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C H A P T E R 4 

A Fusarium oxysporum glycoprotein with a C-terminal GPI-

anchoring domain required for linkage to the cell wall 

Ed.A.M. Schoffelmeer, Michel A. Haring, Jack H. Vossen, 

Aveline A. van Doorn, Ben J.C. Cornelissen 

submitted 

ABSTRACT 

To investigate the cell wall structure of plant pathogenic, filamentous fungi, we set out to 

characterize cell wall glycoproteins (CWPs) of the tomato pathogen Fusarium oxysporum. N-

terminal sequencing of a 60 kDa CWP led to the cloning of the corresponding gene that we 

have designated FEM1 {Fusarium extracellular matrix protein). The gene contains an open 

reading frame encoding a primary translation product of 212 amino acids, including an N-

terminal 17 amino acid secretion signal sequence. Furthermore, FEM1 contains two potential 

N-glycosylation sites and is rich in serine and threonine residues (29 %) that could serve as O-

glycosyl addition sites. At its C-terminus the protein shows a 22 amino acid putative glycosyl-

phosphatidylinositol (GPI) anchor attachment signal sequence. A mutant FEM1 protein 

lacking this GPI anchor attachment signal sequence is not retained in the fungal cell wall, 

indicating that in the wild type protein as in the yeast S. cerevisiae this sequence is functional 

in anchoring the protein in the extracellular matrix. Southern analysis shows that FEM1 is 

present as a single copy gene in all formae speciales of F. oxysporum tested and in F. solani, 

but that it is not present in Botrytis cinerea nor in S. cerevisiae. No homologues of FEM1 
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were found in available sequence databases except for a Neurospora crassa protein that 

shows homology with the N- and C-terminal region of FEM 1. 

INTRODUCTION 

The fungal cell wall is of vital importance as it provides shape to the cell and protects it 

from deleterious environmental effects. In addition particular cell wall glycoproteins (CWPs) 

may be involved in processes such as mating and adhesion (Epstein and Nicholson 1997), and 

in plant-symbiotic (Tagu and Martin 1996) and plant-pathogenic interactions. For example, in 

the yeast Saccharomyces cerevisiae CWPs have been identified that are involved in mating 

and cell-cell aggregation (Klis 1994). In plant-pathogen interactions CWPs may be involved 

in elicitation of defense responses, as has been shown for isolated CWPs of Phythophthora 

(Parker et al. 1991) and Puccinia graminis (Marticke et al. 1998). In the Colletotrichum-bsan 

interaction a gene encoding a fungal CWP is expressed in planta only, suggesting a specific 

role for this CWP in this interaction (Perfect et al. 1998). 

The wall of Ascomycete fungi are composed of the polysaccharides chitin (a polymer of ß-

1,4-linked N-acetyl-D-glucosamine) and glucan (ß-1,3-, ß-1,6- and a-l,3-linked glucose 

polymers), and CWPs (Gooday 1995). As a member of this group, these compounds have also 

been found in several Fusarium spp. (Baran et al. 1975, Barbosa and Kemmelmeijer 1993) 

including F. oxysporum (Schoffelmeer et al. 1999). The CWPs can be released from the cell 

wall by ß-l,3-glucanase treatment suggests that CWPs are covalently bound to ß-l,3-glucan 

(Schoffelmeer et al. 1996). Analysis of ß-l,3-glucan-bound CWPs of S. cerevisiae has shown 

that the mannan chain of a glycosyl-phosphatidylinositol (GPI)-anchor connects the CWP to 

ß-glucan (Kollâr et al. 1997; Fujii et al. 1999). Addition of a GPI-anchor occurs in proteins 

that possess a so-called GPI-anchor attachment signal sequence: a C-terminal, hydrophobic 

region that is preceded by a short region of polar amino acids and a specific tri-peptide amino 

acid motif (Udenfriend and Kodukula 1995). The amino acid to which the GPI-anchor is 

connected is called the w site and must be a Gly, Ala, Ser, Cys, Asp or Asn. Upon attachment 

of the GPI-anchor to the amino acid at the w site, the amino acids C-terminal of this site are 

released. At the site adjacent to the w site (w+l site) mainly small aminoacids are present 

whereas the third (co+2 site) only allows Gly, Ala and Ser (Gerber et al. 1992; Nuoffer et al. 

1993; Udenfriend and Kodukula 1995). 

A GPI-anchor attachment signal has been demonstrated for several covalently linked 

CWPs of S. cerevisiae (Lipke et al. 1989; Roy et al. 1991; Teunissen et al. 1993; van der 

Vaart et al. 1995). CWPs of other fungi, notable HYR1 of Candida albicans (Bailey et al. 

1996) and MPI of Pénicillium marneffei (Caro et al. 1998) also contain putative GPI-anchor 
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attachment signal sequences. Experimental evidence shows that this C-terminal GPI-anchor 

attachment signal is necessary to link CWPs to the cell wall of S. cerevisiae (van Berkel et al. 

1994; Lu et al. 1994; Shimoi et al. 1995). A GPI-anchor possesses a phosphodiester bond that 

is sensitive to phosphodiesterase or aqueous hydrofluoric acid (HF) treatment (Ferguson 

1992; Sipos 1995). Indeed, both treatments release ß-glucans from CWPs originating from S. 

cerevisiae and C. albicans cell walls indicating the presence of a phosphodiester bond 

between ß-l,6-glucan and the CWP (Kapteyn et al. 1995; 1996). 

The tomato pathogen Fusarium oxysporum is a soil-borne fungus causing wilt disease. 

Here we report the identification of a CWP from F. oxysporum and the subsequent cloning of 

the corresponding gene that we have designated FEM1. At its C-terminus FEM1 shows a 

putative GPI-anchor attachment signal sequence. We show that a mutant FEM1 protein 

lacking this GPI-anchor attachment signal sequence is not present in the fungal cell wall, 

indicating that in the filamentous fungus F. oxysporum as in the yeast S. cerevisiae at least 

some CWPs are covalently linked to the cell wall through a GPI-anchor. 

MATERIALS AND METHODS 

Fungal isolates and cultures 
Cultures of Fusarium oxysporum f.sp. lycopersici race 1 (isolate Fol004), race 2 (isolate 

Fol007) and race 3 (isolate Fol029), F. oxysporum f.sp. radicis lycopersici (isolate C56Q), F. 
oxysporum f.sp. dianthi (isolate WCS816), F. oxysporum f.sp. gladioli (isolate G2), F. solani 
f.sp. phaseoli and Bouytis cinerea were grown and maintained on PDA medium. S.cerevisiae 
(wild type strain FY69) was grown on solid YPD medium (1 % (w/v) yeast extract, 2 % (w/v) 
bactopeptone and 3 % (w/v) glucose). 

Isolation of cell walls 
Micro-conidia of F. oxysporum race 2 were collected from mycelium growing on PDA 

plates. By washing the surface with sterile deionized water conidia were removed. Mycelial 
fragments, present in the conidia suspension were removed by filtration through glass wool. 
Subsequently, a fungal culture was started by adding conidia to B5 medium (de Wit and Flach 
1979) at a final concentration of 1.105 conidia ml"1. These fungal cultures were incubated for 
three days at 24 °C while shaking. Three-day-old mycelium was collected by filtration of the 
culture through three layers of Miracloth (Calbiochem). To remove the abundantly produced 
micro-conidia the mycelium was resuspended in deionized water and filtered again through 
miracloth. Finally the mycelium was collected on an 8-um pore size filter (Sartorius). To 
obtain hyphal walls, 1.4 g (fresh weight) mycelium was added to a tube containing 10 ml 
buffer (10 mM Tris-HCl, pH 7.8), 1 mM PMSF and 9.0 g of glass beads (diameter 0.5 mm). 
Disruption of the mycelium was performed by sequential shaking of the tube with a Vortex 
(1-min. maximum speed), a Griffin shaker (20 min, half-maximum speed in a cold room at 5 
°C) and again on a Vortex (1 min. maximum speed). As observed microscopically, this 
procedure rendered hyphae free of cytoplasm. After separation of the homogenate from the 
glass beads, cell walls were collected by centrifugation and washed three times with an ice-
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cold 1 M NaCl solution and three times with ice-cold deionized water both containing 1 mM 
PMSF. The cell wall suspension was finally stored at -20 °C. 

Isolation of cell wall proteins 
Non-covalently bound proteins were removed from the isolated cell walls by boiling for 5 

min in a 50 mM Tris-HCl (pH 7.8) buffer supplemented with 2% SDS, 100 mM NaEDTA, 40 
mM ß-mercaptoethanol and 1 mM PMSF (Elorza et al. 1985). Cell walls were collected by 
centrifugation and extracted a second time. Extraction buffer was removed by washing the 
cell walls six times with deionized water supplemented with 1 mM PMSF. Freeze-dried cell 
walls were treated with ice-cold aqueous hydrofluoric acid (50% v/v) and remained on ice for 
three days in a cold room set at 5 °C. Solubilized glycoproteins were separated from non-
solubilized material by centrifugation for 20 min at 14,000 rpm (4 °C). Glycoproteins were 
allowed to precipitate by adding nine volumes of ice-cold methanol to the eppendorf tubes 
that remained on ice for 1 hour. Precipitated glycoproteins were collected by centrifugation 
for 30 min at 14,000 rpm at 4 °C and washed three times with 90 % (v/v) methanol. The pellet 
was finally resuspended in water and freeze-dried. 

Protein analysis 
To obtain material for sequencing, glycoproteins were dissolved in sample buffer and 

separated in a layered Tris/Tricine SDS-polyacrylamide gel-system composed of a 5 % 
stacking gel, a 10% spacer gel and a 14% separating gel (Shager and Von Jagow 1987). After 
separation glycoproteins were transferred onto a PVDF membrane (Immobilon-P, Millipore). 
Transfer of proteins was performed in a BioRad mini protean II system at a constant voltage 
of 80 V using CAPS (10 mM, pH 10) as a transfer buffer. Proteins bound to the membrane 
were visualized by staining for 5 min with 0.1% (w/v) Coomassie Brilliant Blue R-250 
dissolved in 50% (v/v) methanol. Membranes were destained for 10 min in a 50% (v/v) 
methanol / 10% (v/v) acetic acid solution, washed with water and air-dried. Stained bands 
were cut from the PVDF membrane and N-terminally sequenced on a Procise 494 sequencer 
(Perkin Elmer) using the protocol provided by the manufacturer. 

For immunological detection of recombinant CWP, cell walls were obtained from two-day-
old cultures of transgenic fungus. Aliquots of purified cell walls were treated with either ice-
cold aqueous HF or ice-cold distilled water for 24 h. Samples were loaded on a 2-20% 
Polyacrylamide gel and proteins were electrophoretically (20 V; 0.13 A) transferred to a 
PVDF membrane (Hybond). Transfer of proteins was performed overnight using a transfer 
buffer consisting of 25 mM Tris-HCl (pH 8.3), 192 mM glycerin and 20% v/v methanol. 
Upon transfer membranes were incubated at 50 °C in stripping buffer consisting of 100 mM 
2-mercaptoethanol, 2% w/v SDS, 62.5 mM Tris-HCl (pH 6.7) for 30 minutes with occasional 
agitation. Subsequently membranes were incubated in PBS containing 0.1% v/v Tween-20 
and 5% w/v Membrane Blocking Agent (MBA; Amersham Life Science) for 90 min at room 
temperature. For immunological detection, His-tag specific antibodies were used (QIAexpress 
RGS.His Antibody, QIAGEN). Blots were incubated overnight at 4 °C with 1000-fold diluted 
antibody in PBS containing 0.1% v/v Tween-20 and 5% w/v MBA. After washing with buffer 
(PBS, 0.1% w/v Tween-20), blots were incubated with 4000-fold diluted second antibody for 
at least lh. As second antibody GAMPO, a goat anti-mouse peroxidase-linked antibody 
(Pierce) was used. After washing, detection was performed using the ECL+ Western blotting 
detection system (Amersham, Pharmacia Biotech, UK). 
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RT-PCR amplification oîFEMl 
Mycelium of F.oxysporum f.sp. lycopersici race 2 was collected from a three-day-old by 

filtration through Miracloth and subsequently freeze-dried. Total RNA was extracted 
according to Lecellier and Silar (1994). cDNA synthesis was performed with 10 ug total RNA 
using Superscript reverse transcriptase (Gibco BRL) and an oligo dT primer with at its 5' end 
the BamH\ and Xbal recognition sequences (oligo dT-BX; Table 1). cDNA was used for 
dsDNA synthesis in a PCR with the same oligo dT-BX primer and a degenerated primer 
(primer 1; Table 1) corresponding to the sequence Asn-Thr-Glu-Phe-Asp-Leu-Thr of the N-
terminus of the 60 kDa CWP. Each PCR (50 pi) reaction contained 5 pmol oligo dT-BX 
primer, 100 pmol primer 1, 2 ul cDNA template, 0.5 units Super Taq DNA polymerase (HT 
Biotechnology Ltd), 1 x Super Taq PCR buffer and 0.25 mM each dATP, dCTP, dTTP and 
dGTP (Pharmacia Biotech). To amplify DNA fragments the thermal cycler (Perkin Elmer) 
was programmed for 30 cycles of 1 min 95 °C, 1 min 45 °C and 3 min 72 °C. The generated 
fragment (approximately 800 bp) was ligated into the EcoRW site of pBluescript KS that was 
extended with dTTP nucleotides, and transformed into Escherichia coli DH5a. 

Table 1. Oligonucleotides used in this study 

Name Length Sequence (5'-> 3') 

oligo dT-BX 29 GCTCTAGAGGATCCTTTTTTTTTTTTTTT 

primer 1 20 AA(C/T)ACIGA(A/G)TT(C/T)GA(C/T)(C/T)T(A/C/G/T)AC 

FEM1N1 49 GAGGATCCCACCATCACCATCACCATACCGAGTTT-

GATCTCACTGAGGG 

FEM1N2 35 GTGGGATCCTCTCATGTTGAGGAAAGCAGGCTTGG 

FEM ICI 53 GAGGATCCCACCATCACCATCACCATTAGTGTCCC-

CAGTGTCCCTGAGAGCGG 

FEM1C2 34 GTGGGATCCTCTCATGGTCTCGCCGCCGGCACTG 

LS19 19 TTCCCAGTCACGACGTTGT 

LS20 20 CAGCTATGACCATGATTACG 

Library screening and DNA sequencing 
A X EMBL3 genomic library constructed from Sau3A partially digested fungal DNA was 

screened according to a standard protocol (Clontech) using cc-[32P]-dATP labeled FEMI 
cDNA. Replicate filter lifts of 2 x 105 plaques were screened by hybridization with a tobacco 
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probe at 55 °C for 20 h in 6 x SSC, 5 x Denhardt's, 0,5 % SDS containing 100 mg/ml salmon 
sperm. Filters were washed several times at low stringency in 2 x SSC at 50 °C or 55 °C for 20 
min., dried and exposed to a Fuji AR film with an intensifying screen at -80 °C for several 
days. Positive plaques were plated for a rescreen with the same probe and finally two unique 
plaques were selected. Recombinant phages were grown in E. coli strain K803, and DNA was 
isolated according to standard procedures (Sambrook et al. 1989). Sequencing of DNA inserts 
that were introduced into pBluescript KS was performed with an automatic sequencer (ALF 
express, Pharmacia Biotech). 

Southern blot analysis 

Mycelium of race 1, race 2 and race 3 of F. oxysporum f.sp. lycopersici, F. oxysporum f.sp. 
radicis lycopersici, F. oxysporum f.sp. dianthi, F. oxysporum f.sp. gladioli and F. solani f.sp. 
phaseoli grown at room temperature was obtained from a two-week-old stationary PDB 
culture. The hyphal mass was collected by filtration of the culture through one layer of 
Miracloth (Calbiochem). This mycelium was thereafter freeze-dried and ground to a fine 
powder using liquid N2. Mycelial cultures of B. cinerea were started by adding a macro-
conidia suspension, that was prepared from PDA plate grown cultures, to B5 medium at a 
final concentration of 5.105 macro-conidia. For two hours this culture was shaken every 15 
min, thereafter the culture was incubated for 26 h at ambient temperature on a reciprocal 
shaker (140 rpm). The gel-rich culture was collected on one layer of Miracloth and washed 
twice with deionized water. This material was dried between two layers of Whatman 3 mm 
and ground to a fine powder using liquid N2. DNA was isolated from powdered Fusarium and 
Botrytis cinerea mycelium according to the method of Lecellier and Silar (1994). S. cerevisiae 
(yeast strain FY69) was grown for 24 hour at 28 °C in liquid YPD medium. Yeast DNA was 
isolated as described in Current Protocols in Molecular Biology (CD-ROM 1997, John Wiley 
and Sons Inc.). Fungal DNA (10 ug) was digested with the restriction enzymes EcoRl and 
Hindlll (Life Technologies). Digested DNA was resolved in a 0.7 % agarose gel and 
transferred to a nylon membrane (Hybond N+, Amersham). Pre-hybridized of the membranes 
was performed at 50 °C in 5 x Denhardt's, 5 x SSC, 0.1 % SDS and 100 ug denatured salmon-
sperm DNA. ml-1, and hybridized with the a-[32P]-dATP labeled FEM1 cDNA. 

Construction of pFEMl-wt and pFEMl-AC 

Constructs were made to produce recombinant FEM1 proteins with a His-tag at either its 
N-terminus (pFEMl-wt) or at a truncated C-terminus (pFEMl-AC). To this end the 1.6 kb 
Kpnl-Hindïll fragment (see Fig. 2B) was cloned into plasmid pBluescript KS and used as a 
template in a series of PCRs. Four FEM1 specific primers (Table 1) were used in combination 
with primers LS 19 or LS20 that anneal to either side of the polylinker within the plasmid 
pBluescript KS. Primer FEM1N1 has a length of 49 nucleotides of which the 3'-terminal 22 
nucleotides correspond to nucleotides 702 to 724 in Fig.3; the 3'-terminal 29 nucleotides of 
FEM1N2 (35 nucleotides in length) correspond to nucleotides 701 to 682 in Fig.3; FEM1C1 
is 53 nucleotides long and the last 3'-terminal bases correspond to nucleotides 1225 to 1250 in 
Fig.3; the last 3'-terminal bases of primer FEM1C2 (34 nucleotides long) correspond to 
nucleotides 1224 to 1206 in Fig.3. All four primers contain a BamHl site. 
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For pFEMl-wt, primer combinations FEMINI and LS19, and FEM1N2 and LS20 were 
used to generate two fragments. Upon digestion with BamHl, the two fragments were ligated 
to each other and subsequently cloned into pBluescript KS. The Ndel and Hindi fragment of 
the insert of the resulting plasmid was used to replace the Ndel-Hincll fragment in the original 
2.5 kb Hindlll-Hindlll fragment (Fig. 2B). The newly obtained plasmid encoding FEM1 with 
an N-terminal His-tag, was designated pFEMl-wt. pFEMl-AC, encoding a truncated, 
recombinant FEM1 protein lacking the last 31 amino acids but provided with a C-terminal 
His-tag, was constructed in a similar way as pFEMl-wt. Primer combinations FEM ICI and 
LS 19, and FEM1C2 and LS20 were used to generate the two initial fragments. In addition, as 
last step in the construction the modified Hincll-BstEll fragment was exchanged for the 
corresponding wild type fragment. The primary structure of the FEM1 encoding sequence of 
both pFEMl-wt and pFEMl-AC was checked prior to transformation. 

Transformation of Fusarium 

Plasmid pAN7.1 containing the hygromycin resistance gene fused to the glyceraldehyde 
phosphate (gpd) promoter was obtained from Dr. P. Punt, TNO, Zeist, the Netherlands (Punt 
and Van den Hondel 1992). Protoplast isolation and fungal transformation were essentially 
according to Kistler and Benny (1988) with some modifications. Fusarium was grown in 
liquid potato dextrose broth (PDB) for 5 days at 25 °C by continuous shaking. Micro-conidia 
were collected from this culture by filtration through Miracloth (Calbiochem Corp. USA) and 
subsequent centrifugation for 5 min at 2,000 rpm. The micro-conidia were washed with sterile 
water and used to start an overnight culture by adding 5xl08 micro-conidia to 40 ml PDB. 
After 16 hours, mycelium was collected by centrifugation and washed with 1.2 M MgS04 (pH 
5.8). Digestion of cell walls was performed with novozyme (4,55 mg/ml) in 1.2 M MgS04 

(pH 5.8) at 30 °C. Protoplasts were separated from undigested mycelium by filtration through 
tree layers of Miracloth. Four volumes of ice-cold 1 M sorbitol solution were added to the 
protoplasts. Thereafter protoplasts were collected by centrifugation, and washed once with 1 
M sorbitol. To obtain a suitable protoplast density, they were counted and diluted to 2x10s 

pps/ml. For co-transformation 200 ul protoplasts, 3 ug plasmid pAN7.1 and 14 ug plasmid 
pFEMl-wt or pFEMl-AC were mixed. After incubation for 30 min on ice, PEG (60 v/v%) 
was added drop wise to the protoplast/DNA mixture. In this solution protoplasts were 
incubated for 30 min at ambient temperature and subsequently washed in 0.5 M MgS04 

supplemented with 0.1 % (w/v) PDB. Selection of transformed protoplast was performed by 
plating them on Bacto-agar plates' (15 g/L) osmostabilized with 0.8 M sucrose and 10 mM 
Tris/HCl (pH 7.4) supplemented with 100 ug/ml Hygromycin. 

RESULTS 

Identification of FEM1 
Previously we have shown that the cell wall of F. oxysporum, like cell walls of other 

ascomycete fungi, is composed of chitin, glucan and cell wall glycoproteins (CWPs) 

(Schoffelmeer et al, 1999). To study the structure of the glycoproteins of Fusarium in more 

detail, we set out to clone a gene encoding such a CWP. To this end fungus was grown in 
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liquid medium and hyphal cell walls were isolated from the mycelium. Subsequently, these 

cell walls were treated with ice-cold aqueous hydrofluoric acid (HF). HF-released CWPs were 

separated by SDS-PAGE, blotted onto a PVDF membrane 

and stained with Coomassie Brilliant Blue (Fig. 1). Two 

bands were observed a strong, diffuse band of approximately 

» 70 kDA and a thinner band migrating as a protein of 60 kDa. 

Both bands were cut from the membrane and subjected to 

B peptide sequence analysis. For the 70 kDa band an N-terminal 

amino acid sequence could not be determined unambiguously, 

probably due to the presence of four or even more proteins in 

this band. Sequencing of the 60 kDa band revealed a single 

amino acid sequence: Lys-Pro-Ala-Phe-Leu-Asn-Thr-Glu-

Phe-Asp-Leu-Thr-? -? -Lys-Pro. As this protein was obtained 

from the cell wall of Fusarium it was designated FEM1 for 

Fusarium Extra cellular Matrix protein. 

kDa 

105 
70 
43 

28 

1! 

Fig. 1 Western analysis of 
Fusarium oxysporum cell wall 
proteins that were released 
from purified hyphal cell walls 
by aqueous hydrofluoric acid. 
Proteins were separated on a 
14% SDS Polyacrylamide gel 
and blotted onto a PVDF 
membrane. Proteins were 
stained by Coomassie Brilliant 
Blue. Molecular sizes and the 
postion of the markers 
proteins are indicated at the 
left. Two bands are revealed: 
an approximately 70 kDa 
protein band (A) and a 60 kDa 
protein band (B). 

Cloning of FEM1 

To clone the gene encoding FEM1, a degenerated 

oligonucleotide (primer 1; Table 1) was designed based on 

the earlier determined sequence Asn-Thr-Glu-Phe-Asp-Leu-

Thr. This oligonucleotide together with a specific oligo dT-

BX primer (Table 1) was used in a RT-PCR experiment using 

RNA from three-day-old mycelium as template. The reaction 

resulted in a product of approximately 800 bp that 

subsequently was cloned into vector pBluescript KS. 

Sequencing the insert revealed a 807 bp fragment with an open reading frame (ORF) starting 

at the 5' end of the insert and extending 573 bp (Fig. 2D). The amino acid sequence 

that was deduced from the 5' terminus of the ORF was identical to the sequence that was used 

to design primer 1, indicating that the cloned PCR product corresponds to FEM1. 

To isolate FEM1, the gene encoding FEM1, a X EMBL3 genomic library of F. oxysporum 

was screened using the cloned PCR fragment as probe. Several hybridizing phages were 

obtained, but one was selected for further analysis. Figure 2A shows a restriction map of the 

approximately 14 kb insert of this recombinant phage. Southern analysis on phage DNA 

revealed that only the 2.3 kb Hindlll fragment hybridized to the FEM1 cDNA. This fragment 

was subcloned (Fig. 2B) and subsequently (partially) sequenced. The primary structure of two 
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adjacent Ncol fragments together encompassing approximately 1.6 kb (Fig. 2C) is given in 

— T3 

I I I 

100 bD 

100 bp 

I 1 = 1 0 0 b p 

Fig. 2 Maps of DNA fragments containing FEM1 of F. oxysporum . The grey boxes represent 
the coding sequences. A. The 14 kb Sail insert of the originally isolated X EMBL3 phage 
hybridizing to FEMl cDNA; B. The 2.3 kb H/ndlll fragment containing FEM1; C. Schematic 
representation of the primary structure of the 1.6 kb fragment encompassing two adjacent NCO\ 
fragments. The exons of FEM1 of 193 bp and 441 bp, respectively, are indicated with gray boxes; 
the intron has a size of 47 bp. D. Schematic representation of FEM1 cDNA. 

Figure 3. The sequence contains a 636 nucleotides long open reading frame interrupted by an 

intron of 49 bases. The position of this intron was established by comparison of the sequence 

with the primary structure of the FEM 1 cDNA. 

FEMl contains a putative GPI-anchor attachment signal sequence 

The primary translation product of FEMl is 212 amino acid. As expected for a cell wall 

protein, the mature protein is preceded by a typical N-terminal signal peptide consisting of 17 

primarily hydrophobic amino acids. In accordance with this notion is the sequence motif Ala-

Leu-Ala preceding the first amino acid of the mature protein. This motif most likely functions 

as signal peptide cleavage site (von Heijne, 1986). The HF-sensitive release of FEMl from 

the cell wall suggests a binding of FEMl to ß-l,6-glucan through a GPI-anchor. If this is the 
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1 ace atg gtc teg tgg gat tag gtt gga ttg gat tgc cat egg tea gcg tct gaa tgt ate 60 
61 ccc ttt att get etc aat att gtc act age tot gcg ttc ect tea tta taa taa gee tec 120 
121 etc ctt etc teg aat etc cet cet tec ttc ttc tct ate aac gec tea gtc aat teg eta 180 
181 ctt cgt tgt gee tat ttc cca eta cet aat gta agt cca tac ctt ctt cag cet ttc ctt 240 
241 ata tgg aca aca tec aca teg aac ttc gtg cet ggg ata cet agg aag aag gat gca ttc 300 
301 aag tgc aat gca gat egg ttg ggc aac age gat age aat gga tgg aag tea ate aeg ctg 360 
361 gca cca act gec act gtc aaa tgc tgg tga cag ttg gag gtg tea atg aat tea tat ggc 420 
421 age cca cgc act gee tgt ggc ttg ttt act cga eta ttc att aag eet egt gca ccc aac 480 
481 teg aac ace aca gca tga tea caa acg cca tta etc agt ccc get act att tac get tta 540 
541 teg ttt cat tat ttc aga aat aat aac taa cec ggc tgg tag taa tac tea gtc att ctt 600 

601 tea aac aca aac caa ace tea cca ate ttc aaa ATG AAG TAC ACT CTC GCT ACC ATT GCT 660 
1 M K Y T L A T I A 9 

661 GCC CTC GCC TCC GTG GCC CTG GCC AAG CCT GCT TTC CTC AAC ACC GAG TTT GAT CTC ACT 720 
1 0 A L A S V A L A . K P A F L N T E F D L T 29 

t I 1 
7 2 1 GAG GGC AAG CCT TAC ACC ATC CGC TAC TCT GGC TGT GAC GAT GGC TGC ACC ATT GTC CTC 7 8 0 

3 0 E G K P Y T I R Y S G C D D G C T I V L 49 
I I 

7 8 1 CAG AAC GGC CCC TCC GAT GAT CTC TCT GAC TAC AAG ACC CTG ACC g t a t g t c t t g c c a t 8 4 0 
5 0 Q N G P S D D L S D Y K T L T 64 

8 4 1 t a t g g a c t a t t g a a t a t c t t g c t g a c c c a c g a t a g ACC TCC GCC ACT GGT GAC TCT TTC ACT TTC ACC 9 0 0 
65 T S A T G D S F T F T 7 5 

9 0 1 CCC TCT GAG CTT CCC TCC GAC ACC TAC AAC TTC AAG ATC ACC GAC AAG GCT GGT GAG GTC 9 6 0 
7 6 P S E L P S D T Y N F K I T D K A G E V 95 

9 6 1 AAC TAC AGC GCT CAG TTC CCC TAC AAG GGA TCA TAC GCC GCT CCC TCT GTC ACC AAG TCT 1 0 2 0 
9 6 | N Y S | A Q F P Y K G S Y A A P S V T K S 1 1 5 

1 0 2 1 GCC ACC GCT ACC GCT GAG ACC ACT GCC GTC GCC TCC ACC AAG GAG GCC ACC ACC CTC GCC 1 0 8 0 
1 1 6 A T A T A E T T A V A S T K E A T T L A 1 3 5 

1 0 8 1 AGC GTC ACC AAG TCT GCT GAG GAG ACC ACC ACT GTT GCT AAG CCC ATC ATT CCT ACT CAT 1 1 4 0 
1 3 6 S V T K S A E E T T T V A K P I I P T H 1 5 5 

1 1 4 1 GCT CCT TCC AAG AAC GCC AÇC ACT CCC ACT GCT GCT CAC CCC ACT CCT TCC AAG ACT GGC 1 2 0 0 
1 5 6 A P S K | N A " T | T P T A A H P T P S K T G 1 7 5 

1 2 0 1 AGT GCC GGC GGC GAG ACC AGT GTC CCC AGT GTC CCT GAG AGC GGT GCT GCT CGC ATG ACA 1 2 6 0 
ra o>fl CCH-2 

1 7 6 S A G G E T S V P S V P E S G A A R M T 1 9 5 

1261 TCC TCG CTG GCT CTT ATT GCC GGT GCT GTT ATG GCC ATG GTT TAC CTC AAC TAA gtt atg 1320 
196 S S L A L I A G A V M A M V Y L N 212 

1321 gac ata atg ttt tat gcg cat aca tgg gat gaa gaa aga gcg gtt tga tga gac tec agt 1380 
1381 ttc ggg tgt ata att eta ctt taa tga tgg cet ttg ttt tat tct ttt ccg gtt ace cca 1440 
1441 tga ggc gtc gcg gec ggc tat ate cac cga tga ace ctg ctt tgg ctt gtc tgg gag gaa 1500 
1501 gag age ctg gta ttt aga aat caa tta gac tea atg tta gtc tgt ctt taa aca att gtt 1560 
1561 tga tct tgt gat gta tgc cgc ata ttt gaa att tgt agg cca tgg * 1612 

Fig. 3 Sequence of the 1.6 kb fragment shown in Fig. 2C containing FEM1 and flanking regions. 
Intron and non-translated sequences are given in lowercase; exons are given in upper case. The 
deduced amino acid sequence is displayed in the one letter code below the nucleotide sequence. The 
signal peptide cleavage site as follows from the sequencing results on the mature protein, is indicated 
by an arrow. The determined N-terminal sequence of mature FEM1 is underlined with an open box. N-
glycosylation sites are boxed. The asterisk indicates the polyadenylation site. Of the putative GPI-
anchor attachment signal sequence the attachment/cleavage site (•• ) , the polar part ( — ) and the 
hydrophobic part (£—i) are indicated. 
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case, FEMl should contain a GPI-anchor attachment signal sequence. At the C-terminal end 

of the protein a stretch of hydrophobic amino acids is present. In addition, this hydrophobic 

region is preceded by a few polar amino acids and a specific tripeptide sequence motif 

consisting of glycine189 (co site) and alanine^, (w+2 site). This motif is in agreement with the co, 

co+2 rule for GPI-anchor attachment signal sequences as defined by Gerber et al. (1992) (Fig. 

3). Thus FEMl contains a putative, C-terminal GPI-anchor attachment signal sequence that is 

removed upon binding of the protein to the GPI-anchor. N- and C-terminal processing results 

in a mature (non-glycosylated) protein of 17.9 kDa that is rich in serine (11.6%) and threonine 

(17.9%) residues, potential targets for O-glycosylation. Towards the C-terminus the mature 

protein is particularly rich in O-glycosylation sites as 64% of the serine and threonine residues 

reside in this part of the protein. Together with two putative N-glycosylation sites (Fig. 3) this 

would allow addition of the glycosidic side chains that make up the rest of the 60 kDa FEMl 

glycoprotein in the fungal cell wall. 

1 2 3 4 5 
kDa 

198 _ 

97 _ 
67 — 
44 _ 
28 _ 
19 — 

Fig. 4 Western blot of His-tagged 
FEM1 proteins from F. oxysporum 
expressing either pFEM1-wt (lanes 1-
3) or pFEM1-AC (lanes 4-6) probed 
with specific antibodies. Molecular size 
standards are shown at the left. 
Results are shown of the analysis of 
130 (ig soluble proteins from a total 
extract of the fungus (Lanes 1 and 4) 
and of proteins released from 
approximately 330 ug isolated cell wall 
material by aqueous HF (lanes 2 and 
5) or water (lanes 3 and 6). 

The GPI-anchor attachment signal sequence is 

required for linkage to the cell wall 

To confirm that FEMl is a protein bound to the 

cell wall in a HF-sensitive way, Fusarium 

transformants were generated producing a modified 

FEMl protein. To this end a sequence of 30 

nucleotides encoding the amino acid sequence Met-

Arg-Gly-Ser-His-His-His-His-His-His (a so-called 

His-tag) was inserted into the 1,6 kb fragment shown 

in Figure 2C in between the sequence encoding 

amino acid 23 (an Asn) and 24 (a Thr) of the 

primary translation product of FEMl (Figure 3). The 

resulting construct was designated pFEMl-wt. After 

co-transformation of protoplasts with pFEMl-wt and 

pAN7, they were plated on hygromycin containing 

plates to select for transformants. Positive 

transformants were subsequently analyzed by PCR 

for the presence of the His-tag sequence. From PCR-

positive transformants cell walls were isolated and 
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equal amounts of material were treated with either ice-cold aqueous HF or distilled water, and 

subsequently subjected to Western analysis using anti-His-tag antibodies. A smear of about 60 

kDa was detected in the cell walls treated with HF (Fig. 4, lane 2). In contrast, no signal was 

obtained in water treated cell wall material (lane 1), nor in the supernatant of a total cell 

extract (lane 3). These results confirm that FEM1 is a (glyco) protein that is released from the 

cell wall upon treatment with HF and suggest linkage of FEM 1 to ß-l,6-glucan via a GPI-

anchor. 

To show that the GPI-anchor attachment signal sequence of FEM 1 is essential for linkage 

to the cell wall, Fusarium transformants were generated expressing a modified FEM1 with a 

truncated C-terminus. To this end a sequence of 31 nucleotides encoding a His-tag was 

inserted into the 1,6 kb fragment shown in Figure 2C in between the sequence encoding 

amino acid 181 (a Thr) and 182 (a Ser) of the primary translation product of FEM 1 (Figure 3). 

As a consequence of the insertion a frame shift was introduced in the FEM1 ORF resulting in 

a translational stop codon just behind the inserted sequence. As a result the protein encoded 

by this construct, designated pFEMl-AC, lacks the 31 C-terminal amino acids of the primary 

translation product of FEM1 and hence the putative GPI-anchor attachment signal sequence. 

Upon co-transformation of Fusarium and selection of transformants, cell walls were isolated. 

Equal amounts of cell wall material were treated with either ice-cold aqueous HF or distilled 

water. Solubilized material was subsequently subjected to Western analysis using anti-His-tag 

antibodies. No signal was obtained upon either treatment (Fig.4, lane 5 and 6), indicating that 

FEM1 lacking its C-terminal domain is not present in the fungal cell wall. In contrast, in the 

supernatant of a total cell extract of Fusarium transformed with pFEMl-AC a single protein 

band with an estimated molecular weight of 35 kDa was detected (Fig. 4, lane 4). From these 

results we conclude that the putative GPI-anchoring domain in FEM 1 is essential for linkage 

of the protein to the cell wall. 

Presence of FEM1 homologues in other fungi 

Samples of genomic DNA isolated from F. oxysporum f.sp. lycopersici (Fol) racel, race 2 

and race 3, all belonging to the same vegetative compatibility group (VCG 0030) were 

digested with restriction enzymes EcoRl and Hindlll. Hybridization was performed using the 

radiolabelled FEM1 cDNA as a probe. In each lane a single hybridizing band was detected 

indicating that each race contained one copy of this gene (Fig. 5 A). The presence of £coRI 

and Hindlll fragments of an identical size indicated that the genomic organization in this area 

is similar for race 1, 2 and 3. Southern blot analysis of F. oxysporum f.sp. dianthi race 2 

(Fod), F. oxysporum f.sp. gladioli (Fog) and F. oxysporum f.sp. radicis lycopersici (Fori) 
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revealed that one homologue of FEM 1 is present in these genomes (Fig. 5 B). A homologue 

of FEM1 was also present in the distantly related species F. solani (Fig. 5 B). Hybridization 

of FEM1 cDNA with DNA of the yeast S. cerevisiae and the fungal plant pathogen B. 

cinerea, wh ich are l ike Fusarium 

A F. o. lycopersici S. cerevisiae 

race 1 i race 2 i race 3 
E H E H EH E H 

kb 

4 — 

3 — 

2 — 
- L o 

s s « * # 

Fod Fog Fori F. solani B. cinerea 

E H I E H I E H I E H I E H 

Fig. 5 Southern blot analysis of genomic DNA 
from Fusarium oxysporum f.sp.lycopersici race 
1 (Foi l) , race 2 (Fol2) and race 3 (Fol3), 
Sacharomyces cerevisiae (panel A), Fusarium 
oxysporum f.sp. dianthi (Fod), Fusarium 
oxysporum f.sp gladioli (Fog), Fusarium 
oxysporum f.sp radicis lycopersici (Fori), Fusarium 
solani f.sp phaseoli and Botrytis cinerea (panel B). 
Genomic DNA was digested with EcoRI (E) and 
H/ndlll (H) and after gelelectrophoresis transfered 
to a membrane that was probed with the a-
[32P]dATP labelled FEM1 cDNA of Fusarium 
oxysporum f.sp. lycopersici race 2. 

members of the Ascomycete fungi did 

not yield any signal (Fig. 5 A and B). 

Therefore, the presence of this gene 

seems to be restricted to Fusarium 

species. 

Searches in protein databases and a 

tBLASTn (Altschul et al. 1990) search 

in genomic databases of S. cerevisiae 

and S. pombe, and in the A. nidulans 

EST database did not reveal proteins 

with a significant homology to FEM1. 

A search in the N. crassa EST database 

(http://biology. unm.edu/~ngp/home. ht 

ml) resulted a homologous cDNA from 

which the 5' end (NC5C9-T3) and 3' 

end (NC5C9-T7) were sequenced. 

Unfortunately, these sequences did not 

overlap which made it impossible to 

determine the length of this cDNA. 

Translation of the N. crassa DNA 

sequences revealed ORFs that showed 

in the N-terminal part 44% identity (77 

amino acids; Fig. 6 A) and in the C-

terminal part 36.8% identity (55 amino 

acids; Fig. 6 B) with FEM1. 

Characteristics that are shared with 

FEM1 are hydrophobic N- and C-

terminal domains, indicative for a 

signal peptide and GPI-anchor 

attachment site. Furthermore the C-

terminal part is rich in serine (16%) 

and threonine (18%) that are potential 

80 

http://biology
http://unm.edu/~ngp/home


Chapter 4 

O-glycosylation sites. Homology with an EST of N. eras sa suggests that a similar protein like 

FEM1 is present in this fungus. 

A DISCUSSION 
FEMl I |MK|YT|LA|TIA |â1LASV|ALAKPA 
N.C-T3 I1MK|FS |LA|AVS|A|FVAYALAKPA 

FEMl 34 
N.C-T3 34 

YBIRYSGCDDGC|TlTvraQMM-sraDLSDY|KTlLTp 
YTLKWKDATAPITITLMTtapDAraHMTPF^TIArS 

FEMl 66-AITGDS 
N.C-T3 67GVTGDS 

F | ö 1 F I T P | S E L P S D T Y N F K I T D K A G E V N Y S 9 7 

Y T|W|T P | 77 

FEMl 133LASVTKSAEETTTVAKPIIPTHAP|SkNpfT 
N.C-T7 1 |s|s A|ATT 

FEMl 166AHPTPSKTGlsfeGGETSVPSVPES 
N.C-T7 I O T S S S T H A A S | S ) T A S A P T N S P P N T N 

FEMl 199lî7ï]AlG]ApMÂlMjvlYL(N| 
N.C-T7 43LlUGtTwWA^LVFFJM 

Fig. 6 Comparison of the Neurospora 
crassa amino acid sequences deduced from ESTs 
NC5C9-T3 and NC5C9-T7, with the primary structure 
of FEM1. Secretion signal cleavage site (A) and the 
putative GPI-anchor addition/cleavage site (B) are 
indicated by an arrow. 

The cell wall of S. cerevisiae 

contains CWPs that are covalently 

linked to ß-l,6-glucan via a GPI-

anchor (Kollâr et al. 1997; Kapteyn et 

al. 1996, 1999). A GPI-anchor 

Tfeiffi accommodates a phosphodiester bond 

that is sensitive to aqueous HF 

(Ferguson 1992, Sipos 1995). 

Treatment of F. oxysporum cell walls 

with aqueous HF results in the release 

of CWPs (Fig. 1). This suggests that 

the cell wall of F. oxysporum as well 

harbors CWPs that are covalently 

linked to ß-l,6-glucan via a GPI-

anchor. This is supported by the 

observation that HF-released Fusarium 

CWPs appear on gels as relative discrete bands rather than smears; one expects smears for 

CWPs containing ß-glucan chains of various lengths. Upon staining with Coomassie Brilliant 

Blue the HF-released Fusarium CWPs appear as two clear bands on a gel (Fig. 1), a strong, 

diffuse band of approximately 70 kDa and a thinner band of approximately 60 kDA. 

Sequencing the N-terminus revealed that the 70 kDa band represents four or even more 

proteins. For the 60 kDa band an N-terminal sequence could be determined unambiguously. 

We designated the corresponding protein FEMl. Probably, the 70 kDa and 60 kDa bands do 

not represent all Fusarium CWPs. Due to the insensitivity of the staining method used, it is 

possible that we only visualized the major aqueous HF extractable CWPs. In addition, 

aqueous HF may release only a subset of CWPs from the cell wall, as has been recently 

shown for S. cerevisiae (Mrsa et al. 1998). 

As we set out to clone the gene encoding FEMl, we anticipated that the open reading 

frame of the gene would encode a polypeptide with the following features: i) an N-terminal 

amino acid sequence with the characteristics of a signalpeptide to direct the FEMl into the 

secretory pathway, ii) the presence of the sequence determined for the N-terminus of FEM 1, 
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and iii) a C-terminus with a (functional) GPI-anchor attachment signal. The first two 

requirements are unambiguously fulfilled by the ORF encoded by FEMl (Fig. 3). The ORF 

also revealed a high percentage (28.9 %) of serine and threonine residues that are potential 

sites for attachment of O-linked glycan chains. Therefore, extensive glycosylation of FEM 1 is 

expected to occur during its passage through the secretory pathway. Modification of this 

protein with glycan chains could explain the difference in molecular weight of the purified 

FEMl (60 kDa) as determined by SDS-PAGE and the predicted molecular weight (17.9 kDa). 

The C-terminal part of FEMl is particularly rich in threonine and serine residues, which is 

also a feature of several yeast CWPs (Caro et al. 1997). Glycosylation of such a serine-

threonine rich domain is thought to form an extended rod, which will cause the N-terminal 

domain to stand out (Jentoft 1990). Within the N-terminal domain two cysteine residues 

(cysteine^ and 45) are present that could lead to formation of inter- or intra-molecular 

disulphide bridges, and might be involved in linking non-covalently bound CWPs to the cell 

wall. 

As mentioned above, FEMl was predicted to possess a C-terminal signal peptide allowing 

attachment of a GPI-anchor. Indeed, a putative GPI anchor attachment (Gerber et al. 1992; 

Nuoffer et al. 1993) is present at the C-terminus of the primary translation product of FEMl 

(Fig. 3). Finding such a putative GPI-anchor attachment site is intriguing as chemical analysis 

of ß-l,3-glucanase extractable CWPs obtained from the S. cerevisiae cell wall show that a 

GPI anchor mediates the linkage between the CWP and ß-glucan (Kollâr et al. 1997; Fujii et 

al. 1999). Furthermore, studies of S. cerevisiae, C. albicans and F. oxysporum ß-1,3-

glucanase extractable CWPs revealed that the ß-glucan chain could be released from the CWP 

by aqueous HF treatment (Kapteyn et al. 1995, 1996; Schoffelmeer et al. 1996). Based on the 

aqueous HF-induced release of FEMl in conjunction with the presence of a putative GPI 

attachment site, it is postulated that this protein is linked to the cell wall (ß-glucan) via a GPI 

anchor. This idea is supported by the observation that the C-terminal domain, that has the 

hallmark of a GPI-anchor cleavage /attachment site, is essential for incorporation of FEMl 

into the Fusarium cell wall. It has also been shown for S. cerevisiae CWPs that GPI anchoring 

is essential for incorporation of these proteins into the cell wall (van Berkel et al. 1994; Ram 

et al. 1998). This shows for the first time that GPI-anchoring of CWPs as a means to link 

CWPs covalently into the cell wall is not only restricted to yeast CWPs but also occurs in 

filamentous fungi like Fusarium. Putative GPI-anchor cleavage/attachment sites have been 

identified in other fungal CWPs, notable HYR1 of Candida albicans (Bailey et al. 1996), 

MPI of Pénicillium marneffei (Cao et al. 1998) and the EST of N. crassa (Fig. 6). 

Identification of these putative GPI-anchor attachment sites at the C-terminus of several 
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CWPs of filamentous origin supports the idea that GPI anchoring is a more general trait of 

Ascomycete CWPs. 

FEM1 appeared to be conserved in different formae specialis of F.oxysporum and the 

related species F. solani, but was not found in S. cerevisiae and the plant pathogen B. cinerea 

(Fig. 5). Homology to other proteins in available databases has not been found with the 

exception of a putative N. crassa CWP gene (Fig. 6 A and B). So far all known genes 

encoding fungal CWPs are unique and only exist in the species from which they are isolated. 

It is, therefore, interesting to find a possible homologue of FEM 1 in N. crassa. This homology 

might reflect a common function that these proteins might have in the cell wall. 

As to the function that the FEM1 protein might have in the cell wall we can only speculate. 

For several fungal species a specific function has been ascribed to individual CWPs. In 

S.cerevisiae CWPs are involved in mating, cell-cell adhesion and strengthening of the cell 

wall (Lipke et al. 1989; Roy et al. 1991; Teunissen et al. 1993; Van der Vaart et al. 1995). In 

filamentous fungi hyphal fusion occur in strains of the same het genotype, which results in 

formation of a stable heterokayon. In N. crassa a het gene has been identified that encodes a 

putative CWP (Saupe et al. 1996). CWPs also have a function in the host-parasite interaction, 

as has been demonstrated for CWPs of the human pathogens C. albicans and B. dermatitidis, 

which are involved in adhesion to host tissue or cause an immune response by the host. Plant 

defense responses can be induced by so-called elicitors which have been identified as CWPs 

in several species of Phytophthora (Sacks et al. 1995; Kamoun et al. 1997, Mateos et al. 

1997). Recently CIHl has been cloned from the bean pathogen C. lindemuthianum that 

encodes a CWP. Interestingly, this gene is only expressed inside the host, suggesting a 

specific need for this protein in the pathogen host interaction (Perfect et al. 1998). By cloning 

FEM1 we not only have obtained a tool to address the distribution of this protein within the 

cell wall of this fungus and its function, but also its role within the pathogen-host relationship 

can be studied. 
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