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Abstract The function of Neurospora crassa calcineurin
was investigated in N. crassa strains transformed with a
construct that provides for the inducible expression of
antisense RNA for the catalytic subunit of calcineurin
(cna-1). Induction of antisense RNA expression was
associated with reduced levels of cna-I mRNA and of
immunodetectable CNA1 protein and decreased cal-
cineurin enzyme activity, indicating that a conditional
reduction of the target function had been achieved in
antisense transformants with multiple construct inte-
grations. Induction conditions caused growth arrest
which indicated that the cna-1 gene is essential for
growth of N. crassa. Growth arrest was preceded by an
increase in hyphal branching, changes in hyphal mor-
phology and concomitant loss of the distinctive tip-high
Ca’" gradient typical for growing wild-type hyphae.
This demonstrates a novel and specific role for cal-
cineurin in the precise regulation of apical growth,
a common form of cellular proliferation. In vitro inhi-
bition of N. crassa calcineurin by the complex of cy-
closporin A (CsA) and cyclophilin20, and increased
sensitivity of the induced transformants to the cal-
cineurin-specific drugs CsA and FK506 imply that the
drugs act in N. crassa, as in T-cells and Saccharomyces
cerevisiae, by inactivating calcineurin. The finding that
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exposure of growing wild-type mycelium to these drugs
leads to a phenotype very similar to that of the cna-1
antisense mutants is consistent with this idea.

Key words Calcineurin - Apical Ca®>" gradient -
Cyclosporin A - FK506 - Neurospora crassa

Introduction

In filamentous fungi growth proceeds by both polarised
linear extension of hyphal tips and branching. Tip
growth is characterised by a dynamic equilibrium be-
tween the synthesis and expansion of cell wall and
plasmalemma and the application of an expansive force
derived from turgor pressure or the cytoskeleton. Reg-
ulation of this equilibrium is very precise and generates a
tube of constant diameter. Growing hyphae contain a
tip-high Ca®" gradient thought to be crucial for estab-
lishing and maintaining apical organisation, morpho-
genesis and growth (Jackson and Heath 1993).

Ca’" homeostasis is tightly controlled in all eukary-
otic cells since intracellular Ca®* plays important roles
in signal transduction and in the regulation of many
proteins. The Ca®"-binding protein calmodulin is
ubiquitous, and functions to regulate various membrane
proteins and enzymes. One of these enzymes, cal-
cineurin, is a highly conserved Ca®" /calmodulin-regu-
lated serine/threonine phosphoprotein phosphatase
(PP2B, Klee and Cohen 1988). The functional enzyme is
a heterotrimer composed of a catalytic subunit (cal-
cineurin A, CNA), a regulatory subunit (calcineurin B),
and calmodulin. Calcineurin B and calmodulin are
structurally similar Ca®*-binding proteins responsible
for the synergistic Ca®>"-dependent activation of cal-
cineurin (Stemmer and Klee 1994).

Calcineurin was identified as a key component in the
T-cell activation pathway of the immune response (Liu
et al. 1991a). In T-cells either of the immunosuppressive/
fungicidal drugs cyclosporin A (CsA) or FK506 can
selectively inhibit calcineurin when complexed with



specific proteins — the immunophilins cyclophilin and
FK506 binding protein (FKBP), respectively — thereby
preventing Ca’"-dependent intermediate steps in the
signal transduction cascade leading to T-cell activation
(for reviews, see Schreiber and Crabtree 1992; Crabtree
and Clipstone 1994).

Studies of CsA-resistant mutants of Neurospora
crassa and Saccharomyces cerevisiae first revealed that a
cyclophilin is required for sensitivity to CsA but dis-
pensable for viability (Tropschug et al. 1989). Today, the
roles of the immunophilins as the mediators of CsA or
FK 506 action, and of calcineurin as their joint target are
well established, not only in T-cells but in S. cerevisiae as
well (Foor et al. 1992; Parent et al. 1993).

Here we present a study of the function of calcineurin
of N. crassa using a combined genetic and biochemical
approach. Since disruption mutations in the Aspergillus
nidulans CNA-encoding gene are lethal (Rasmussen et al.
1994), we anticipated that the same would apply for the
cna-1 gene of N. crassa. Therefore we chose to inhibit the
target function via the regulated expression of cna-1 an-
tisense RNA in transgenic N. crassa strains, i.e. to create
conditional mutations. Detailed investigations confirmed
that conditional calcineurin depletion could be achieved:
only on induction medium did transformants develop a
complex mutant phenotype that facilitated the analysis
of calcineurin function in the hyphal growth process, as
well as its role as the target for CsA and FK506 in
N. crassa. Consequently the drugs could be used as an
additional means to investigate calcineurin function.

Materials and methods

N. crassa strains, growth and transformation conditions

The N. crassa wild-type strain (St. Lawrence 744, obtained from
the Fungal Genetics Stock Center, Kansas City, KS), the Aam
(allele 132) strain (from W. Fecke, Diisseldorf), and the drug-re-
sistant mutant strains csr-1 (allele B12; Tropschug et al. 1989) and
fkr-2 (Barthelmess and Tropschug 1993) were used. Strains were
cultivated on Vogel’s standard (non-induction) medium (2% glu-
cose; Davis and de Serres 1970), on induction medium, where
glucose was replaced by 0.3% quinic acid, or on submaximal in-
duction medium (2% glucose plus 0.3% quinic acid; Giles et al.
1985). The mycelial extension rate of N. crassa was measured on
petri dishes or in 30 cm ‘race tubes’ containing 14 ml of solid
standard or induction medium. Where appropriate, the medium
was supplemented with either CsA (Sandoz), FK506 (Fujisawa),
benomyl, hygromycin B or cycloheximide (for concentrations see
Fig. 9). The first three were dissolved in methyl alcohol and
cycloheximide in doubly distilled water; all drugs were added to
sterile media at ~55°C.

Protoplasts from germinated conidia of the Aami3,a strain were
obtained using the modified Novozyme 234 technique and trans-
formed with pHPcnal according to the protocol of Vollmer and
Yanofsky (1986). The selection medium for am prototrophic col-
onies contained 0.19% glycine in bottom and top agar layers.

Isolation and analysis of nucleic acids

Plasmid DNA was isolated from E. coli using the Plasmid Midi Kit
(Qiagen). For PCR amplification of the cna-1 cDNA, primers HP1
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(5-ATGGAGGATGGCTCCCAA-3) and HP2 (5-TTAA-
GAAGTGCTGAGCCT-3") were used with pNORF (Higuchi et al.
1991) as template.

For N. crassa DNA or RNA isolation, mycelium was grown at
29° C overnight in exponential culture (in 100 ml of standard me-
dium with agitation). Genomic DNA was isolated according to Lee
et al. (1988), total RNA was obtained using the RNeasy Plant Mini
Kit (Qiagen). For Southern blots the non-radioactive DIG DNA
Labelling and Detection Kit (Boehringer) was used. Primer HP1 or
HP2, respectively, was used in a linear PCR to synthesize
[0->2P]dCTP labeled strand-specific cna-1 DNA for use as hybrid-
ization probe in Northern blots (Stiirzl and Roth 1990). pACTIN
(kindly provided by M. Plamann, Texas A&M University), a N.
crassa actin cDNA clone, was used to generate a [o->*P]dCTP la-
beled probe using the Random Primers DNA Labeling System
(Gibco BRL).

Mapping of cna-1 was carried out by taking advantage of a
restriction fragment length polymorphism detected with the cna-1
cDNA, using the mapping population and procedure described by
Metzenberg et al. (1985).

Preparation of recombinant N. crassa CNA1 from E. coli,
generation of polyclonal antibodies and Western blot analysis

The cna-1 cDNA was cloned into pET19b (Novagen), which pro-
vided a stretch of 10 consecutive histidine residues at the N-ter-
minus. Recombinant CNA1 was purified using the Ni-NTA
Protein Purification System (Qiagen). 200 pg of CNA1 (in 500 pl of
buffer D) were emulsified with an equal volume of complete
Freund’s adjuvant and injected into a rabbit; two booster injections
(200 pg each) were administered at 2-week intervals. Thereafter
serum was collected via an ear vein at 8- to 10-day intervals (stored
at —20°C) and tested for immunoreactivity by Western blot anal-
ysis.

Western Dblotting methods followed standard procedures.
Samples (20 pg) of crude protein extract, derived from homoge-
nised mycelium grown at 29°C in exponential culture, were frac-
tionated by 12% SDS-PAGE and transferred to nitrocellulose.
Membranes were incubated with a mixture of rabbit polyclonal
antibodies specific for either CNA1 (1:1000) or FKBP29 (1:1000;
Tropschug 1997b). Immunoreactive proteins were detected using
alkaline phosphatase-conjugated secondary antibodies (1:1000) and
BCIP/NBT (Sigma).

Calcineurin enzyme assays

Calcineurin assay. Calcineurin specific activity in crude extracts was
measured according to Higuchi et al. (1991), as adapted for crude
extracts by Szoor et al. (1994). Rabbit muscle inhibitor-1, which
had been phosphorylated with [y-*?PJATP, and bovine cAMP-de-
pendent kinase was kindly provided by V. Dombradi, Debrecen.
Average phosphatase activity was calculated on the basis of du-
plicate estimates from independent cultures.

Estimation of the influence of CsA on the in vitro activity of
calcineurin. To obtain purified calcineurin, mycelium was grown
and disrupted in a Moulinex blender (type 320) for 2 min and
resuspended in buffer A (100 mM NaCl, 2 mM CaCl,, 2 mM
MgCl,, 10 mM MOPS-KOH pH 7.2, SmM DTT and 1 mM
PMSF from fresh stock in ethanol). The homogenate was centri-
fuged at 30000 g for 30 min, the supernatant again centrifuged at
100000 g for 90 min and the supernatant applied to a Cibacron
blue-Sepharose column (Bio-Rad Laboratories, 100-200 mesh, 70—
100 pm, equilibrated with buffer A) at a rate of 5 ml/min. The
column was washed with 11 of buffer A, and 15-ml fractions were
collected. Absorbance was monitored at 280 nm and aliquots were
assayed by Western blot analysis for CNA1. Calcineurin-contain-
ing fractions were pooled and immediately applied to an anion
exchange chromatography column (Resource Q; Pharmacia)
equilibrated with buffer A. The column was washed with 50 ml of
buffer A until absorbance at 280 nm was <0.01. Bound proteins
were eluted with a linear 0—1 M NaCl gradient in 120 ml of buffer
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A. Calcineurin-containing fractions (1 ml each) were pooled and
50 pg protein was used for the phosphatase assay according to Enz
et al. (1994). The reaction (200 pl volume) was started by adding
the calcineurin-specific synthetic peptide substrate, a fragment of
the RII subunit of the cAMP-dependent protein kinase (kindly
provided by A. Enz, Sandoz), at 15 pM final concentration.

Microscopy

For the observation of chlortetracycline (CTC, Sigma) fluorescence
(Jackson and Heath 1993), hyphae were grown on dialysis mem-
branes laid on solid minimal or induction medium. After 12 h the
dialysis membranes were lifted from the agar surface and trans-
ferred to liquid medium. After about 4 h, the freshly grown my-
celium was transferred to a microscope slide and excess medium
removed. CTC (100 uM final concentration) dissolved in the in-
cubation medium was applied directly to the culture. After ap-
proximately 5 min, a coverslip was placed over the culture, which
was immediately inspected (for up to 60 min) using a Zeiss Axio-
scope-20 microscope with filter combination Zeiss 487709. Photo-
graphs were taken with Kodak TriX pan film (sensitivity enhanced
to 800 ASA using Acufine developer).

Results

Construction of an inducible cna-1 antisense RNA
expression vector

The cDNA coding for the catalytic subunit of N. crassa
calcineurin, CNA1, was kindly supplied by R. Kincaid
(plasmid pNORF; Higuchi et al. 1991). The corre-
sponding gene, designated cna-1, was mapped by a re-
striction fragment length polymorphism to linkage
group V, close to ¢yh-2 and about 10 cM away from
fkr-1 (data not shown).

An inducible cna-1 antisense RNA expression vector,
pHPcnal (Fig. 1), was constructed by inserting the
PCR-amplified full-length c¢na-1 cDNA, in reverse ori-
entation, downstream of a promoter fragment of the
ga-2 gene and upstream of the polyadenylation and
termination sequences of the ga-4 gene in the vector
pWF1 (Fecke et al. 1993). A 2.7-kb BamHI fragment
harbouring the N. crassa am gene (Kinsey and Ram-
bosek 1984) was inserted in the BamHI site of pWFI,

qa-2 cna-1 qa-4 am Sall
promoter termi-
———— nator _— l
1 11 roo
EcoRl (S) Hindlll (S) BamHI EcoRl Bam HI
Hind lll

— 1 kb

Fig. 1 Expression vector pHPcnal. The entire N. crassa cna-1 cDNA
fragment was cloned into the Smal (S, lost on integration) restriction
site and is flanked by the N. crassa ga-2 promoter and ga-4 terminator
sequences of the vector pWF1 (Fecke et al. 1993). The N. crassa am
gene, used as a selectable marker, was cloned into the BamHI site of
pWF1. The direction of sense transcription is indicated by arrows

providing a selectable marker for screening of trans-
formants.

The ga genes belong to the N. crassa quinic acid
catabolic pathway. The inducer, quinic acid, is not a
very efficient carbon source for growth of N. crassa and
its catabolism is governed by glucose repression. The
ga-2 promoter can be induced up to 500-fold by growth
on quinic acid as the sole carbon source, or submaxi-
mally (25- to 50-fold) when both glucose and quinic acid
are present simultaneously (Giles et al. 1985).

Isolation of N. crassa transformants
harbouring the cna-1 antisense cassette

Protoplasts of the Aami 3, strain were transformed with
pHPcnal. From stable transformants (complemented
for the am deletion) microconidial isolates (Ebbole and
Sachs 1990) were derived. Homokaryotic transformants
which grew on solid standard medium at about the wild-
type rate and with wild-type morphology were further
investigated. On induction medium (quinic acid as sole
carbon source) six transformants showed a novel growth
phenotype: once they had grown a certain distance from
the inoculation point, growth was arrested. No inducible
growth arrest was observed in over 50 control trans-
formants harbouring the expression vector with a cna-1
cDNA insert in sense orientation (data not shown).
Growth of the wild-type on induction medium was
continuous but less dense.

Southern blot analysis verified the integration and
approximate number of additional c¢na-1 sequences in
the genomes of these transformants. All contained
multiple (5-8) ectopically integrated copies, in addition
to the native cna-1 sequence. This is documented in
Fig. 2 for the transformants (T) relevant for this anal-
ysis: T3, T5 and TI11, transformants which arrested
growth, and T14, a transformant that showed no alter-
ation in phenotype on induction medium. A hybridising
fragment of about 5.0 kb (comprising the entire cna-1
antisense cassette and the am gene) was expected after
EcoRI digestion if the whole plasmid had integrated.
The corresponding signal was found in all transformants
that manifested a growth arrest on induction medium.
The lack of additional cna-1 copies in T14 could be ex-
plained by integration of the functional am gene, but
loss of the adjacent cna-1 sequence.

Since multiple integration events appeared unde-
sirable, transformants with only one to three ectopic
integrations were selected: among eight such trans-
formants, no mutant phenotype was detected (data
not shown). To confirm that the growth arrest was
caused by cna-1 antisense expression, transformant T3
was once more transformed with a cna-1 cDNA sense
expression construct based on pWF1. Restoration of
continuous growth on induction medium, albeit with
subnormal growth rate, was observed for one anti-
sense/sense transformant, T3s, out of a total of nine
examined.
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Fig. 2 Southern blot analysis of EcoRI and Sal/l digests of genomic
DNA isolated from the N. crassa recipient strain Aam, s, (am) and the
transformants T3, T5, T11 and T14. EcoRI cuts twice in pHPcnal,
generating a 5.2-kb fragment (thick arrow); Sall cuts once in the vector
(Fig. 1). The probe was the random-primed, DIG-labelled cna-1
c¢DNA. Thin arrows indicate the native cna-1 gene on a fragment of
about 15 kb after EcoRI digestion and about 6 kb after cleavage with
Sall

Induction of cna-1 antisense RNA expression
correlates with reduction in cna-I mRNA levels

Expression of the cna-1 antisense cassette and its effect
on the level of c¢na-I mRNA was investigated by
Northern blot analysis. Probes specific for either cna-1
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Fig. 3A-C Northern blot analysis of cna-1 antisense and sense
transcripts in N. crassa transformants. Total RNA was prepared from
the transformants T14, T11, T5, T3, T3s and the wild-type (three
filters). Strains were grown for 15 h on glucose- (G) or quinic acid (Q)-
containing medium. The filters were hybridised with (A) antisense or
(B) sense-specific cna-1 probes obtained by linear PCR (see Materials
and methods) or with (C) an N. crassa actin probe as an internal
control. (Based on the position of the ribosomal bands, the size of the
cna-1 band was about 2.4 kb and the antisense RNA about 1.3 kb
long
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antisense or sense transcripts were obtained via linear
PCR, using primers annealing to either the 5" or 3’ end
of the cna-1 cDNA, respectively. Antisense RNA was
detected in transformants T11, TS and T3 on induction
medium only, while the level of cna-1 sense transcripts
was found to be much reduced under this condition
(Fig. 3A, B). Relative to T3, the antisense/sense-trans-
formant T3s was characterised by a reduction in de-
tectable antisense RNA, and an increase in the level of
the native cna-1 mRNA, in addition to the expression of
the ectopic sense-transcript (recognisable by its smaller
size) on induction medium. On standard medium no
antisense transcript was detected in any of the strains
and the observed level of ¢na-1 mRNA was in the range
of the wild-type and T14 controls.

These data provided evidence that the cna-1 antisense
cassette was indeed conditionally transcribed in re-
sponse to quinic acid in the medium, and that this
correlated with a significant reduction in the level of
cna-1 mRNA.

CNAL1 protein level and calcineurin specific activity
are reduced in antisense RNA- expressing strains

To determine what effect antisense transcription had on
the synthesis of CNAT1 protein, the level of immunode-
tectable CNA1 was investigated. Crude extracts from
myecelia of the transformants T3, T11 and T14, and wild-
type (grown in liquid medium containing either glucose
or quinic acid) were probed on Western blots, simulta-
neously with polyclonal antibodies specific either for the
CNALl protein or, as an internal control, for the
FKBP29 protein of N. crassa (Tropschug 1997b). No-
ticeably reduced levels of CNA1 were found reproduc-
ibly in T3 and T11 after growth for 12 h on induction
medium (Fig. 4). Western blot analysis repeatedly con-
firmed that the level of the FKBP29 control protein was
not affected by growth on quinic acid.

The specific activity of the calcineurin Ca’* /cal-
modulin-dependent phosphoprotein phosphatase was
also assayed. Biochemical studies of the antisense
transformants encountered the difficulty that very little
biomass was produced under induction conditions, due
to early growth arrest. In order to obtain more myceli-
um, quinic acid was added to the glucose-containing
medium of the growing cultures, i.e. induction was
submaximal in this experiment. Under these conditions
a 40% reduction in relative specific activity of cal-
cineurin (ratio of antisense-induced over non-induced)
was found in T3 and T11 compared with the T14 control
(Fig. 5).

Together, these data provide evidence for a specific
and quinic acid-inducible reduction in the level of the
calcineurin catalytic subunit and the phosphoprotein
phosphatase activity of the holoenzyme in the trans-
formants.



108

T3 T11 T14 WT
IG Q"G Q”G Q"G QI
kDa
— 66
— 46
. — 30
— 21

Fig. 4 Western blot analysis of N. crassa CNA1 (60 kDa). Crude
protein extracts of the cna-1 antisense RNA transformants T3, T11,
the control transformant T14 and the wild type, each grown for 12 h
on either glucose- (G) or quinic acid (Q)-containing medium, were
fractionated on SDS-polyacrylamide gels and transferred to a
nitrocellulose filter. The filter was probed simultaneously with
polyclonal antibodies against CNA1 and FKBP29 (29kDa), as
internal control. (Previous experiments had shown that probing with
each antibody separately resulted in one signal only)
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Fig. 5 Relative specific activities of calcineurin (ratio of antisense-
inhibited over non-inhibited) in extracts of the N. crassa cna-1
antisense RNA transformants T3 and TI1 and the T14 control.
Strains were cultured in duplicate on glucose medium for 24 h, at
which time 0.3% quinic acid (final concentration) was added to one
sample of each strain to achieve submaximal antisense induction. All
mycelia were harvested after another 24 h of growth. Phosphatase
activity was measured in cell-free extracts by assaying the amounts of
2P released from *2P-labelled rabbit muscle inhibitor-1, a calcineurin-
specific substrate (see Materials and methods)

Calcineurin depletion causes extensive hyphal
branching, altered hyphal morphology
and growth arrest

Arrest of growth was the most obvious phenotype when
transformants T3, T11 or T5 were grown at 29°C on
plates with induction medium; arrest was observed once
the mycelium had grown a limited distance (17-40 mm).
The area covered before arrest was least in T3, followed
by T11 and then TS. In each strain growth arrest was
preceded by an increase in hyphal branching and loss of

the apparent dominance of the main hypha (see
Fig.10A), resulting in formation of a very dense mycelial
mat (Fig. 6E versus B). Approaching the point of
growth arrest, hyphae acquired an irregular shape and a
reduced diameter in comparison with the wild type
(Fig. 6F versus C), ultimately failing to elongate any
further. Arrest was almost complete, transformants re-
quiring 4-8 days for a further extension by 1 cm which
the wild-type covered within 4 h. In contrast to the wild-
type, very little conidiation occurred at the surface of
the mycelial layer of the transformants, except at the
densely branching growth front near the point of growth
arrest.

Inhibition of growth on quinic acid was found to be
temperature dependent: At 37°C the growth arrest of
each transformant was overcome after about 1 day;
typically growth resumed from a small sector of the
arrested hyphal front. Renewed hyphal extension oc-
curred until excessive hyphal branching and conidiation,
once again, preceded the arrest of the growing front.
After a few such growth cycles, the zones of temporary
myecelial arrest were reflected on the plate by essentially
regular concentric rings of dense conidiation. Figure 7
illustrates this growth behaviour at 37°C for transfor-
mant T3 and wild-type on glucose and quinic acid me-
dium, respectively, when growing through 30-cm long
‘race tubes’. For T3 growth and arrest phases alternated
at fairly regular intervals of about 20 h (the decreased
area covered in later growth cycles probably being due
to a drying out of the medium). Similar results were
obtained with T11 and T3, except that growth and arrest
phases occured with different rhythms (not shown).

When mycelial samples from transformants grown at
either 29° C or 37° C on quinic acid medium were taken
from various points, i.e. from the arrested growth front,
areas behind the front or near the inoculation point, and
reinoculated on fresh induction medium they were viable
and gave rise to the typical phenotype, as described
above, independent of the site of origin of the inoculum.

In conclusion, unconventional conditional cna-1
mutants have been created, insofar as the genetic alter-
ation maps at various sites in the genome and not at the
gene whose function is affected. The data argue that cna-
1 of N. crassa codes for a vital function, in that a certain
calcineurin activity is essential for normal hyphal pro-
liferation and morphology.

CsA (and FK506) inhibit N. crassa calcineurin
in vitro and in vivo

Since studies in various organisms have shown that
calcineurin is the target of the immunosuppressive/fun-
gicidal drugs CsA and FK506, the drugs could provide
an additional means to study calcineurin function. In
vitro proof for such an interaction between N. crassa
calcineurin and the drug-immunophilin complexes was
obtained when the phosphatase activity of partially pu-
rified N. crassa calcineurin was investigated in the



presence and absence of cyclophilin CyP20 (Tropschug
et al. 1988, 1997a) and CsA: a severe inhibition (85—
90%) was observed when both (but not when either
alone) were added to the assay system (Fig. 8).

Given this inhibition, growth of induced transform-
ants was expected to display increased sensitivity to the
drugs. In order to quantify drug sensitivity, the effect of
the drugs on growth rates was measured. To allow for
some linear growth prior to arrest, submaximal induc-
tion conditions (2% glucose and 0.3% quinic acid) and a
low drug concentration (that would still effect growth of
wild-type) were chosen. N. crassa was found about 100-
fold more sensitive to the immunosuppressive drugs on
solid than on liquid medium (Tropschug et al. 1989,
Barthelmess and Tropschug 1993), i.e. in the same
nanomolar concentration range that suppresses T-cell
activation (Dumont et al. 1990). To confirm the speci-
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Fig. 7 Cumulative hyphal extension of the N. crassa transformant T3
and wild-type at 37°C in ‘race tubes’ containing solid medium with
glucose (G) or quinic acid (Q) as carbon source

Fig. 6A-F Hyphal morphology of N. crassa wild-type (A—C) and
transformant T3 (D-F) grown either on solid standard (A and D) or
induction medium (B and E) for 16 h, or on induction medium (C and
F) for 24 h, i.e. up to the time when growth arrest occurred in T3.
Dark bars 400 pm, light bars 40 um

ficity of the drugs for the target affected by antisense
expression, calcineurin, the analysis included unrelated
growth inhibitors, i.e. benomyl, hygromycin B and
cycloheximide, which act on targets other than cal-
cineurin.

The relative linear growth rates of the transformants
T3 and T11 were found to be significantly and specifi-
cally more sensitive to CsA and FK506 during growth

nmol dephosphorylated peptide / ml

time [min]

Fig. 8 Specific phosphatase activity of partially purified N. crassa wild-
type calcineurin incubated with a calcineurin-specific phosphorylated
peptide substrate (a fragment of the RII subunit of the cAMP-
dependent protein kinase) alone (filled circles), or in the presence of
either 4 pM CsA (open squares), or 200 nM CyP20 (filled triangles), or
both, CsA + CyP20 (preincubated at 25°C for 10-15 min) (filled
diamonds) (see Materials and methods)
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on induction medium than on standard medium (Fig. 9).
In comparison with the wild-type, the transformants
were also more sensitive to the immunosuppressive
drugs on standard medium. No differential sensitivity of
the different strains was observed on benomyl, hygro-
mycin B or cycloheximide, regardless of the induction
status.

The differential response of the transformants to
the calcineurin-specific, but not to other unrelated,
inhibitors represents in vivo evidence that the drugs
affect hyphal growth of N. crassa by inactivating ca-
Icineurin.

Loss of the apical Ca>" gradient in hyphae
deprived of calcineurin

Published evidence (Schmid and Harold 1988; Dicker
and Turian 1990; Jackson and Heath 1993; Levina et al.
1995) points to the importance for polarised growth of a
steep, tip-high gradient of free Ca®* observed in the
most apical portion of growing N. crassa hyphae.
Chlortetracycline (CTC) was used to investigate this
gradient. Ca®?" jons form a fluorescent complex with
CTC, which associates subsequently with adjacent
membranes. Assuming that Ca®>" ions in the complex
are in equilibrium with those of the cytosol, CTC fluo-
rescence can be taken as an indication of the spatial
distribution of the total intracellular Ca?" (Schmid and
Harold 1988). This interpretation of CTC fluorescence is
supported by the results of a radiometric dye technique
(Levina et al. 1995).

The gradient was found to be disturbed in induced
transformants, as well as in the wild-type, after drug
application. Since drug action occurs rapidly and inter-
feres with calcineurin activity directly, the timing and
efficiency of this inhibition can be monitored more pre-
cisely than the delayed effect of antisense RNA expres-
sion. Therefore the analysis concentrated on the effects
that CsA (and FK506) have on the Ca?" gradient in the
wild-type.

Fig. 9 Reduction of relative linear growth rates of N. crassa
transformants T3 and T11, and the wild-type control grown on solid
medium in the presence of various drugs at 29° C. Linear growth rates
were calculated for all strains and conditions between 17 and 27 h
after inoculation. In order not to confuse the drug effects with that
exerted by quinic acid, relative growth rates were calculated by
dividing the growth rate on each drug (by,e) by the growth rate on
the respective medium without drug (b), e.g. byiucose + Csa/etucose- For
graphical representation 1-bg.e/b was calculated, to show the
‘reduction of relative linear growth rates’. The ranking and magnitude
of the effects were similar in three independent experiments. The
general level of the relative growth rates, however, varied with each
fresh drug preparation. The results were therefore not pooled and an
overall error was not estimated. Drug concentrations (final):
CsA, 8.3 nM; FK506, 2.4 nM; benomyl (Bml), 35 nM; hygromycin
B (Hyg), 2.9 uM and cycloheximide (Cyh) 72 nM

Figure 11B shows the typical apical gradient of CTC
fluorescence in growing wild-type hyphae. Upon addi-
tion of CsA, the gradient started to disperse rapidly:
after 15 min, fluorescence was much reduced, except at
the very tips of the hyphae, and after 20 min only a weak
uniform signal could be detected (Fig. 11D). Simulta-
neously CsA affected hyphal extension and morphology:
after about 10 min multiple branches emerged as small
swellings (‘buds’) unusually close to, or even at the tip
of, the main hypha, causing after about 30 min the loss
of the dominance of the main tip, followed by growth
arrest (Figs. 10B and 11C), i.e. CsA treatment of the
wild-type results in a phenocopy of the induced cna-1
antisense RNA mutants (Fig. 10A), which is consistent
with its proposed mode of action. The effects of FK506
were very similar (not shown). In contrast inhibition of
growth by hygromycin B or benomyl led to a compar-
atively slow (1 h) dissipation of the gradient and mani-
fested quite different disturbances of growth
morphology (not shown), indicating that the phenotypes
described are specific for calcineurin deprivation.

The Ca®* gradient was investigated in the CsA- and
FK506-resistant strains csr-/ and fkr-2, respectively,
which are mutant for the genes coding for CyP20
(Rassow et al. 1995) and FKBP13 (Tropschug et al.
1990, H. Prokisch, unpublished results), respectively,



Fig. 10A, B Branching behaviour of transformant T3 and the wild-
type strain. The mycelial fronts of transformant T3 at the point of
growth arrest on induction medium (A) and of wild-type hyphae
grown on standard medium supplemented with CsA (50 nM final).
(B) Bar 200 pm

A

Fig. 11A-D Hyphal tips of N. crassa wild-type grown on CTC-
containing liquid standard medium either without CsA (A and B) or
20 min after the addition of CsA to a final concentration of 1 uM (C
and D). A and C show hyphae in visible light, B and D the Ca’”"
gradient revealed by CTC fluorescence (see Materials and methods).
Bar 40 um

and have been found not to contain the corresponding
products (Tropschug et al. 1989, Barthelmess and
Tropschug 1993). Neither the Ca®* gradient nor the

111

growth morphology were affected by CsA in csr-1
strains, in contrast to fkr-2 strains. Conversely, FK506
affected these features only in c¢sr-1 but not fkr-2 mu-
tants (not shown). This confirmed the high specificity of
drug action, which depends exclusively on the presence
of the corresponding immunophilin.

Direct observation of the Ca®" gradient in the hyphal
tips of the induced transformants T3 and T11 indicated
a similar sequence of events: well before growth arrest,
the tip-high CTC fluorescence gradient disappeared,
concomitant with the onset of hyperbranching (not
shown).

To differentiate between an effect of reduced ca-
Icineurin activity on Ca®>" uptake or gradient mainte-
nance, the Ca’’ concentration in the medium was
increased to boost uptake. Neither growth nor gradient
could be corrected by Ca®* concentrations of up to
0.5 M (not shown).

In conclusion, the data point to a vital role for ca-
Icineurin in the maintenance of the Ca®* gradient and
the regulation of hyphal branching, hyphal morphology
and hyphal elongation, calcineurin depletion leading
ultimately to growth arrest.

Discussion

The mechanism of antisense RNA-mediated mutations
is not well understood, and no single model can account
for all the results obtained in different systems (Nellen
and Lichtenstein 1993). Hybridisation between comple-
mentary RNAs is generally taken as a fact, even though
RNA hybrids are usually not detected in antisense-ex-
pressing cells. They are believed to be rapidly degraded
by non-specific dsRNases. This would explain the
strongly reduced level of cna-I mRNA found in the
transformants grown on induction medium.

It is considered to be a common feature of antisense
action that only a minor fraction of transgenic organ-
isms that harbour antisense cassettes show a complete
inhibition of the target gene (Van der Krol et al. 1988);
this may be due to position effects. In plants, Kuipers
et al. (1995) found that the probability of complete in-
hibition of the expression of specific genes is highest in
transgenic clones with three or more copies of an anti-
sense cassette based on full-length cDNA. The multiple
integration of the antisense construct in the transform-
ants of the present study was therefore not unexpected
and was probably instrumental in generating an obvious
phenotype.

Multiple integration raises the possibility of target-
independent disturbances. However, we consider the
phenotype described here to be a genuine consequence
of the experimentally demonstrated reduction in cal-
cineurin levels, for several reasons: (i) the inducible,
temperature-sensitive growth arrest of all three trans-
formants was accompanied by the same array of cellular
disturbances; (ii) in the control group of over 50 sense
transformants with multiple integrations, no conditional
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growth arrest was found; (iii) overexpression of the sense
transcript in the antisense/sense transformant T3s re-
stored continuous growth on induction medium; and (iv)
a very similar phenotype is caused by the immunosup-
pressive drugs that interact with calcineurin.

The biochemical characterisation of the cna-1 anti-
sense transformants did not document a complete loss of
cna-1 mRNA, protein or calcineurin activity; however,
the growth arrest at full induction does indicate that the
equivalent of a conditional loss-of-function mutant had
been generated via antisense RNA expression. The lim-
ited initial growth on induction medium at 29°C is ex-
plainable by the presence of calcineurin synthesized
prior to antisense RNA-mediated inhibition becoming
effective. Since no temperature effect was observed for
the inhibition of wild-type growth by CsA or FKS506
(not shown), it appears unlikely that here we deal with
the kind of temperature effect found in calcineurin A
mutants of Schizosacchaomyces pombe (Yoshida et al.
1994). We suggest that the intermittent growth at 37° C,
observed for all three transformants, results from a less
effective sense-antisense RINA hybridisation at this
temperature, leading to the gradual accumulation of a
threshold level of calcineurin and subsequent growth of
some hyphae.

The analysis indicates that N. crassa cna-1 is an es-
sential gene, justifying the use of the technique of reg-
ulated antisense expression as an alternative to gene
disruption or destruction by RIP (repeat-induced point
mutation; Selker 1990).

These studies can account for the complete sequence of
events involved in drug toxicity in N. crassa. Immuno-
philin-deficient N. crassa mutants with unrestricted
viability had led to the postulate that the drug-immuno-
philin complexes target a protein that is essential for
growth of N. crassa (Tropschug et al. 1989, Barthelmess
and Tropschug 1993). Here we show that in N. crassa, as
in other organisms, CsA inhibits calcineurin with high
specificity, and calcineurin is essential for growth.

To our knowledge it has not been reported that cal-
cineurin is involved in controlling tip growth and hyphal
branching. However, the observation in N. crassa of
high concentrations of calcineurin at the hyphal tip
(Kincaid 1993) and the involvement of the counteracting
process, protein phosphorylation, in hyphal elongation
and branching (Yarden et al. 1992) is compatible with
such a function.

Even though calcineurin has proved to be essential
for growth of A. nidulans, the consequences of cal-
cineurin depletion appear different from those in Neu-
rospora: in cnaA disruption mutants of A. nidulans the
nuclei are found to be blocked early in the cell cycle
(Rasmussen et al. 1994). Microscopic inspection of
DAPI-stained wild-type N. crassa hyphae grown on CsA
or FK506, or induced cna-I antisense transformants,
showed no abnormalities in nuclear size or distribution
(data not shown).

In fission yeast CNA is not essential, but is also in-
volved in cytokinesis, as well as nuclear and spindle pole

body positioning and mating (Yoshida et al. 1994). In
S. cerevisiae two genes encode calcineurin catalytic
subunits and one gene the regulatory subunit. Mutants
defective in the former, the regulatory or all of these
genes display normal vegetative growth, but are unable
to recover from pheromone-induced G, arrest (Liu et al.
1991b; Cyert et al. 1991; Cyert and Thorner 1992; Foor
et al. 1992). The same is found when wild-type cells are
deprived of Ca®" (lida et al. 1990). An impressive
number of recent investigations argues that calcineurin,
though not essential for yeast, is involved in a wide
range of cellular processes:

Analysis of yeast calcineurin mutants (Nakamura
et al. 1993; Breuder et al. 1994; Mendoza et al. 1994;
Marquez and Serrano 1996) shows that the loss of cal-
cineurin causes decreased tolerance to Li" or Na ™ salts
and OH™ ions and a defect in the K™ transport system.
Therefore yeast calcineurin appears to be involved in the
cellular adaptation response to stress conditions, i.e. the
maintenance of intracellular cation homeostasis and
thereby turgor pressure. Since turgor pressure is part of
the expansive force behind tip growth this idea indicates
a possible function for calcineurin in this process.

The counterpart of turgor pressure is the synthesis,
and modulation of the rigidity, of the cell wall. If these
latter were disturbed, turgor pressure might lead to
apical hyperbranching. In yeast, it is known that cal-
cineurin plays a role in cell wall synthesis (Mazur et al.
1995). We investigated the antisense transformants for
indications of differences in septum formation or gross
changes in chitin deposition using Calcofluor staining,
but observed no significant changes in cell wall structure.
Furthermore osmotic stabilisation of the cells (by addi-
tion of up to 1 M sorbitol to the medium) did not pre-
vent growth arrest (H. Prokisch, unpublished results).

Another set of data from yeast (Cunningham and
Fink 1994, 1996; Garrett-Engele et al. 1995; Hemenway
et al. 1995; Tanida et al. 1995, 1996) shows an immediate
influence of calcineurin on Ca®* homeostasis via the
regulation of, or interaction with, a number of
ion transport systems (e.g. vacuolar membrane Ca’" -
ATPase, vacuolar H'/Ca®>" exchanger and a Ca’"-
ATPase localised to the Golgi complex).

It is not known which mechanism maintains the tip-
high Ca®" gradient in growing hyphae. The effects of
CsA or FK506 on the CTC gradient and on growth of
N. crassa are similar to those found following treatment
of wild-type N. crassa hyphae with the Ca®" channel
blocker verapamil (Dicker and Turian 1990). However,
verapamil-treated hyphae can resume normal branching
and re-establish an observable CTC gradient after ap-
plication of exogenous Ca®*. The finding that exoge-
nous Ca’>" cannot restore the Ca®" gradient in hyphae
with inactivated CNA1 (this investigation) indicates that
the loss of the CTC gradient may be due to a failure to
maintain the gradient rather than changes in the avail-
ability of exogenous Ca®*. This notion is supported by
the in vivo patch clamp recordings using plasma mem-
branes of N. crassa by Levina et al. (1995). They suggest



that ion transport across the plasma membrane of the
growing tip is not essential for growth and that therefore
the gradient must be generated from internal stores in an
unknown way.

Here we have shown that functional calcineurin is
required to maintain the steep Ca’" gradient as mea-
sured by CTC fluorescence. The loss of the gradient and
the succession of events observed under calcineurin de-
pletion argues that N. crassa calcineurin is involved in a
positive feedback loop that establishes the hyphal gra-
dient and affects, either subsequently or in parallel,
hyphal morphology and growth.

These genetic and biochemical investigations of
N. crassa calcineurin emphasize its central role in the
physiology of filamentous growth. Kincaid (1993)
pointed out that fungal hyphae share many morpho-
logical and molecular elements with the growing tips of
axons in the nervous system, which are characterised
by similar features with respect to growth and
branching. Indeed, Chang et al. (1995) have shown that
calcineurin is involved in neurite outgrowth and di-
rected filopodial motility. Future research will show
what parallels exist between the molecular functions of
calcineurin in filamentous fungi and nerve cells or the
immune response.
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