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Abstract

ThePenicillium chrysogenum antifungal protein PAF is secreted into the supernatant after elimination of a preprosequence. PAF is actively
internalized into the hyphae of sensitive molds and provokes growth retardation as well as changes in morphology. Thus far, no information
is available on the exact mode of action of PAF, nor on the function of its prosequence in protein activity. Therefore, we sought to investigate
the effects of secreted PAF as well as of intracellularly retained pro-PAF and mature PAF on the sensitive asésmgygdtas nidulans,
and transformed this model organism by expression vectors contaifisgpGentially truncategaf-coding sequences under the control
of the inducibleP. chrysogenum-derived xylanase promoter. Indirect immunofluorescence staining revealed the localization of recombinant
PAF predominantly in the hyphal tips of the transformant Xylpafl which expressed prepro-PAF, whereas the protein was found to be dis-
tributed intracellularly within all segments of hyphae of the transformants Xylpaf2 and Xylpaf3 which expressed pro-PAF and mature PAF,
respectively. Growth retardation of Xylpafl and Xylpaf3 hyphae was detected by proliferation assays and by light microscopy analysis.
Using transmission electron microscopy of ultrathin hyphal sections a marked alteration of the mitochondrial ultrastructure in Xylpafl was
observed and an elevated amount of carbonylated proteins pointed to severe oxidative stress in this strain. The effects induced by secrete
recombinant PAF resembled those evoked by native PAF. The results give evidence that properly folded PAF is a prerequisite for its activity.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction notype, metabolic inactivation, membrane permeabilization
and oxidative stress [13]. Recently, indirect immunofluores-
The antifungal protein PAF is a small, basic cysteine- cence studies revealed that PAF is actively transported into
rich protein secreted by thglactam-producing filamentous  the cells of sensitive fungi, which indicates that the detri-
fungus Penicillium chrysogenum Q176 [17]. PAF inhibits mental effects are provoked from inside the cells [20].
the growth of various filamentous fungi, among others plant ~ PAF is synthesized as a precursor protein with a sig-
pathogenic and opportunistic zoopathogenic molds. The ef-nal sequence of 18 amino acid (aa) residues and a prose-
fects of PAF on sensitive organisms were characterized asguence of 19 aa which is located N-terminally to the ma-
being multifactorial, includig induction of a crippled phe- e protein (55 aa) [17]. Apart from the signal peptide for
secretion via the endoplasmic reticulum, many extracellu-
* Corresponding author. lar proteins of pro- and eukaryotes also possess proregions
E-mail address: florentine.marx@uibk.ac.at (F. Marx). at the N-terminus, C-terminus or even within the primary
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sequence, which are cleaved off during maturation of the  xWP-P =zignal pro m;b;retrpC-T ane

precursor protein. In many cases, mature proteins gain their—[[IEENE 73 pAylpaf
activity upon removal of these prosequences, e.g., in the case

of zymogens, growth factors, neuropeptides, prohormones

mature
and toxins [19]. An additional function of the prosequence KAPF pro pay WpCGT 208
is to act as an intramoleculahaperone by enabling proper — (T A —  Paylpafl
folding of the mature protein portion [12]. In contrast to
molecular chaperones, intramolecular chaperones are cova mature

lently linked to the protein to be folded.

Our special interest in this study was to investigate the ef-
fect of the heterologous expression of recombinant PAF in Fig. 1. Schematic representation of theression vectors pXylpafl, pXyl-
the sensitive mold\spergillus nidulansin order to gain bet- paf2 and pXylpaf3 for the complementation Af nidulans strain WG355
ter insight into the relationship of the primary structure to the (argB™) by transformation and for inducible expression of recombipant
function of the antifungal protein. Efficient expression of re- ¥P-P. P. chrysogenum-derived xylP promoter; signal/pro/maturgaf, nu-
combinant proteins by induction with xylan or xylose via C/€otide sequence coding for the sigsaguence, the prosequence and the

. mature sequence péf ; trpC-T, A. nidulans trpC termination regionargB,
the P. chrysogenum-derived xylanasexylP) promoter has A yigulans argB encoding region.
been shown in the model organisi nidulans [34]. Us-
ing this expression system, we characterized PAF-sensitive
A. nidulans strains which expressed the recombinant, se-
creted prepro-PAF, and the iatellularly retained pro-PAF
and mature PAF upon induction. The effects of expression o
the different recombinant PAF types on the producing trans-
formants were analyzed.

xylP-F paf #@CT ans
A— pXylpafl

the start codons (for prepro-PAF:-6GTACCATGGCC-
CAAATC-ACCACAGTTG; for pro-PAF: B-GGTACCAT-

§ GGCCACCCCCATTGAGTCTG; for mature PAF &GT-
ACCATGGCCAAATACACCGGAGTG) and &amHI site
after thepaf stop codons (5SGATCGGATCCCTAGTCAC-
AATCGACAGC). A vector containing the truncated por-
tions of thepaf gene preceded by the/P promoter and
followed by theA. nidulans trpC terminator sequence [11]
was generated from the plasmids pBluearg and pXyINOM.
Cloning of both vectors was described previously by Zadra

2. Materialsand methods

2.1. Strains, media, growth conditions and activity assays et al. (2000) [34]. In brief, a 1.7-kb region of thglP pro-
. . o . moter was amplified by PCR and subcloned in front of the
Vectors and plasmids were propagateBsnherichiacoli uidA gene into plasmid pNOM102 [25], replacing thedA

DH5x (DSM 6897). The fungal strains used in this study promoter and resulting in the plasmid pXyINOM. ThiglA
wereA. nidulans WG355 piAl bgaO argB2), A. nidulans gene was excised by restriction witcol/BamHI and re-

wt (FGSC A4),A. niger (CBS120.49) andP. chrysogenum placed by the PCR-fragmenpaf1, paf2 andpaf3. Plasmid
Q176 (ATTC10002). For transformatioA, nidulans was pBluearg that contained a mutatacyB allele for single-
grown in minimal medium MM according to Pontecorvo copy insertion at thargB locus ofA. nidulans WG355 was
(1953) [22] at 37C with glucose as carbon source. Trans- generated by excision of a 3.7-koul—-Kpnl fragment from
formants were cultivated in complete medium CM [13] or plasmid pTran3-1A [24] and ligation int&coRV/Kpnl-
MM, containing 2% glucose for repressing and 1% xylose cleaved pBluescript KS (Stratagene, La Jolla, CA, USA).
for inducing growth conditions at 3&. Media were sup-  The resulting vector pBluearg was digested wisil and
plemented as require&. chrysogenumwas grown inPeni- BamHI, ligated with theBglll/Pstl excised expression cas-
cilliumminimal medium at 28C and PAF was purified from  settes carrying theylP—paf1, xylP—paf2 or xylP—paf3 fu-

the supernatant as described previously [17]. The growth of sions as described above and the new transforming vectors
paf -expressingA. nidulans strains was determined by spot-  were termed pXylpaf1, pXylpaf2 and pXylpaf3, respectively

ting 5x 10° conidia in 5 pl aliquots on solid medium. Alter-  (Fig. 1). The correct reading frame of the PCR fragments
natively, 200 pl liquid CM were inoculated withx1 10* co- was verified by sequencing [26].

nidia/ml in 96-well microtiter plates and growth was deter-
mined spectrophotometrically as described [6,13,15]. 2.3. Transformation of A. nidulansWG355

2.2. Construction of plasmids Transformation ofA. nidulans WG355 was carried out
as described by Tilburn et al. (1995) [29] and resulted
For cloning procedures, standard recombinant DNA tech- in the strains Xylpafl, Xylpaf2 and Xylpaf3. In order to
nigues were used [26]. PCR-fragments coding for prepro- generate a control straify. nidulans WG355 was com-
PAF (pafl), pro-PAF paf2) and mature PAFpaf3) were plemented with pBluearg leading to angB reconstituted
amplified from genomi®. chrysogenum DNA by using syn- strain that is further referred to as the wt strain. Fun-
thetic oligonucleotides to create &itol restriction site in gal DNA and total RNA were isolated from nitrogen-
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frozen and ground mycelia as described by Zadra et al. of vacuoles, 27-bis-(2-carboxyethyl)-5-(and-6)-carboxy-
(2000) [34], and screening of positive clones was per- fluorescein)acetoxymethyl-(AM¥ster (BCECF; Molecular
formed by standard PCR and Southern blot analysis [26]. Probes, Eugene, OR, USA) was used according to the manu-
Digoxigenin-labeled PCR fragments were amplified us- facturer’s instructions. Fluescent-labeled specimens were
ing oligonucleotides BCCGTTGCGAATGCTAACC and visualized on a Zeiss 510 confocal laser scanning micro-
5-TCGCATACTCTCCACAATCC for the argB probe, scope or alternatively on a B3 Axioplan fluorescence mi-
5-GCCAAATACACCGGAAAATG and 3-CTAGTCACA- croscope (Jena, Germany) as previously described [13].
ATCCCCGACAGC for thepaf probe, and 5CGGTGATG- For transmission electron microscopy (TEM), nidu-
AGGCACAGT and 5%CGGACGTCGACATCACA for lans hyphae from liquid cultures were fixed with 2.5% glu-
acnA. The probes were used for DNA and RNA detection as taraldehyde in cacodylate buffer CCB (v/v; 21 4 sodium-
described by the manufacturer’s instructions (Roche, Mann- cacodylatex 3H,0O, pH 7.3) for 1 h at 4C. After wash-

heim, Germany). ing with CCB for 10 min at room temperature specimens
were postfixed in reduced osmium tetroxide (0.5% @ad
2.4. Protein analysis 0.75% potassium ferrocyanide in CCB) for 1 h at room tem-

perature. After three washing steps (10 min each) mycelia
were dehydrated in standard ethanol series and embedded in
Spurr’s low-viscosity resin (Plano, Marburg, Germany) for
18 hat#C.

Colonies cultured on solid media were phase-fixed with
2.5% glutaraldehyde and 1% osmium tetroxideiheptane
for 1 h at room temperature. Specimens were then postfixed
in osmium tetroxide, washed, dehydrated and embedded as
described above. Semithin (300 nm) and ultrathin sections
(50-90 nm) were cut with a Leica Ultracut UCT (Vien-

For recovery of secreted recombinant PAF the superna-
tants from cultures grown under inducing and repressing
conditions for various time points were separated from my-
celia by filtration and cleared by centrifugation at 12 G00
and 4°C, prior to 10-fold concentration using Centriprep de-
vices (YM-3, Millipore, Bedford, MA). Total protein content
was determined by the method of Bradford (1976) [5]. Equal
protein amounts were analyzed by SDS-PAGE (16% poly-

acrylamide; Novex, San Dga, CA) and immunoblotting, na, Austria), mounted on regular hexagonal copper grids,

using rabbit anti-PAF serum (1:1000; [20]) as primary an- et . . i
tibody and alkaline phosphatase-conjugated goat anti—rabbitdOUbIe stained with uranyl acetaand lead citrate and ex

immunoglobulin G (110 000; Sigma, Vienna, Austria). The amined with a ZEISS 902 TEM (Jena, Germany).
concentrated supernatants wingher used in protein activ-
ity assays.

To analyze reactive oxygen species (ROS)-induced pro-
tein carbonylation, 50 mg of lyophilized mycelia were ex-
tracted in 600 ul of 50 mM Na-phosphate buffer, pH 7.0
in a Retsch mixer mill MM 300 (Qiagen, Vienna, Aus-
tria). After removal of insoluble cell debris by centrifugation
(12000g¢, 4°C), protein carbonyl groups in the soluble cell
fractions were derivatized with 2,4-dinitrophenylhydrazine
DNPH (Sigma, Vienna, Austria) according to the protocol
of Levine et al. (1994) [14]. Samples were separated by
SDS-PAGE and proteins were immunodetected by an anti-
dinitrophenylhydrazine antibody 4000, Dako, Glostrup,
Denmark) according to Cabiscol et al. (2000) [7].

2.6. Satistical analysis

All statistics were done with the Microsoft Excel pro-
gram and statistical significance was calculated by Student’s
t-test. A two-sidedP value< 0.05 was considered to be sig-
nificant.

3. Results

3.1. Expression of different recombinant PAF
protein typesin A. nidulans

A. nidulans was transformed with the reporter constructs
) as described in Section 2 (Fig. 1). Single-copy transformants
2.5. Microscopy with plasmid integration at thargB locus were identified by
Southern blot analysis in order to determine the impact of the
Analysis of hyphal growth and morphology was exam- N-terminally truncated PAF protein types (data not shown).
ined and photographed with an Olympus CK40 microscope Five isolated strains of each transformant type (Xylpafi,
(Vienna, Austria), equipped with a Zeiss AxioCam MR Xylpaf2 and Xylpaf3) with single copy integration were ana-
(Jena, Germany). For indirect immunofluorescence stain-lyzed for any evident phenotype on inducing solid medium.
ing, conidia of transformants were germinated in induc- All Xylpafl strains showed the same retarded growth and
ing medium at 30C for 16 h. As a control, the wt strain  development, whereas the Xylpaf2 and Xylpaf3 isolates did
was grown under the same conditions and then treatednot differ in their appearance from the wt. Subsequently,
with 5 pg purified native PAFmMI for 90 min. Indirect one isolate of each strain was selected for further character-
immunofluorescence staining for the localization of native ization. The transcription of theylP-driven paf fragments
and recombinant PAF iA. nidulans was performed as de- was strongly induced by xylose and completely repressed
scribed by Oberparleiter et al. (2003) [20]. For the staining by glucose in all three Xylpaf strains, which underlines the
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immunofluorescence staining. Strong PAF-specific fluores-
cent signals in the hyphal cells of all three transformants

were detected (Fig. 3). In the transformant Xylpafl fluo-
‘ paf rescent signals appeared predominantly in the hyphal tips

Xylpafi Xylpaf2 Xylpaf3 wt
-+ -+ -+ -+

(Figs. 3A and 3B). The intracellular signal resembled that of
the wt that was treated with 5 pg of purified native PAH
in inducing medium (Fig. 3G). Pro-PAF and mature PAF
accumulated intracellularly in Wpaf2 and Xylpaf3, respec-
acnA tively, whereby pro-PAF was evenly distributed within the
cell (Fig. 3C). Interestinglynature-PAF accumulated at spe-
cific sites in the cytoplasm of not all, but most hyphae
(Fig. 3D). However, staining of Xylpaf3 with BCECF ex-
cluded a colocalization of reatbinant PAF with vacuoles
(Figs. 3E and 3F). PAF-specific fluorescent signals were de-
Xylpafi Xylpaiz Xyipat3 Co tectable neither imMA. nidulans transformants which were
cultivated under repressing conditions (data not shown), nor
: -d_ 6.3 kDa in the wt strain which was grown under inducing or repress-
: ing conditions (Fig. 3H). These controls proved the PAF-
specificity of the immunofluorescence staining.

GV

® 3.2. Effects of recombinant PAF protein types
Fig. 2. Expression of recombinapéf and secretion of heterologous protein  on fungal growth
in the A. nidulans strains Xylpafl, Xylpaf2, Xlpaf3 and wt. (A) Northern
analysis was performed with 10 pg total RNA isolated from cultures grown In order to Study the effect of recombinant PAE produc-

for 24 h under inducing+) or repressing ) conditions (upper panel). . L
Detection ofacnA mRNA was used as loading control (lower panel). (B) tion on the growth of Xylpafl, Xylpaf2 and Xylpaf3, in

Immunoblot analysis of extracellular proteins of transformants grown for ducing or repressing solid and liquid media were inoculated
24 h under inducing conditions. 25 pl of 10-fold-concentrated supernatants With the corresponding spores. Xylpafl grew significantly
were loaded per lane. Lanes: 1, Xylpafl; 2, Xylpaf2; 3, Xylpaf3; 4, wt; co, more slowly on inducing solid MM than the strains Xylpaf2,
0.5 ug purified native PAF was loaded as a control. Xylpaf3 and wt (Fig. 4A). Additionally, conidiation of the
Xylpafl strain was retarded during this period of time. How-
efficiency of the expression system (Fig. 2A). The length ever, after 7 days of further @ubation differences in colony
of paf mMRNA of the transformants (600, 570 and 510 nt, size were still evident, but Xylpafl had started to conidi-
respectively) corresponded to the length of 620 nt of the na- ate. No significant differences either in the number or in
tive paf mMRNA (data not shown). Npaf -specific mMRNA the germination efficiency of the produced conidia were de-
was detected in the wt strain that was cultivated under bothtectable between Xgafl and the otheA. nidulans strains
growth conditions (Fig. 2A). Densitometric standardization tested (data not shown). Comparable results were obtained
of the expression levels revealed simpaf mRNA amounts when colony formation and development of the transfor-
synthesized by the three transformants: 48.9% in Xyl- mants were monitored on solid CM, indicating that the phe-
pafl, 136+ 17.9% in Xylpaf2 and 124 27.4% in Xylpaf3, notypes were expressed independently of the medium com-
whereby the correspondiragnA expression levels were de-  position (data not shown). AA. nidulans strains grown on
fined as 100%. Further analysis of the transformants was per-repressing glucose containing solid media grew better than
formed under inducing conditions. During induction exper- on inducing xylose-containing media, and colony diameters
iments, the pH of the extracellular medium did not change and conidiation were similar at any time point under repress-
significantly (data not shown).HE secretion of recombinant ing conditions (Fig. 4B).
PAF into the culture supernatant was investigated by SDS- Comparable results were obtained when mycelial growth
PAGE and immunoblotting. As expected, nidulans strain in inducing liquid medium was determined by light mi-
Xylpafl secreted a ptein that reacted with the PAF-specific  croscopy and spectrophotometry. However, these methods
rabbit antiserum. The molecular weight (MW) corresponded revealed that not only the growth of Xylpafl, but also that
to the MW of 6.3 kDa of native PAF, which had been puri- of Xylpaf3, was affected under inducing conditions. Coni-
fied from theP. chrysogenum supernatant (Fig. 2B). In the  dia of all transformants germinated at similar rates, but hy-
supernatants d&. nidulans strains Xylpaf2, Xylpaf3 andwt  phal growth of strains Xylpafl and Xylpaf3 was retarded
no PAF-specific signal was found. with further incubation, as determined by light microscopy
The detection of the intracellular portion of the recom- (Fig. 5). Xylpafl showed the most prominent phenotype
binant PAF proteins by immunatating of cell-free extracts  with short multiply curved hyphae and numerous small ram-
was not successful, possibly due to little PAF content. There- ifications, indicating not only growth retardation but also a
fore, a more sensitive methedhs selected, namely indirect defect in hyphal morphology (Figs. 5A and 5F). The hy-
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Fig. 3. Fluorescence microscopy Af nidulans transformants, expressing recombinant PAF. The localization of recombinant PAF proteins was performed
by indirect immunofluorescence staining Af nidulans transformants, which were grown in inducingedium for 24 h. (A), (B) Xylpafl, (C) Xylpaf2,

(D) Xylpaf3 and (H) wt. (G)A. nidulans wt, treated with 5 pg PAFmI for 90 min in inducing medium was used as a positive staining control. (E) Vacuoles of
Xylpaf3 labeled with the fluorescence dye BCECF revealed a different staining pattern compared to the PAF specific signals in Xylpaf3, (F) lgggimicros
control of (G). Scale bars: 30 (A), 10 (B, E, F, G, H), 20 (C), 15 pm (D).
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®)

Fig. 4. Growth of theA. nidulans strains Xylpafl, Xylpaf2, Xypaf3 and wt after 72 h on inducing solid medium. (A) The colony diameter of the transformant
Xylpafl (arrow) was significantly smaller on indugimedium compared to that of the other transfortaan the wt strain. (B) As a control, transforma

were grown under repressing conditions.

phae of Xylpafl strongly resembled the hyphae of the wt ditioned supernatants of the strains Xylpaf2, Xylpaf3 and

which were exposed to 1 pg of purified native PA# un-
der the same inducing growtloeditions (Figs. 5E and 5J).

This underlines the fact that the phenotypic characteris-

tics of Xylpafl derive from the expression of a functional,
recombinant PAF protein. Instead, the hyphae of Xylpaf3

wt. The protein activity in the supernatant of Xylpafl cor-
responded to 0.1-0.5 pg of purified native RPAH, since

the growth inhibition induced byhe 10-fold concentrated
culture supernant was equivalent to that induced by 1-5 pg
PAF/ml (Fig. 6).

were longer, less curved and formed more regular branches The induction of ROS was analyzed by the detection of

(Figs. 5C and 5H). Both Xylpaf2 and the wt grew in long
straight hyphae with regular branch formation (Figs. 5B, 5G,
5D and 5I). Measurement of the @gy of fungal cultures

oxidatively damaged proteins in the transformants grown un-
der PAF-inducing conditions. #\shown in Figs. 7A and 7B
a marked increase in protein carbonylation of soluble ex-

underlined the growth retardation that had been observedtract of Xylpafl was evidengompared to that of Xylpaf2,

microscopically. 24 h after inoculation, Xylpafl showed
19.6+ 4.1% growth (P < 0.01), Xylpaf2 1133+ 7.1% and
Xylpaf3 77.2+ 8.2% (P < 0.45) compared to the wt strain,

Xylpaf3 and of the wt strain indicating that Xylpafl indeed
suffers from oxidative stress due to the activity of recombi-
nant PAF.

whose growth was defined as 100%. However, spectropho-

tometric quantification of hyphal growth revealed less sensi-

tivity compared to microscopic analysis. Although marked
growth retardation of Xylpaf3 was evident by light mi-
croscopy, the 23% growth inhibition of Xylpaf3 which was
calculated from the determined @£ was not significantly
different compared to the control. After 72 h of incuba-
tion, growth resulted in 3B + 4.3% for strain Xylpafl
(P £0.02),962+6.9% for strain Xylpaf2,and 78+ 1.7%

for strain Xylpaf3 (P < 0.15) compared to the 100% growth
of the wt strain. In glucose containing liquid medium all
strains proliferated similarly at any time point (data not
shown).

The functionality of the recombinant PAF secreted by the
transformant Xylpafl was tesd also on the highly sensitive
mold A. niger in a microtiter plate assay. The supernatant of
Xylpafl severely inhibited the growth &. niger, whereas

3.3. Cellular ultrastructure of PAF-expressing A. nidulans

To investigate possible effects of PAF on the cellular
ultrastructure of the transformants, ultrathin hyphal sec-
tions were monitored by transmission electron microscopy
(Fig. 8). A. nidulans wt hyphae featured cells with regular
submicroscopic structure and clearly identifiable organelles
(Fig. 8A). Hyphal segments typically contained several nu-
clei surrounded by the nuclear membrane. Nucleoli were
visible in many cases. The numerous mitochondria with
membranous cristae always showed well preserved outer and
inner membranes. VVacuoles were empty or contained loosely
distributed material. The fungal cytoplasmic membrane was
visible as a sharp, electron-dense lipid bilayer, surrounded
by the cell wall with an inner finely granular and an outer
fibrous layer. Xylpaf2 exhibited a similar subcellular mor-

no growth retardation was detectable with the supernatantsphology (Fig. 8E).

of Xylpaf2, Xylpaf3 and that of the wt strain (Fig. 6). The
activity of the Xylpafl superatant was compared to the
activity of native PAF which had been serially diluted in con-

In contrast, significant differences were evident in the
Xylpafl strain (Fig. 8B and 8C). Hyphae showed an in-
creased number of small vacuoles which contained com-
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Fig. 5. Light micrographs of. nidulans strains Xylpafl, Xylpaf2, Xylplad and wt cultivated in inducing liquid medium for 24 h (A-E) and 40 h (F-J). The
detail and the general view of the cultures indicatengh retardation and changes in growth poladgfyA, F) Xylpafl, (C, H) Xylpaf3 and (E, J) wt, éated
with 1 pg purified native PAFmI compared to normal growth of (B, G) Xylpaf2 and (D, I) wt. Multiple branch formation is indicated by arrowheads. Scale

bars: 20 (A—E); 100 pm (F-J).
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Fig. 6. Spectrophotometric determination of the growtiafiger by mea-
suring the O@Ryq in microtiter plates after 48 h of incubation in CM.
The growth inhibitory activity of the 10-fold concentrated supernatants of
the A. nidulans strains Xylpafl, Xylpaf2, Xlpaf3 and wt were compared

with the activity of purified nativé®PAF in conditioned supernatant (—) 1;

1 2 3 4 1
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pact, electron-dense inclusions. In general, mitochondria
were less well defined. In hyphae from liquid cultures, the
outer mitochondrial membrane was most often discontinu-
ous or missing (Fig. 8B). Mitochondrial profiles appeared
connected to each other in the majority of the cells. In hy-
phae from solid cultures, outer mitochondrial membranes
were distinct. Compared to the wt, a much higher number
of mitochondria showed conspicuous cytoplasmic indenta-
tions (Fig. 8C). These morphological alterations were PAF-
specific, since the morphology of Xylpafl specimens de-
rived from repressing growth conditions was comparable to
that of the wt (Fig. 8D).
The cellular ultrastructure of strain Xylpaf3 exhibited no

massive aberrations and resembled strain Xylpaf2 and the
wt strain, with the exception of the mitochondria. These

2 3 4

-

‘4

(")

©)

Fig. 7. Pattern of carbonylatedgieins of cellular extracts AA. nidulans strains cultivated in inducing liquid madn for 24 h. (A) Anti-2,4-dinitrophenol
immunostain; (B) Coomassie-brilliant blue protein stain asitwadontrol. Lanes: 1, Xylpafl; 2, Xylpaf2; 3, Xylpaf3; 4, wt.
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Fig. 8. Transmission electron micragrhs of the cellular ultrastructure Afnidulans strains cultivated in inducing liquid (A, B, E, F) and solid medium (C), and
in repressing liquid medium (D) for 24 h, respectively. (A) wt, (B, C, Bjipafl, (E) Xylpaf2, (F) Xylpaf3. Mtochondria with discontinuous outer mbnane
are marked with small arrows, mitochondria with cytoplasmic indentattmagnarked with arrowheads. CW, cell wall; P, peroxisome; M, mitochomdriu
N, nucleus; n, nucleolus; PM, plasma mearie; R, ribosomes; V, vacuole. Scalehd:.5 (A, B, D, E); 1.3 (C); 0.6 um (F).
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organelles were similarly affected as in Xylpafl, both in hy- However, expression of rentbinant PAF in Xylpafl was
phae of liquid (Fig. 8F) and solid cultures (data not shown). not lethal and growth and morphology of Xylpafl were less
However, these alterations were seen more rarely. affected thanA. nidulans wt cells, which were exposed to
purified native PAF [13]. This can be explained by the rela-
tively small amount of produced recombinant protein whose
4. Discussion concentration was well below the level 60 ug/ml) which
is necessary to kill hyphal cells [13].

Analysis of EST and genomic sequence data bases re- One still unsolved question is the cause for growth in-
vealed the absence opaf homologous gene iA. nidulans hibition. Due to the high specificity of PAF and the fact
[16]. Additionally, A. nidulans WG355 which was used in  that this antifungal protein is internalized by sensitive fungi,
the present study revealed the same PAF sensitivity (datait can be hypothesized that target molecules are not only
not shown) asA. nidulans FGSC A4, a test strain previ- present on the outer fungal layers, which might confer selec-
ously used for the characterization of purified, native PAF tivity for this protein, but also reside intracellularly, where
[13,20]. These facts indicate that this PAF-sensitive mold detrimental effects might be evoked. In fact, in a recent
is an ideal model organism for investigating the effects of study we revealed PAF-induced generation of intracellular
heterologous expression of N-terminally truncated PAF pro- ROS inA. niger [13], as well as inA. nidulans (paper in
teins upon its growth, physiology and morphology. The re- preparation). Oxidative damage of macromolecules occurs
combinantpaf genes were efficiently transcribed at similar in cells at a background level despite adaptive responses.
levels in the respective transformants under inducing con- Under increased oxidative stress conditions, cells exhibit a
ditions, whereas n@af mRNA could be detected in the Ilower viability, because ROS damage proteins, lipids and
wt. In Xylpafl the recombinanprotein was secreted into  nucleic acids, and are deleterious to mitochondria. Finally,
the supernatant and was found to be functional, whereas nahis process affects the metabolic and structural integrity of
PAF-specific signals were detectable in the supernatants ofthe cell [7]. Xylpafl showed several signs of elevated ox-
A. nidulans strains Xylpaf2, Xylpaf3 and the wt. This result idative stress during expression of recombinant PAF: an in-
is in accordance to the expetita that neither pro-PAF nor  creased level of protein carbonylation, changes in mitochon-
mature PAF is secreted due to the lack of a signal sequencedrial morphology and severe growth retardation. Although
However, the amount of the corresponding recombinant PAF we are thus far unable to discriminate between a primary
proteins in the supernatant and in the cellular extracts wasand a secondary role of PAF in causing oxidative stress, this
very low. Self-inhibition of proliferation of Xylpafl under = mechanism seems to play a majolerin the effectiveness of
PAF-inducing growth conditions and increased degradation this antifungal protein.
of recombinant pro-PAF ahmature PAF in Xylpaf2 and PAF is translated as prepro-protein and the signal se-
Xylpaf3 might have contributed to the poor protein yield. quence for secretion as well as the prosequence is removed
Alternatively, insufficient protein translation in all strains before or during the release of mature PAF into the su-
could be attributed to incorrect pre-mRNA processing, a pernatant [17]. There are various examples of similarly
suboptimal translation start region or limitations at the post- processed antimicrobial proteins, e.é., giganteus anti-
translational level [10]. fungal protein AFP [32] and ribotoximx-sarcin [21,31],

Characterization of the trémrmants Xylpafl, Xylpaf2, killer toxins from Saccharomyces cerevisiae [27] and from
Xylpaf3 and of the wt strai under PAF-inducing conditions  Ustilago maydis [28], and Sreptomyces tendae chitin bind-
revealed significant differexes in the growth rates in liquid  ing protein [4]. Generally, prosequences were attributed the
as well as solid media, in the intracellular localization of role of “intramolecular chaperones”, which prevent proteins
PAF and in the hyphal morphology and cellular ultrastruc- from exerting an activity before secretion, or which main-
ture. Xylpafl was the most affected strain, showing pheno- tain proteins unfolded to ensure their interaction with the
typic and physiological characteristics which were equally transport machinery of the cell [8]. Intracellular expression
induced in wt hyphae by the addition of purified native of pro-PAF in strain Xylpaf2 resulted in a phenotype identi-
PAF, and which had been recently reported for PAF-treated cal to the wt, although its cytoplasmic localization resembled
A. nidulans FGSC A4, e.g., growth retardation and multiple that of internalized native PAF [20]. Therefore, it can be as-
branch formation [13]. We also showed in a previous study sumed that the prosequence prevented PAF from premature
that the toxicity of PAF depends on its intact structure and on activity. A similar function was reported for the prosequence
its transport intdA. nidulans hyphae [20]. The predominant  of the Rhizopus oryzae lipase, which (1) modulates enzyme
accumulation of the immunofluorescence signal in the hy- activity in such a way that the enzyme can initially be syn-
phal tips of Xylpafl does not enable discrimination between thesized in a non-destructive form, and (2) supports folding
protein secretion and uptakenee both processes take place and disulfide bonding [1,2].
in this part of the hyphae [9,18,30,33]. However, since PAF  In contrast, Xylpaf3 expressed PAF intracellularly with-
was found in the supernatant it can be assumed that it was efout signal and prosequence. The expression of mature
ficiently secreted. On the other hand, the affected phenotypePAF slightly impaired the proliferation of Xylpaf3, which
of Xylpafl points to the uptake of a properly processed PAF. points to weak but still detectable protein activity. However,
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changes in mitochondrial morphology were minimal and no of a lipase fronRhizopus oryzae, Biochim. Biophys. Acta 1399 (1998)
elevated protein carbonylatiavas detectable. Remarkably, 173-180.
the distribution of the intracellular immunofluorescentsignal 2 H-D- Beer, G. Wohlfahrt, R.D. Schmid, J.E.G. McCarthy, The folding
differed from that of Xylpafl, Xylpaf2 and of internalized ;ngagnv'ty of the extracellular fipase Bhizopus oryzae are modu-

; ' y a prosequencBjochem. J. 319 (1996) 351-359.
native PAF [20]. The numerous immunofluorescent patches (3] p. Bessette, F. Aslund, J. Beckwith, G. Georgio, Efficient folding of
in Xylpaf3 might originate from aggregated misfolded pro- proteins with multiple disulfide bonds in thescherichia coli cyto-
tein due to the missing support of the prosequence for proper  Plasm, Proc. Natl. Acad. Sci. USA 96 (1999) 13703-13708.
folding. Alternatively, a mislocalization of the protein could ~ [4 G- Bormann, D. Baier, I. Horr, C. Raps, J. Berger, G. Jung,

t its int fi ith tati t t | | d H. Schwarz, Characterization of reovel, antifungal, chitin-binding
prévent Its intéraction with putative target molecules an protein from Sreptomyces tendae Tu901 that interferes with growth

lead to increased degradation anefficient protein activity. polarity, J. Bacteriol. 181 (1999) 7421-7429.
Since we previously showed that native PAF was localized [5] M. Bradford, A rapid and sensitive method for the quantitation of
cytoplasmically in sensitive molds [20], we expressed in microgram quantities of protein utilizing the principle of protein-dye

this study recombinant pro-PAF and mature PAF intracellu- __ Binding, Anal. Biochem. 72 (1976) 248-253.
y P [6] W.F. Broekaert, F.R.G. Terras, B.P.A. Cammue, J. Vanderleyden, An

larly to investigate their activity at thg putative site of act|on_ . automated quantitative assay fangal growth inhibition, FEMS Mi-
However, there was no or only a minor effect detectable in crobiol. Lett. 69 (1990) 55-59.
the phenotypes of Xylpaf2 and Xylpaf3 compared to the wt. [7] E. Cabiscol, E. Piulats, P. Echave, E. Herrero, J. Ros, Oxidative
Therefore, it cannot be excluded that PAF has to pass the cell jtrg_ssl Pé%m0t925755p2920ci)f(i)% f;(;tggnsdg;nsa;%%mharowces cerevisiae,
: . blol. em. — .
wall and/or t.he plasma mem.brane to become fully actlye. [8] J. Eder, A.R. Fersht, Pro-sequenassisted protein folding, Mol. Mi-
The expression of a recombinant pre-mature-PAF, lacking crobiol. 16 (1995) 609—614.
the prosequence might provide the answer to this question [g9] s. Fischer-Parton, R.M. Parton, P.C. Hickey, J. Dijksterhuis,
and will be the subject of future studies. H.A. Atkinson, N.D. Read, Confocal microscopy of FM4-64 as a tool
In this respect, we tried to express in another approach thf anily:/:_ng endigﬁ?zgog;\g:gsgg trafficking in living fungal hy-
H H H H ae, J. Microsc. —. .
matur? PAF in a prOka.ryOtIC eXpreSSIO.n S.ySter.n’ us_mg the [10] pR.J. Gouka, P.J. Punt, C.A.MJJ van den Hondel, Efficient poduc-
plasmid vector pET3d in both, thescherichia coli strains tion of secreted proteins bpspergillus: Progress, limitations and
BL21 and Origami™. The latter strain greatly enhances prospects, Appl. Microloil. Biotechn. 47 (1997) 1-11.
disulfide bond formation of recombinant proteins in the cy- [11] H. Haas, E. Friedlin, G. Stoffler, B. Redl, Cloning and structural orga-
toplasm [3,23]. Although large amounts of recombinant pro- nization of a xylanase-encoding gene fréenicillium chrysogenum,
tein were purified from botE. coli strains, recombinant ma- Gene 126 (1993) 237-242.

. . . . . [12] M. Inouye, Intramolecular chapene: The role of the propeptide in
ture PAF was inactive (unpublished data). This again under- protein folding, Enzymes 45 (1991) 314-321.

lines the necessity of prosequence-supported protein folding[13] L. Kaiserer, C. Oberparleiter, R. Weiler-Goerz, W. Burgstaller,
and proper protein processing for PAF activity. E. Leiter, F. Marx, Characterization of tienicillium chrysogenum
In conclusion, the results presented in this study indicate _antifungal protein PAF, Arch. Microbiol. 180 (2003) 204-210.

that correct protein processing and proper folding is neces-14 R.L- Levine, J.A. Wiliams, E.R. Stadtman, E. Shacter, Carbonyl as-
.. says for determination of oxidatiyemodified proteins, Meth. Enzy-

sary for PAF activity and that the prosequence seemsto play 1, 233 (1994) 346-357.

an important role in preventing PAF from premature activity. [15] A. Ludwig, T. Boller, A method fothe study of fungal growth inhibi-

However, projected immunogold labeling and transmission tion by plant proteins, FEMS Microbiol. Lett. 69 (1990) 61-66.

electron microscopy will address the subcellular localization [16] F. Marx, Small, basic antifungal proteins secreted from filamentous as-

. . . . _ comycetes: A comparative study regarding expression, structure, func-
of recombinant PAF in more detail. Additionally, crystallo tion and potential application, gpl. Microbiol. Biotechnol. (2004)

graphic analysis might elucidate the structural relationship 1-10, e-pub ahead.
between the prosequence and the mature protein, since nQi7] F. Marx, H. Haas, M. Reindl, G. Stoffler, F. Lottspeich, B. Redl,
information on the three-dimensional structure of PAF in- Cloning, structural organizationnd regulation of expression of the
volving its prosequence is available to date. Penicillium chrysogenum paf gene encoding an abundantly secreted
protein with antifungal activity, Gene 167 (1995) 167-171.
[18] K. Masai, J. Maruyama, H. Nakajima, K. Kitamoto, In vivo visual-
ization of the distribution of a secretory protein/Aspergillus oryzae
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