
Volume 176, number 2 FEBS 1903 October 1984 

Calcium, calmodulin-dependent protein phosphorylation in 
Neurospora crassa 

Diederik van Tuinen, Ruben Ortega Perez, Dieter Marme+ and Gilbert Turian 

Luboratoire de Microbioiogie G&u?rale. Dkpartement de Biologie V&g&ale, Universit6 de GenPve, CH-1211 Geneva 4, 
Switzerland, and +Institut fiir Biologie III, Albert-Ludwigs-Universitiit, Schiinalestrasse I, 7800 Freiburg i. Br., FRG 

Received 10 July 1984; revised version received 23 August 1984 

A calcium, calmodulindependent protein kinase activity has been partially purified by calmodulin-Sepha- 
rose affinity chromatography from the soluble fraction of Neurospora crassa. The phosphorylated peptide 
has an apparent molecular mass on SDS-polyacrylamide gel of 47 kDa. The apparent half maximal phos- 
phorylation is obtained after 1.5 min at 30” C in the presence of calcium and calmodulin. The apparent 
half maximal activation of the phosphorylation is obtained at 1 PM calcium, and 0.1 or 0.2 PM calmodulin 
from bovine brain or Neurospora, respectively. The j2P incorporation is enhanced about IO-fold by cal- 

modulin. 

Protein kinase Calmodulin 

1. INTRODUCTION 

Protein phosphorylation has been shown to be a 
powerful tool in the regulation of biochemical and 
physiological processes [ 11. In higher plants, a pro- 
tein kinase activity has been shown to be regulated 
by calcium and calmodulin [2]. 

In Neurospora crassa a cyclic AMP-dependent 
protein kinase has been described [3-51. Protein 
phosphorylation so far seemed to be unaffected by 
calcium [4]. However, the presence of calmodulin 
has been demonstrated in this fungus [a], and a 
cyclic nucleotide phosphodiesterase has been 
shown to be calcium, calmodulin-dependent [7]. 
Therefore it was of interest to investigate if other 
enzymatic systems were calcium, calmodulin- 
dependent. We demonstrate the presence of a 
calcium, calmodulin-dependent protein kinase and 
describe some of its biochemical properties. 

2. MATERIALS AND METHODS 

The wild-type strain STA4 (FGSC no.262) of N. 
crassa was obtained from the Fungal Genetic Stock 
Center, Humboldt State University (Arcata, CA, 

Calcium Neurospora crassa 

USA). Growth conditions were as described in [a]. 
Frozen mycelia were disrupted in a Moulinex 
blender (type 320) for 2 min. The dry powder was 
resuspended in 2 ml per g of mycelial wet weight 
buffer A: 20 mM Tris-HCl (pH 7.5), 3 mM 
MgC12, 1 mM EGTA, 1 mM /3-mercaptoethanol, 
10 mM benzamidine, 0.25 tg/ml pepstatin and 
retreated again for 2 min, as described above. All 
further manipulations were carried out at 4°C. 

The homogenate was filtered through a single 
layer of nylon-cloth and centrifuged at 30000 x g 
for 30 min. Soluble proteins were precipitated at 
65% saturation of (N.H&SO4. After dialysis 
against buffer A containing 0.5 M NaCl, 2 mM 
CaCl2 was added and then recentrifuged at 
129000 x g for 3 h in an MSE Prepspin 
ultracentrifuge. 

Endogenous calmodulin was removed from this 
latter supernatant by chlorpromazine-Sepharose 
chromatography [8]. The effluent was loaded on a 
calmodulin-Sepharose column [9] equilibrated 
with buffer B: 20 mM Tris-HCl (pH 7.5), 3 mM 
MgC12, 1 mM EGTA, 2 mM CaC12, 0.5 M NaCl, 
1 mM ,&mercaptoethanol supplemented with 
0.3% (w/v) BSA. Column were washed with the 
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same buffer. Before elution with 3 mM EGTA (in 
buffer A containing 0.5 M NaCl) BSA was re- 
moved by washing with buffer B. 

Calmodulin from bovine brain and N. crussa 
were prepared as described in [8] and [6], respec- 
tively. Phosphorylation assays contained in a final 
volume of 45 ~120 mM Tris-HCl (pH 7.5), 5 mM 
MgC12, 10 mM NaF, 1 mM ,&mercaptoethanol, 
and either 3 mM EGTA alone or 3 mM EGTA and 
an appropriate amount of calcium to give a free 
calcium concentration between lo-* and lo-’ M. 
The free calcium concentration was calculated by 
a computer program kindly provided by Professor 
B. Gottwald, Freiburg, FRG. The amount of pro- 
tein in the assay condition was between 10 and 
30 /rg. The calmodulin concentration was 1 pM. 
Proteins were determined as in [lo] using BSA or 
calmodulin as standards. 

The reactions were initiated by adding 1 &i 
[y-32P]ATP (3000 Ci/mmol, from Amersham 
Radiochemical Center) at 30°C and terminated 
after 7 min by addition of 25 ~1 of three times con- 
centrated electrophoresis-sample buffer containing 
187 mM Tris-WC1 (pH 7.8), 6% SDS, 6% & 
mercaptoethanol, 45% glycerol and 0.006% 
bromophenol blue. The samples were then boiled 
for 1 min. Phosphorylated proteins were separated 
by electrophoresis on a 12.5% SDS-polyacryl- 
amide gel prepared as described [ 111. After electro- 
phoresis, the gels were stained with Coomassie 
brilliant blue, dried and exposed on a Kodak X- 
Omat SO 282 film. The autoradiograms were 
scanned on a Varian densitometer to determine the 
relative Pi incorporation in the peptides. 

3. RESULTS 

A soluble fraction of the N. crassa mycelia was 
tested for endogenous calcium, calmodulin- 
dependent phosphorylation: in the crude soluble 
fraction partially purified by ammonium sulfate 
precipitation, a peptide of 63 kDa was en- 
dogenously phosphorylated in the presence of 
calcium alone and in the presence of calcium and 
exogenous calmodulin (fig.1, lane A). In the 
absence of calcium the 63-kDa peptide is not 
phosphorylated, but a peptide of 70 kDa is highly 
phosphorylated. This latter peptide was only a lit- 
tle phosphorylated in the presence of calcium, 
alone, or calcium and calmodulin. In this fraction, 
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Fig. 1. Autoradiograph of phosphorylated peptides 
separated on a 12.5% SDS-polyacrylamide gel. (A) 
Ammonium sulfate fraction; (B) pass through fraction 
of the chlorpromazine and calmodulin-Sepharose 
columns; (C) EGTA eluate fraction of the calmodulin 
affinity column obtained in the presence of low ionic 
strength, and (D) high ionic strength. The 
phosphorylation assays were performed in the presence 
of 3 mM EGTA (minus calcium), 3 mM EGTA and 
3.5 mM CaC12 (plus calcium), and where stated 1 pg 

bovine brain calmodulin. 

two other peptides incorporated j2P: one, a 
41-kDa peptide, showed calcium-dependent 
phosphorylation while the other, a 17-kDa pep- 
tide, did not exhibit calcium dependence. No dif- 
ference in the phosphorylation pattern was ob- 
served after passage of the ammonium sulfate 
precipitate through a chlorpromazine-Sepharose 
column to remove endogenous calmodulin, and 
through a calmodulin-Sepharose column to retain 
calmodulin-binding proteins (fig. 1, lane B). When 
the calmodulin-Sepharose column was eluted with 
EGTA in the absence of sodium chloride (fig.1, 
lane C), no endogenous calcium, calmodulin- 
dependent phosphorylation could be detected in 
the eluate; only the 41-kDa peptide was present in 
this fraction. The elution fraction of the 
calmodulin-affinity column obtained with EGTA 
and high ionic strength (0.5 M NaCl) revealed a 
polypeptide of 47 kDa which could be 
phosphorylated in a calcium, calmodulin- 
dependent manner (fig.1, lane D). This 47-kDa 
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peptide, which was phosphorylated to some extent 
in the presence of calcium or calmodulin, could 
not be detected in the crude homogenate. It is 
therefore not possible to determine the purification 
factor. When the extraction was performed in the 
absence of protease inhibitors (i.e., 10 mM ben- 
zamidine and 0.25 pg/ml pepstatin) partial 
hydrolysis of the 47-kDa peptide was observed. 
These proteolytic fragments, with molecular 
masses of 30 to 14 kDa could also be phos- 
phorylated in a calcium, calmodulin-dependent 
manner (see fig.1, lane D). 

3.1. Calcium dependence 
The calcium dependence of the phosphorylation 

of the 47-kDa peptide was investigated in the 
presence of saturating concentrations of 
calmodulin (fig.2). The phosphorylation activity 
was insensitive to concentration of calcium below 
0.5 FM. Maximal phosphorylation activity was ob- 
tained at a free calcium concentration of 10pM. 
The apparent half-maximal phosphorylation was 
obtained with 1 /rM calcium. 

3.2. Calmodulin dependence 
The 32P incorporation of the 47-kDapeptide was 

assayed in the presence of various amounts of 
calmodulin from different sources at saturating 
calcium concentrations (fig.3). The apparent half- 
maximal activation was obtained at 0.1 pM 
calmodulin from bovine brain or 0.2 /cM 
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Fig.2. Calcium dependence of the phosphorylation of 
the 47-kDa peptide was tested in the presence of 

saturating concentrations of calmodulin. 
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Fig.3. The calmodulin dependence of the 47-kDa peptide 
phosphoryiation was tested with various amounts of 
bovine brain (H) or N. CTCISS(I (-) caimodulin, 
in the presence of saturating concentrations of calcium. 

calmodulin from N. crassa. The phosphorylation 
activity was enhanced about IO-fold by 
calmodulin. The magnitude of the kinase activity 
amplification, as the slope of the dose response 
curve, were similar for bovine brain and N. crassa 
calmodulin. At saturating concentrations of 
calcium and calmodulin, the phosphorylation ac- 
tivity was inhibited 20 and 54% by the presence of, 
respectively, 56 and 112 pM chlorpromazine, a 
calmodulin antagonist (not shown). 

4. DISCUSSION 

The data described clearly demonstrate the 
presence of a soluble calcium, calmodulin- 
dependent protein kinase activity in N. crassa 
mycelia. This activity could only be detected after 
chromatography on a calmodulin-Sepharose col- 
umn. We were not able to detect this calcium, 
calmodulin-dependent phosphorylated peptide in 
the partially purified soluble fraction; this is pro- 
bably due to the low concentration of this peptide 
in this fraction or to the presence of an inhibitor. 
The kinase activity is strongly enhanced by 
calmodulin. As compared to the basal activity, 
i.e., activity in the presence of EGTA and 
calmodulin, or calcium alone, the incorporation of 
“P in the 47-kDa peptide is increased about 
IO-fold. The concentration of calmodulin needed 
to obtain the apparent half-maximal activation of 
the protein kinase activity is relatively high. Such 
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a concentration has already been reported for the 
cyclic nucleotide phosphodiesterase of N. crassa 
[7] and for zucchini protein kinase [2]. As the 
calmodulin-dependent phosphorylation assays 
were performed in the calmodulin-Sepharose col- 
umn eluate, all the other calmodulin-binding pro- 
teins were potential calmodulin competitors. The 
calmodulin-dependent phosphorylation demon- 
strated in the EGTA eluate of the calmodulin- 
Sepharose column implicates the presence of the 
enzyme and its substrate. Several hypotheses can 
be suggested in order to explain this result: (i) the 
substrate can be a contamination of the protein 
kinase preparation; (ii) the protein kinase-sub- 
strate complex has a high calcium-dependent af- 
finity for calmodulin; (iii) the protein kinase and 
the substrate could each have a calcium-dependent 
affinity for calmodulin; (iv) the protein kinase 
might be autophosphorylated in the presence of 
calcium and calmodulin. Attempts to separate the 
protein kinase and the substrate, and to demon- 
strate their molecular identity are being pursued. 

The data reported bring new insights in the 
regulation of protein phosphorylation in lower 
eukaryotic organisms. At present, the physiologi- 
cal relevance of the calcium, cahnodulin-depen- 

dent protein phosphorylation in N. crassa is 
unknown. 
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