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Abstract

We have enriched a 47-kDa polypeptide (p47) from Neurospora crassa on the basis of its affinity to calmodulin. The p47 was
purified to homogeneity by chromatography on a Mono S cation exchange column and evidence is presented that the
polypeptide co-sediments specifically with F-actin. The intracellular distribution of p47 and actin was also examined using
indirect double immunofluorescence staining of cells at different stages of development. Our results suggest that by altering the
conformation binding site of actin to p47, calmodulin could play a regulatory role in the polarized hyphal growth of N. crassa.
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1. Introduction

Microfilaments (MFs) are ubiquitous cellular
structures that contribute to the determination of
cell shape and provide the machinery for several as-
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pects of cellular motility and morphogenesis. Asso-
ciated with MFs are a wide spectrum of accessory
proteins which regulate many physiological functions
linked to the actin cytoskeleton.

These actin-binding proteins (ABPs), notably vil-
lin, gelsolin, severin, and fragmin, are believed to
play a regulatory role in the cytoskeletal changes
that occur during cell locomotion, secretion, cyto-
plasmic streaming and cytokinesis [1,2]. The proper-
ties of these ABPs have been reviewed in detail [3-5].

A number of proteins that interact with actin and
alter the assembly state of the actin MFs in several
models have been described in a wide variety of fun-
gi, principally Saccharomyces cerevisiae [6], and also
in the slime mold Dictyostelium discoideum [7].

Although actin has been purified and partially
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characterized in Neurospora crassa [8], no ABPs have
been described yet in this filamentous fungus.

We report here the purification and localization of
a 47-kDa peptide (p47) able to bind not only to actin
but also to calmodulin (CaM), an intracellular cal-
cium regulator that we had previously characterized
in N. crassa [9,10]. Our results suggest that CaM can
play a regulatory role by altering the binding of actin
to p47, depending upon calcium concentrations. This
mechanism may be involved in the polarized growth
of the hyphae of N. crassa.

2. Materials and methods
2.1. Organism and growth conditions

Wild-type N. crassa strain St. Lawrence 74A
(FGSC 262) was obtained from the Genetics Stock
Center, University of Kansas Medical Center, Kan-
sas City, KS, USA. Growth conditions and harvest-
ing of the cells were as described in [9]. Vegetative
cells were quickly frozen in liquid nitrogen after har-
vest and lyophilized.

2.2. Purification of the 47-kDa peptide

To prepare the 47-kDa peptide, 6 g of lyophilized
mycelia were disrupted in a Waring blender and the
dry powder resuspended in 100 ml of buffer A (20
mM Tris-HCI, pH 7.5, 5 mM MgCl,, 3 mM EGTA,
10 mM benzamidine, 0.25 pg/ml pepstatin, 0.2 uM
aprotinin, 0.5 pg/ml leupeptin, and 10 mM B-mer-
captoethanol per gram of lyophilized mycelium).
The homogenate was rapidly filtered through a
cheesecloth and clarified by centrifugation at
38000 X g for 30 min in a SS-34 rotor Sorvall RC-
5B (Sorvall Instruments, Wilmington, DE). The re-
sulting supernatant was mixed with 35 ml of CM-
Sepharose CI-6B (Pharmacia) resin pre-equilibrated
in buffer B (buffer A, without protease inhibitors and
B-mercaptoethanol). After washing with 25 bed vol-
umes of buffer B, 47-kDa fractions were eluted with
500 mM NaCl prepared in the buffer described
above (buffer C). The pH of the eluate was adjusted
to 7.5 with 1 M Tris base, CaCl, was added to give a
free final concentration of 1 mM, and the mixture
was chromatographed on a 10 ml calmodulin-Se-

pharose 4B column (containing 7.5 mg of CaM/ml
of resin), equilibrated with buffer C. After washing
with the same buffer until the Asgy ., Of the column
effluent came down to lower than 0.02, the bound
proteins were released by chelation of the calcium
with buffer D (buffer C without calcium but contain-
ing EGTA instead). The eluted proteins thus ob-
tained were pooled, dialysed overnight against 5
mM Tris-HCI, pH 6.9 containing 50 mM KCI, and
filtered on a Millex-GV 0.22 pum membrane (Milli-
pore) and loaded onto a Mono S cation exchange
column. After washing with the same buffer, elution
was performed with a discontinuous gradient of KCI
0.05-0.5 M using a FPLC system (Pharmacia). The
protein content of the collected fraction (0.5 ml) was
examined by SDS-PAGE.

2.3. Gel electrophoresis analysis

One-dimensional SDS-PAGE was performed ac-
cording to Laemmli [11] using a resolving slab gel
of 12.5% (w/v) acrylamide and stained as described
by Zehr et al. [12]. Protein concentration was deter-
mined by the method of Spector [13], using BSA as
standard.

47-kDa fractions eluted from the Mono S column
with 0.48 M KCI were analyzed by two-dimensional,
non-equilibrium pH-gradient electrophoresis
(NEPHGE) [14].

2.4. Immunological techniques

Antisera against the ‘PAGE-purified 47-kDa pep-
tide’ were prepared by standard methods followed by
concentration of the IgG using protein A-Sepharose

Table 1
Summary of total protein recovery after different purification
steps

Stage Protein (mg)
Crude extract: 1557£36.4
Elution from CaM column by 0.5 M NaCl: 49+1.7

Elution from CaM column by Ca®* chelation: 8.97%0.5
Elution of the Mono S column by

0.22 M KCI: 3.11£0.06
0.33 M KCI: 1.35+£0.05
0.48 M KClI: 0.76 £0.06

Each value is the mean £ S.E.M. of three experiments.



N. Capelli et al. | FEMS Microbiology Letters 147 (1997) 215-220 217

A
kDa 1 2 345 6 7 8
94 _ .
67 -&8 =&
43 _ !;..—-
0 -
I-‘—- -
|— -
20.1_ »w
14.4_
B : BH N
8.25
- ! kDa
;_ 47
=
A J

Fig. 1. Purification of p47 by calmodulin affinity chromatography
and Mono S chromatography. A: SDS-PAGE analysis of pro-
teins at different steps of the purification procedure. Lane 1, mo-
lecular mass markers (Sigma); lane 2, crude protein extract (35
ug); lane 3, CM-Sepharose Cl-6B flow-through (35 pg); lane 4,
CM-Sepharose CI-6B fraction (10 pg) eluted with buffer C; lane
5, 47-kDa pooled peak fractions (18 ug) eluted by calcium chela-
tion from calmodulin-Sepharose affinity column; lanes 6-8, ali-
quots (20, 10, 2 pg) of peak fractions, after partial purification
by Mono S cation exchange chromatography. B: Two-dimension-
al electrophoretic analysis of p47 (5 ug) eluted from the Mono S
column with 0.48 M KCI.

(Millipore) [15] and further purification as described
by Olmsted [16].
2.5. Western blot analysis

Following separation on SDS-polyacrylamide gels,

total extracted proteins (40 pg/slot) from unstained
gels were electrophoretically transferred onto BA 85

nitrocellulose membranes (Schleicher and Schuell
GmbH, Dassel, Germany) using standard procedures
[17,18]. The nitrocellulose paper was incubated with
the anti-47-kDa IgG (1:400 dilution), for 3 h at
room temperature, in TBS (25 mM Tris-HCI, pH
7.5, 150 mM NaCl) containing 0.5% (v/v) Tween
20 (Fluka Chemie AG, Buchs, Switzerland). The
membranes were washed with three changes each
after 15 min in TBS-Tween before incubation for
1 h in the same buffer containing a 1:2000 dilution
of the donkey anti-rabbit IgG conjugated to horse-
radish peroxidase (Amersham, UK). The peroxidase
activity was then revealed with 0.5 mg/ml of DAB
(Fluka Chemie) in 100 mM Tris-HCI, pH 7.5 con-
taining 0.03% H,0,. The reaction was stopped by
thorough rinsing in distilled water.

2.6. Actin co-precipitation assay

The actin-binding assay was tested essentially as
detailed by Nunnally et al. [19]. In brief, rabbit skel-
etal muscle actin (Sigma) was incubated in the pres-
ence or absence of p47 at 37°C for 3 h in 200 ul of
the ‘standard’ buffer containing 5 mM Tris-HCI, pH
6.9, 100 mM KCI, 1 mM DTT, 1 mM MgCl,, 0.2
mM CaCl; in the presence or absence of 5 mM ATP
and in the presence of 5 ug CaM as indicated.

Samples were then centrifuged at 130000X g for
1 hin a TFT 80.2 rotor (Kontron). The resulting
supernatant and pellet fractions of each were electro-
phoresed on SDS-PAGE and visualized by staining
with Coomassie blue.

2.7. Fixation, wall digestion, membrane
permeabilization

Germlings (3-8 h growth) were fixed first for 15
min at 37°C and then for 45 min at room temper-
ature with 3.7% (w/v) paraformaldehyde in 10 mM
Imidazol buffer (pH 7) containing 2 mM MgCls,
2 mM EGTA, 2 mM ATP, 1 mM PhMeSO,F, and
20 uM leupeptin.

For partial cell wall digestion, the cells were incu-
bated with 5 mg/ml lysing enzymes (Sigma) in 66.6
mM Sérensen’s phosphate buffer, pH 6.8, for 30 min
at 40°C. The digestion was stopped by rinsing for
5 min in the above buffer. The cell membrane of
digested cells was permeabilized with 0.7% Triton
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X-100 in TBS for 15 min at room temperature. The
detergent was removed by washing with TBS (5
times for 3 min each) and the cells used for immuno-
fluorescence microscopy.

2.8. Indirect immunofiuorescence microscopy

Hyphae were immobilized on coverslips pretreated
with poly-L-lysine (M, 393000; Sigma). For immu-
nocytochemistry, cells were first incubated for 4 h at
37°C with a final 1:16 dilution of anti-p47 polyclonal
antibody and then with a 1:1000 dilution of mono-
clonal anti-actin antibody (Amersham N350). The
cells were rinsed at least 5 times in TBS and then
labelled for 2 h at 37°C in the dark with the second
antibodies, fluorescein isothiocyanate (FITC)-conju-
gated anti-mouse IgM (Sigma) for actin detection
and rhodamine (TRITC)-conjugated to goat anti-
rabbit immunoglobulin (Nordic Biogenzia, Lemania,
Lausanne, Switzerland) for 47-kDa peptide detection
at a final concentration of 1:80, then rinsed as
above.

After this treatment, the germlings were embedded
in 90% glycerol with p-phenylenediamine [20] and
preparations were examined in a Leitz Orthoplan
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Fig. 2. Co-sedimentation of p47 with F-actin. The pellets (P) and
an equivalent volume of the high-speed supernatants (S) of the
actin precipitation assays were electrophoresed on SDS-PAGE
and staining with Coomassie blue. Lane 1, actin+ATP; lane 2,
actin—ATP; lane 3, p47+ATP; lane 4, p47+actintATP; lane 5,
p47+actin+ATP+Ca? +CaM; lane 6, pd7+actin+ATP+CaM
without Ca®*; lane 7, p47+actin+ATP+Ca’" without CaM.

1 2 3 4 5
kDa

04 _ ==
67 _w»
43 -
30 _am
-
b4
-4
-

20.1 _ .

14.4 _ um

Fig. 3. Immunoblot analysis of crude cytosolic proteins from N.
crassa. Polyclonal antibody raised against p47 was tested after
different purification steps, on Western blots of total protein (40
ung) extracts from germlings of N. crassa. Molecular weight
markers (1); Ponceau S staining of nitrocellulose after the pro-
tein transfer (2); immunostaining with p47 antiserum (3), with
anti-p47 eluted from protein A-Sepharose (4), and with affinity-
purified polyclonal antibody raised against p47 (5).

epi-illumination microscope (Ernst Leitz, Wetzlar,
Germany) equipped with fluotar optics and selective
filter combination. Photographs were taken on HP 5
Iliford black and white film (Ilford, Basel, Switzer-
land) rated at 1600 ASA. Controls were performed
by using only the secondary antibodies.

3. Results and discussion

The organization of the actin cytoskeleton in non-
muscle cells is a subject of great interest in biological
research. Several ABPs have been described in fungi,
mainly in Saccharomyces cerevisiae [6]. However, in
Neurospora, a fungus with a strong background of
classical genetics, no ABPs are known. In order to
analyze how calmodulin can regulate the in vitro
assembly of actin in MF, our experimental approach
was to search for CaM target proteins able to inter-
act with actin. Approximately 18% of the basic solu-
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Fig. 4. Indirect double immunofluorescence staining of N. crassa cells at different stages of development. Intracellular distribution of p47
(a) and actin (b), in partially digested and permeabilized hyphae, was examined by indirect immunofluorescence as indicated in Section 2.
Hyphae growth for 3, 6, and 8 h (1, 2, 3), respectively. The bar in b3 applies to all panels and represents 10 um.

ble proteins, representing 3% of total soluble pro-
teins from a N. crassa crude extract, bound to the
CaM-Sepharose 4B column in the presence of calci-
um and 0.5 M NaCl. After elution by Ca?* chela-
tion, we observed the presence of a major polypep-
tide corresponding to M, of 47 kDa, termed p47.
Chromatography on the Mono S cation exchange
column allowed further purification of p47 to homo-
geneity (Table 1, Fig. 1A). The relative isoelectric
point of 8.25 of the purified protein as determined
by NEPGHE (Fig. 1B) indicated clearly that it is a
basic protein.

The interaction of p47 to actin was studied by co-
sedimentation assay as described in Section 2. The
SDS-PAGE analysis of both supernatant and pellet
fractions after ultracentrifugation showed that (Fig.
2) in the absence of actin, no p47 could be detected
by Coomassie blue staining in the pellet lane (Fig. 2,
lane 3P), while in the presence of actin both proteins
were found in the pellet (Fig. 2, lane 4P), indicating
clearly that p47 is an ABP. Aliquots of p47-actin
complex were also examined by electron microscopy
(data not shown) and under the condition of actin
polymerization, i.e. ATP, MgCl,, KCl and low

CaCl,, a network of microfilaments was observed.
Even if actin precipitates in the absence of ATP
(Fig. 2, lane 2P), when analyzed by EM no MF
could be detected and only aggregates of actin were
visible.

Antibodies, either in the serum or in the affinity
purified form, were tested for specificity in immuno-
blotting reaction with crude extract of germlings and
during different steps of its purification. With the
immune serum few bands of proteins were revealed
in the crude extract (Fig. 3, lane 3) but after their
immunopurification, the anti-p47 antibodies reacted
exclusively with a single band corresponding to M,
of 47 kDa (Fig. 3, lane 5) indicating the specificity of
our antibody. Having confirmed the properties of
our polyclonal antibodies, we investigated the cellu-
lar distribution of the p47 and actin.

We looked for p47 distribution in germlings and
compared it with localization of actin in the same
material using immunofluorescence technique. The
results indicated that the p47 polypeptide was local-
ized in the cytoplasm and along the cytoplasmic
membrane (Fig. 4). The fluorescence patterns of
p47 and actin in germ tubes, revealed with antibod-
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ies, were found to be virtually identical (Fig. 4). Ac-
tin and p47 stained with antibodies were found to be
concentrated in the tip of the normally single out-
growing germ tube (Fig. 4a,b) as previously shown
for actin alone [8]. After 6 h of germination, actin
appeared as homogeneously distributed diffuse spots
and patches (Fig. 4, 2b). With anti-p47, however,
strong additional staining of the septum of young
mycelium was visible (Fig. 4, 3a). The colocalization
of both proteins by this technique was, thus, clearly
demonstrated. In control experiments the hyphae
were labelled with the conjugates only and no detect-
able staining could be observed (data not shown).

The p47 and actin distribution, visualized by indi-
rect immunofluorescence presented in this report,
corroborate the results previously described in M.
crassa for the actin localization [8] and demonstrate
that p47 and actin show the same intracellular dis-
tribution.

Our results suggested that p47 might belong to the
actin monomer binding protein family [21] and that
by its possible dual, active interaction with both ac-
tin and calmodulin, it is implicated in the mechanism
of polarized growth of Neurospora hyphae.
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