein levels relative to the starting value(0 h) are
shown in panel b. In parallel experiments the protein concentration and PP1 activity were assayed in the crude extracts and the specific
activity of PP1 was determined(c). Error bars indicate the standard deviation of three independent experiments. Asterisks and crosses
label significant changes(P-0.05 for RT-PCR and Western, whileP-0.25 for the phosphatase assays) in the vegetative and aerial
mycelia, respectively.

that was followed by a gradual decrease in the
protein level during prolonged cultivation.Since
ppp-1 is a single copy gene coding for the catalytic
subunit of PP1 the assay of PP1 activity can also
be used to monitor the gene expression at the
protein level. The specific activity of PP1 elevated
at the early phases of the vegetative growth and
aerial mycelium formation(Fig. 3c). The peaks of

the activity appeared at 7 and 28 h, i.e. 7 h after
the onset of culturing in liquid medium and 4 h
after the transfer to solid support and exposure to
open air.

4. Discussion

In most organisms several PP1 catalytic subunit
isoforms have been detected(Dombradi, 1997).´
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Fig. 4. Homologous molecular model ofN. crassa protein phosphatase 1 catalytic subunit. The Ca backbone of the Ppp-1 protein
(amino acids 7–300) is depicted in blue. Residues essential for catalytic activity are shown in red, while the ones involved in the
binding of putative regulatory subunits are highlighted in yellow. White spheres represent the metal ions in the active site.

Saccharomyces cerevisiae and N. crassa are the
only known exceptions. In the latter case repeat
induced point mutation(RIP) may have prevented
the functional duplication of the gene. This
assumption is supported by the fact, that all of the
PPP enzyme family members are represented by a
single gene in theN. crassa genome(Table 1).
We found a significant sequence similarity between
ppp-1 andpzl-1, a fact that explains why theppp-
1 cDNA was detected by apzl-1 probe in our
screening.

The essential function of PP1 was demonstrated
by gene disruption and by the genetic analysis of
conditional, and hypomorphic mutants in different
organisms. GLC7yDIS2S1 is indispensable in the
cell cycle regulation, glycogen metabolism, cell
wall integrity and morphogenesis of the baker’s
yeast (Ohkura et al., 1989; Andrews and Stark,
2000). A mutation of theA. nidulans bimG gene
results in a block in mitosis, hyperphosphorylation
of nuclear proteins and excessive swelling of the
conidia (Doonan and Morris, 1989). Most proba-
bly a defect in chitin synthesis is in the background
of the abnormal shape and osmotic instability of

the germlings(Borgia, 1992). Our results are in
agreement with the above findings. Although the
enzyme was present inN. crassa at all stages of
the asexual life cycle we noticed two small but
significant elevations of theppp-1 gene expression
at well-defined points. As a general tendency, the
translation of the Ppp-1 protein followed the tran-
scription of theppp-1 mRNA with some delay.
The first peak was observed a few hours after the
beginning of cultivation, when the germination of
conidia and the outgrowth of hyphae took place.
The second increase coincided with the formation
of the aerial mycelium. In both cases intensive
chitin synthesis is required for the building up of
new cell wall masses(Yarden and Yanofsky, 1991;
Sietsma et al., 1996).

The structure of PP1 catalytic subunits has been
well conserved during evolution. The central core
(amino acids 45-301 inN. crassa Ppp-1) is nearly
the same in all examples; most of the replacements
represent conservative substitutions(Lin et al.,
1999). The striking 93% amino acid identity to
BimG from A. nidulans indicates common func-
tions for the fungal enzymes. The structural simi-
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larity to the animal counterparts was demonstrated
by homologous modeling based on the atomic
coordinates of rabbit PP1a (Goldberg et al., 1995)
(Fig. 4). The predicted three-dimensional structure
of the a-carbon backbone ofN. crassa Ppp-1
overlaps with that of the rabbit protein. The metal-
ion binding sites within the catalytic center are all
well conserved in the fungal enzyme. The conser-
vation of amino acid residues that are responsible
for the interaction with regulatory proteins in the
structure of Ppp-1 strongly suggests the existence
of such proteins inN. crassa. However, there is
only limited information on the Ppp-1 regulatory
subunits in this filamentous fungus. A heat- and
thermostable inhibitor called INc was partially
purified and characterized(Zapella et al., 1996;
da-Silva et al., 1999), but none of the Ppp-1
interacting proteins have been cloned yet. The
computer analysis of theN. crassa genome pro-
ject’s database revealed a number of putative Ppp-
1 interacting proteins including the homologues of
inhibitor-2, inhibitor-3, SHP1, ribosomal protein
L5, GRP78, Sds22 and the glycogen binding
subunit G (Csoka et al., unpublished data). AllM ´
of these putative PPP-1 interacting proteins contain
a typical binding motif important for complex
formation with the catalytic subunit(Egloff et al.,
1997). The investigation of the function of the
hypothetical interacting proteins is currently in
progress in our laboratory.

Acknowledgments

Thanks are due to Dr David J. Hartshorne
(Muscle Biology Group, University of Arizona,
USA) for the human PP1d protein. Our work was
supported by the grants of the Hungarian Ministry
of Education (FKFP 100y2000), the National
Research Found(OTKA T33050) and by a bilat-
eral Hungarian–Israeli exchange program(ISR-2y
96).

References

Andrews, P.D., Stark, M.J.R., 2000. Type 1 protein phosphatase
is required for maintenance of cell wall integrity, morpho-
genesis and cell cycle progression inSaccharomyces cerev-
isiae. J. Cell Sci. 113, 507–520.

Bean, L.E., Dvorachek Jr., W.H., Braun, E.L., et al., 2001.
Analysis of the pdx-1(snz-1ysno-1) region of theNeuros-
pora crassa genome: correlation of pyridoxine-requiring
phenotypes with mutations in two structural genes. Genetics
157, 1067–1075.

Bollen, M., Stalmans, W., 1992. The structure, role and
regulation of type 1 protein phosphatases. Crit. Rev. Bioch-
em. Mol. Biol. 27, 227–281.

Borgia, P.T., 1992. Roles of the orlA, tsE, and bimG genes of
Aspergillus nidulans in chitin synthesis. J. Bacteriol. 174,
384–389.

Chomczynski, P., Sacchi, N., 1987. Single step method of
RNA isolation by acid guanidine thiocyanate-phenol-chlo-
roform extraction. Anal. Biochem. 162, 156–159.

Cohen, P., Klump, S., Schelling, D.L., 1989. An improved
procedure for identifying and quantitating protein phosphats-
es in mammalian tissues. FEBS Lett. 250, 596–600.

da-Silva, A.M., Zapella, P.D.A., Andrioli, L.P.M., et al., 1999.
Searching for the role of protein phosphatases in eukaryotic
microorganisms. Brazil. J. Med. Biol. Res. 32, 835–839.

Davis, R.H., de Serres, F.J., 1970. Genetic and microbiological
research techniques forNeurospora crassa. Methods
Enzymol. A 17, 79–143.

Dombradi, V., 1997. Comparative analysis of SeryThr protein´
phosphatases. Trends Comp. Biochem. Physiol. 3, 23–48.

Doonan, J.H., Morris, N.R., 1989. The bimG gene ofAsper-
gillus nidulans, required for completion of anaphase,
encodes a homolog of mammalian phosphoprotein phospha-
tase 1. Cell 57, 987–996.

Egloff, M.P., Johnson, D.F., Moorhead, G., Cohen, P.T.W.,
Barford, D., 1997. Structural basis for the recognition of
regulatory subunits by the catalytic subunit of protein
phosphatase 1. EMBO J. 16, 1876–1887.

Gilland, G., Perrin, S., Bunn, H.F., 1990. Competitive PCR
for quantitation of mRNA. In: Innis, M.A., Gelfand, D.H.,
Sninsky, J.J., White, T.J.(Eds.), PCR Protocols: A Guide
to Methods and Applications. Academic Press, New York,
pp. 60–69.

Goldberg, J., Huang, H., Kwon, Y., Greengard, P., Nairn, A.C.,
Kuriyan, J., 1995. Three-dimensional structure of the cata-
lytic subunit of protein serineythreonine phosphatase-1.
Nature 376, 745–753.

Harlow, E., Lane, D., 1988. Antibodies: A Laboratory Manual.
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY.

Higuchi, S, Tamura, J., Giri, P.R., Polli, J.W., Kincaid, R.L.,
1991. Calmodulin-dependent protein phosphatase fromNeu-
rospora crassa. J. Biol. Chem. 26, 18104–18112.

Hirano, K., Ito, M., Hartshorne, D.J., 1995. Interaction of the
ribosomal protein, L5, with protein phosphatase type 1. J.
Biol. Chem. 970, 19786–19790.

Laemmli, U.K., 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 15,
680–685.

Lin, Q., Buckler IV, E.S., Muse, S.V., Walker, J.C., 1999.
Molecular evolution of type 1 serineythreonine protein
phosphatases. Mol. Phylogen. Evol. 12, 57–66.

Metzenberg, R.L., Grotelueschen, J., 1989. Restriction poly-
morphism map ofNeurospora crassa update. Fungal Genet.
Newslett. 36, 51–57.

Ohkura, H., Kinoshita, N., Miyatani, S., Toda, T., Yanagida,
M., 1989. The fission yeast dis2 gene required for chro-q

mosome disjoining encodes one of the two putative type 1
protein phosphatases. Cell 57, 957–1007.

Plowman, G.D., Sundarsanam, S., Bingham, J., Whyte, D.,
Hunter, T., 1999. The protein kinases ofCaenorhabditis
elegans: a model for signal transduction in multicellular
organisms. Proc. Natl. Acad. Sci. USA 96, 13603–13610.



170 T. Zeke et al. / Comparative Biochemistry and Physiology Part B 134 (2003) 161–170

Read, S.M., Northcote, D.H., 1981. Minimalization of variation
in the response to different proteins of the Coomassie blue
G dye-binding assay for protein. Anal. Biochem. 116,
53–64.

Sali, A., Blundell, T.L., 1993. Comparative protein modelling
by satisfaction of spatial restraints. J. Mol. Biol. 234,
779–815.

Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular
Cloning: A Laboratory Manual. second ed. Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY.

Sanger, F., Nicklen, A.R., Coulson, A.R., 1977. DNA sequenc-
ing with chain termination inhibitors. Proc. Natl. Acad. Sci.
USA 74, 5463–5467.

Sietsma, J.H., Beth Din, A., Ziv, V., Sjollema, K.A., Yarden,
O., 1996. The localization of chitin synthase in membranous
vesicles(chitosomes) in Neurospora crassa. Microbiology
142, 1591–1596.

Szoor, B., Feher, Z., Bako, E., et al., 1995. Isolation and´¨´´ ´ ´
characterization of the catalytic subunit of protein phospha-
tase 2A fromNeurospora crassa. Comp. Biochem. Physiol.
B 112, 515–522.

Szoor, B., Dombradi, V., Gergely, P., Feher, Z., 1997. Purifi-¨´´ ´ ´
cation and characterization of the catalytic subunit of protein
phosphatase 1 fromNeurospora crassa. Acta Biol. Hung.
48, 289–302.

Szoor, B., Feher, Z., Zeke, T., Gergely, P., Yatzkan, E., Yarden,¨´´ ´
O., Dombradi, V., 1998. pzl-1 encodes a novel protein´
phosphatase-Z-like SeryThr protein phosphatase inNeuros-
pora crassa. Biochim. Biophys. Acta 1388, 260–266.

Tellez de Inon, M.T., Torres, H.N., 1973. Regulation of
glycogen phosphorylase a phosphatase inNeurospora cras-
sa. Biochim. Biophys. Acta 297, 391–417.

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. ClustalW:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, positions-specific
gap penalties and weight matric choice. Nucleic Acids Res.
22, 4673–4680.

Wera, S., Hemmings, B.A., 1995. Serineythreonine protein
phosphatases. Biochem. J. 311, 7–29.

Yarden, O., Yanofsky, C., 1991. Chitin synthase 1 plays a
major role in cell wall biogenesis inNeurospora crassa.
Genes. Dev. 12, 2420–2430.

Yatzkan, E., Yarden, O., 1995. Inactivation of a single type-
2A phosphoprotein phosphatase is lethal inNeurospora
crassa. Curr. Genet. 28, 458–466.

Yatzkan, E., Yarden, O., 1997. ppt-1, a Neurospora crassa
PPTyPP5 subfamily serineythreonine protein phosphatase.
Biochim. Biophys. Acta 1353, 18–22.

Yatzkan, E., Yarden, O., 1999. The B regulatory subunit of
protein phosphatase 2A is required for completion of macro-
conidiation and other developmental processes in Neuros-
pora crassa. Mol. Microbiol. 31, 197–209.

Zapella, P.D.A., da-Silva, A.M., da-Costa-Maia, J.C., Terenzi,
H.F., 1996. Serineythreonine protein phosphatases and a
protein phosphatase 1 inhibitor fromNeurospora crassa.
Brazil. J. Med. Biol. Res. 29, 599–604.


	Expression of protein phosphatase 1 during the asexual development of Neurospora crassa
	Introduction
	Materials and methods
	Materials
	Screening of cDNA and genomic DNA libraries
	DNA sequencing
	Molecular modeling
	Culturing of N. crassa strains
	Southern blotting and gene localization by restriction fragment length polymorphism
	Reverse transcriptase and polymerase chain reactions
	Western blotting
	Assay of protein phosphatase activity

	Results
	Cloning and localization of the ppp-1 gene
	Expression of the ppp-1 gene during the asexual development of N. crassa
	Translation of the Ppp-1 protein during the asexual development of N. crassa

	Discussion
	Acknowledgements
	References


