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The Penicillium chrysogenum antifungal protein PAF inhibits the growth of various filamentous fungi. In this
study, PAF was found to localize to the cytoplasm of sensitive aspergilli by indirect immunofluorescence
staining. The internalization process required active metabolism and ATP and was prevented by latrunculin
B, suggesting an endocytotic mechanism.
(PALL Corp., Ann Arbor, Mich.) and detected with various
dilutions of rabbit anti-PAF serum and alkaline phosphataseconjugated goat anti-rabbit immunoglobulin G (IgG; 1:10,000;
Sigma, Vienna, Austria) in accordance with the protocol previously described (21). The polyclonal antiserum reacted specifically with PAF, and no signals were obtained with the control serum that was collected before the first injection (data not
shown).
Localization of PAF in aspergilli. Fungi were grown overnight on glass coverslips at 30°C in complete medium CM (16)
inoculated with 106 conidia/ml. The samples were stained in
accordance with the protocol of Fischer et al. (9). In brief,
prior to fixation, hyphae were treated with 10 to 50 g of
PAF/ml in CM for 90 min at room temperature. The samples
were incubated for 60 min with anti-PAF serum diluted 1:600
in blocking buffer TBS/B (20 mM Tris-HCl [pH 8.0], 137 mM
NaCl, 0.1% Tween 20, 3% bovine serum albumin), and immunocomplexes were detected by incubation for 60 min with
fluorescein isothiocyanate-conjugated swine anti-rabbit IgG
(Dako, Copenhagen, Denmark) diluted 1:40 in TBS/B. All
specimens were embedded in Vectashield mounting medium
(Vector Laboratories, Burlingame, Calif.) before visualization
with a Zeiss Axioplan fluorescence microscope (Zeiss, Jena,
Germany) or a Zeiss 510 confocal laser scanning microscope as
previously described (16).
In A. nidulans, fluorescence signals appeared after a minimum incubation time of 15 to 30 min in hyphal tip segments,
as well as in intrahyphal segments (Fig. 1A), and the fluorescence increased in intensity with longer exposures or raised
protein concentrations (results not shown). The distribution of
the fluorescence signal excludes compartmentalization of the
protein but supports its cytoplasmic localization. The immunostaining was specific: no fluorescence was visible in the controls where either PAF or anti-PAF serum was omitted (data
not shown) or after saturation of anti-PAF serum with a fourfold molar excess of PAF before use (Fig. 1D). Identical results
were obtained when PAF was localized in A. fumigatus and A.
niger, whereas no specific immunofluorescence signals were
detected in the insensitive species A. terreus (results not

Antimicrobial proteins are produced by many organisms,
including humans, amphibians, arthropods, plants, and fungi
(6, 11, 13, 32, 37). The Penicillium antifungal protein PAF is
abundantly secreted into the supernatant of the ␤-lactam-producing mold Penicillium chrysogenum (22). This small, basic,
and cysteine-rich protein specifically inhibits the growth of
numerous filamentous fungi (16). Although its primary amino
acid structure resembles that of antifungal proteins isolated
from other molds, e.g., Aspergillus giganteus (AFP), A. niger
(ANAFP), and P. nalgiovense (NAF), significant differences
exist in their species specificity (12, 20, 38). Knowledge of the
bases of this selectivity is essential for determining strategies by
which to overcome the resistance of important pathogens and
to design new antifungal agents. Most data on the possible
mechanism of action derive from studies on plant antifungal
proteins and AFP which support the hypothesis of an interaction with the plasma membrane that would result in its permeabilization (18, 34, 35). So far, experiments have addressed
such an interaction only indirectly. Therefore, we were interested in elucidating the site of action of the antifungal protein
PAF from P. chrysogenum in order to gain better insight into
putative target structures that might play a role in the activity
of the protein. Here we report the localization of PAF in the
sensitive molds A. nidulans, A. fumigatus, and A. niger and give
evidence for an active transport of the antifungal protein into
affected hyphae.
Purification of PAF and generation of polyclonal antiserum.
PAF was purified as described previously (16), and polyclonal
antibodies against PAF were raised in rabbits as reported elsewhere (26). To determine antibody specificity and the optimal
antibody concentration, 25 to 200 ng of PAF was immobilized
on Biotrace-NT 0.45-m nitrocellulose membrane strips
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shown). Heating to 95°C for 60 min before use abolished the
antifungal activity of PAF as determined in microtiter plate
assays (data not shown). Moreover, no uptake of heat-inactivated PAF with sensitive aspergilli was found by immunofluorescence staining (Fig. 1C), although the denatured protein
was detectable by the anti-PAF serum on immunoblots (results
not shown).
From these results, it can be assumed that the activity of
PAF depends on its transport into hyphae and that the intact
protein structure plays a significant role in the interaction of
PAF with its target. These results and the species specificity of
PAF strongly substantiate the existence of specific receptors or
binding molecules for uptake of the protein. Regarding PAF
insensitivity, it can be hypothesized that the absence or inaccessibility of a putative binding molecule prevents detrimental

effects of the protein. For the latter case, a similar mechanism
was shown in yeast mutants where Pirp-related proteins in the
cell wall were found to determine resistance to antifungal proteins by masking or altering the structures of cell wall receptors
(4, 28, 40).
Characterization of the internalization of PAF. It has been
shown that active transport of macromolecules, peptides, or
proteins into hyphae of A. nidulans and various other filamentous fungi can be stopped by inhibitors of oxidative phosphorylation (7, 29, 31). In accordance with these reports, no PAFspecific immunofluorescence signals were detectable in the
presence of 2.5 mM NaN3 (Sigma) or KCN (Merck, Darmstadt, Germany). Similar effects were induced by a 100 M
concentration of the uncoupler carbonyl cyanide m-chlorophenylhydrazone (Sigma), which was shown to decrease ATP lev-
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FIG. 1. Indirect immunofluorescence staining of A. nidulans with rabbit anti-PAF serum (A to D) or mouse anti-actin monoclonal antibody (E
and F). Fungi were incubated with 20 g of PAF/ml in the absence (A) or in the presence (B) of 50 g of latB/ml or with heat-inactivated PAF
(C). Staining specificity was determined by using preadsorbed rabbit anti-PAF serum (D). Actin polymerization in untreated fungi (E) was
compared to that in specimens treated with 50 g of latB/ml (F). Arrows indicate PAF-induced tip branching. Scale bars, 30 m (A), 10 m (A,
inset), 15 m (B and D), and 20 m (C, E, and F).
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els in A. niger (14). Moreover, PAF uptake was prevented by
4°C (results not shown). These data strongly suggest that internalization of PAF depends on active cellular metabolism, as
well as on the ability of the cells to provide ATP. Both are
essential factors required for endocytosis (5, 17). Therefore,
we exposed A. nidulans to 0.05 to 50 g of latrunculin B (latB;
Sigma)/ml in the presence of PAF. Morton et al. (24) reported
that latB affects the kinetics of actin polymerization by specifically binding to actin monomers and shifting the equilibrium
to the disassembled state. In the filamentous fungus Pisolithus
tinctorius, a perturbation of microfilament organization by latrunculin was shown (15), and in yeast and mammalian cells,
receptor-mediated endocytosis was inhibited (3, 19). We found
that PAF transport into hyphal cells decreased with increasing
concentrations of latB, and 50 g of latB/ml abolished internalization (Fig. 1B). We confirmed latB-dependent perturbation of actin microfilament formation by using monoclonal
mouse anti-actin clone C4 (1:500 in TBS/B; ICN, Aurora,
Ohio) and tetramethyl rhodamine isothiocyanate-conjugated
rabbit anti-mouse IgG (1:40 in TBS/B; Dako) (Fig. 1E and F).
In contrast to conclusive evidence obtained with yeast, reports
of endocytosis in filamentous fungi are controversial (2, 10, 36,
39). However, our data strengthen the assumptions that PAF
uptake is dependent on intact microfilaments and that its internalization may resemble an endocytotic process. For various
protein toxins, endocytosis is an essential step for delivery to
the site of action (8). The plant toxin ricin (27) and various
bacterial toxins, e.g., Shiga (27), anthrax (1), cholera (23), and
diphtheria (30) toxins, have most diverse mechanisms of action, but they are first endocytosed before entering the cytosol
from different compartments, e.g., from endosomes or from
the endoplasmic reticulum, without proteolysis. Moreover,
Olmo et al. (25) confirmed endocytosis of the ribotoxin ␣-sarcin in vivo, which excludes its direct translocation through the
plasma membrane as its main entry mechanism. In our recent
study, we detected the induction of multifactorial effects in
sensitive fungi by PAF (16). It is conceivable that these detrimental effects are evoked by the internalized protein, which
stands in contrast to reports on A. giganteus AFP, which was
found to bind to the extracellular layers of sensitive fungi (33).
In conclusion, our data demonstrate that differences exist in
the localization of antifungal proteins, suggesting different sites
of action. Therefore, further studies are needed to identify the
primary targets of PAF and those of other antifungal proteins
to improve our knowledge on their antifungal effects.
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