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Although the plasma membrane is the terminal destination for glycosylphosphatidylinositol (GPI) proteins in higher eu-
karyotes, cell wall-attached GPI proteins (GPI-CWPs) are found in many fungal species. In yeast, some of the cis-requirements
directing localization of GPI proteins to the plasma membrane or cell wall are now understood. However, it remains to be deter-
mined how Aspergillus fumigatus, an opportunistic fungal pathogen, signals, and sorts GPI proteins to either the plasma mem-
brane or the cell wall. In this study, chimeric green fluorescent proteins (GFPs) were constructed as fusions with putative C-ter-
minal GPI signal sequences from A. fumigatus Mp1p, Gel1p, and Ecm33p, as well as site-directed mutations thereof. By
analyzing cellular localization of chimeric GFPs using Western blotting, electron microscopy, and fluorescence microscopy, we
showed that, in contrast to yeast, a single Lys residue at the �-1 or �-2 site alone could retain GPI-anchored GFP in the plasma
membrane. Although the signal for cell wall distribution has not been identified yet, it appeared that the threonine/serine-rich
region at the C-terminal half of AfMp1 was not required for cell wall distribution. Based on our results, the cis-requirements di-
recting localization of GPI proteins in A. fumigatus are different from those in yeast.

Glycosylphosphatidylinositol (GPI) anchoring is a conserved
posttranslational modification in eukaryotes and acts as a

membrane anchor for a number of proteins. It also has been
shown to be important in subcellular trafficking (1). Generally,
proteins that are modified by GPI contain a hydrophobic signal
sequence at the N terminus and a second hydrophobic sequence at
the C terminus that signals GPI anchor addition to the so-called �
amino acid, located between 17 and 25 amino acids from the C
terminus of the protein (2–6). After the precursor protein is syn-
thesized and translocated into the endoplasmic reticulum, the GPI
anchor is covalently added by a transamidase complex to the
�-site (7).

In the model yeast Saccharomyces cerevisiae, GPI proteins have
been extensively studied. Two types of functions have been as-
signed to GPI proteins depending on their localization (8). By an
as-yet-uncharacterized mechanism, plasma membrane-attached
GPI proteins (GPI-PMPs) are liberated by a cleavage between the
glucosamine (GlcN) moiety and the first mannose residue. GPI-
PMPs possess enzymatic activities able to modify cell wall poly-
mers and involved in cell morphology, such as �-glucanase and
�-glucanosyltransferase. Although the plasma membrane is the
terminal destination for GPI proteins in higher eukaryotes, cell
wall-attached GPI proteins (GPI-CWPs) are found in many fun-
gal species (8–12). A remnant of the GPI anchor reacts with �-1,6-
glucan and results in cross-linking of the GPI protein into the cell
wall (13–15). GPI-CWPs play a biological function in filamenta-
tion, mating, flocculation, or adhesion to the external matrix (16–
20). In the fungal pathogens Candida albicans and Candida
glabrata, some GPI-CWPs are adhesion molecules mediating ad-
herence to host cells, such as Epa1p, Hwp1p, Als1p, and Als5p
(21, 22).

Based on in silico analysis of GPI-anchored proteins in S. cerevi-
siae, it is proposed that a signal of two basic amino acids in the four
amino acids upstream of the �-site acts to retain the protein at the

plasma membrane (4). Analysis of various point mutations in
specific GPI anchor signal sequences also supported the impor-
tance of the dibasic motif in GPI protein localization. If basic
residues are absent or replaced with hydrophobic amino acids, the
protein is directed to the cell wall (23–25). However, the dibasic
motif alone is not the sole determinant of plasma membrane or
cell wall localization (26, 27). Indeed, the presence of a long ser-
ine- and threonine-rich stretch of amino acids also results in cell
wall anchorage (28). These results suggest that more than one
signal in the protein may impact on the ultimate distribution of
GPI proteins in the cell. On the other hand, the localization of GPI
proteins is somewhat controversial since some GPI proteins show
a spectrum of distribution between cell wall and membrane.
Therefore, although some of the cis-requirements directing local-
ization of GPI proteins to the plasma membrane or cell wall are
now understood, it remains to be determined how the cell actually
interprets those sequence signals and sorts the two classes of GPI
proteins.

In Aspergillus fumigatus several GPI-anchored proteins have
been shown to play a role in cell wall morphogenesis (8). Among
them, AfGel1 and AfEcm33 are identified as GPI-PMPs (29–32).
However, in contrast to the case in S. cerevisiae, only one basic
amino acid is present at the �-1 and �-2 sites of AfGel1 and
AfEcm33, respectively. AfMp1, a cell wall galactomannoprotein, is
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thought to be GPI-CWP and contains a Ser/Thr-rich region in the
C-terminal half (33). Its �-4/-5 is neither Val nor Ile, but Asn.
These observations suggest a different signal for plasma mem-
brane and cell wall localization in A. fumigatus.

To investigate the determinant factor that signals and sorts
GPI-PMPs and GPI-CWPs in A. fumigatus, we constructed chi-
meric green fluorescent proteins (GFPs) by fusing its C terminus
with the putative GPI signal sequence of AfMp1, AfGel1, and
AfEcm33, respectively, or with mutated versions of these se-
quences. The localizations of these chimeric GFPs were investi-
gated in this report.

MATERIALS AND METHODS
Strains and plasmids. A. fumigatus strain YJ-407 (China General Micro-
biological Culture Collection Center, CGMCC0386) was maintained on
potato glucose (2%) agar slant (34). A. fumigatus strain CEA17, a pyrG
mutant strain (35), was kindly provided by C. D’Enfert, Institut Pasteur,
France. The bacterial strain used for transformation and amplification of
recombinant DNA was E. coli DH5.

The synthetic gfp(2-5) gene encoding the S65T, V163A, I167T, and
S175G variants of GFP was used in all constructs. Plasmid pGT21 contains
the A. niger gla (glucoamylase) promoter and gla gene, A. nidulans trpC
terminator sequence (EMBLZ32690), E. coli origin, and Amp antibiotic
sequences. Plasmid pCDA14 (35) was a gift from the Institut Pasteur and
contains the pyrG gene.

For the construction of plasmid pchiGFP, a full-length of gfp(2-5)
fragment was digested from plasmid pMCB17 (36) with the restriction
enzymes BamHI and KpnI, and a 1.8-kb A. fumigatus AfchiB1 promoter
and a AfChiB1 signal peptide sequence (37) were amplified from A. fu-
migatus YJ407, cloned into the EcoRI/KpnI site, and ligated to the EcoRI/
BamHI site of plasmid pGT21. pGFP/Mp1, pGFP/Gel1, and pGFP/Ecm33
were constructed with the C-terminal 147 bp of the coding region of the
Afmp1(XM741417), 159 bp of the Afgel1 (XM744160), and 138 bp of
the Afecm33 (XM 001271570), respectively, fused to the C-terminal of the
gfp(2-5) gene using overlap-extension PCR, and then the fragment was
cloned into the BamHI and KpnI site of pchiGFP. The primers used for
generating Afmp1 were GFP-N-1, Mp1-mid-5, Mp1-mid-3, and Mp1-C;
the primers used for generating Afgel1 were GFP-N-1, Gel1-mid-5, Gel1-
mid-3, and Gel1-C; and the primers used for generating Afecm33 were
GFP-N-1, Ecm33-mid-5, Ecm33-mid-3, and Ecm33-C (Table 1), respec-
tively. All constructs were verified by sequencing (Sangon, China).

The site-directed mutagenesis was carried out using GeneTailor
(Invitrogen) according to the manufacturer’s instructions. The PCR
was performed with Platinum Taq DNA polymerase high fidelity (In-
vitrogen) for 20 cycles (94°C for 30 s, 56°C for 1 min, 68°C for 7 min)
and further incubated at 68°C for 10 min. pGFP/Mp1, pGFP/Ecm33,

and pGFP/Gel1 were used as templates. The primer pairs used for
generating Mp1(S2K) were MP1(S2K)-N and MP1(S2K)-C; the
primer pairs used for generating Ecm(K2SS1K) were Ecm(K2SS1K)-N
and Ecm(K2S/L)-C; the primer pairs used for generating Ecm(K2L)
were Ecm(K2L)-N and Ecm(K2S/L)-C; and the primer pairs used for
generating Gel(S2KK1S) were Gel1(S2KK1S)-N and Gel1(S2KK1S)-C
(Table 1), respectively. pGFP/Mp1(S2K), pGFP/Ecm33(K2SS1K), pGFP/
Ecm33(K2L), and pGFP/Gel1(S2KK1S) were also verified by sequencing
(Sangon, China).

Growth and culture conditions. A. fumigatus strain YJ-407 was
grown at 37°C on YG (0.5% yeast extract, 2% glucose), complete medium
(CM) (38), or minimal medium (MM) with 0.5 mM sodium glutamate as
a nitrogen source (38) and solidified with 1.5% (wt/vol) agar when re-
quired. Uridine and uracil were added at a concentration of 5 mM for
strain CEA17. Mycelia were harvested from strains grown in complete
liquid medium at 37°C with shaking at 250 rpm. Conidia for spore inocula
were prepared by growing A. fumigatus strains on solid complete medium
with uridine and uracil (CMU) for 48 h at 37°C, harvested after 3 to 4 days
with 0.1% Tween 20, and washed twice with distilled water. The concen-
tration was confirmed by hemocytometer counting and viable counting.
All cultures were grown at 37°C and agitated at 250 rpm when necessary.

Computer analysis. Computer analysis and multiple sequence align-
ments were performed using VectorNTI 9.0.

A. fumigatus transformation. Transformation was performed as de-
scribed by Yelton et al. (39).

Screening of transformants and fluorescence microscopy. For fluo-
rescence microscopic analysis, mycelia were arranged upon a glass slide
surface, covered with a coverslip and analyzed under fluorescent light,
using Zeiss microscope equipped with a 460- to 480-nm excitation filter
set, captured with a charge-coupled device [CCD] camera, and edited
with the image analyzer program Image (AxioVision Rel.4.6).

To plasmolyse the mycelial cells, the mycelia were washed twice with
phosphate-buffered saline (PBS) buffer (pH 7.4) and then transferred to
plasmolytic solution (0.5 M sorbitol). For analysis of the first stages of
plasmolysis, nonplasmolysed hyphae were mounted in water. Directly
under the fluorescence microscopy, the plasmolytic solution was added
on one side of the coverslip with a pipette and drawn from the other side
with filter paper.

Immunogold staining and electron microscopy. A. fumigatus YJ-407
were grown in CM at 37°C for 56 h with shaking at 250 rpm. Mycelia were
harvested and washed twice in PBS. The cells were fixed with 4% (wt/vol)
paraformaldehyde plus 0.5% (vol/vol) glutaraldehyde for 2 h at 4°C, fol-
lowed by being embedded in 10% (wt/vol) gelatin for 20 min at room
temperature and 20 min at 4°C. They were then fixed for about 30 min and
cut into blocks (1 by 1 mm). The blocks were infused with 20% polyvi-
nylpyrrolidone (PVP) in 2.3 M sucrose-PBS solution overnight at 4°C and
frozen in liquid N2. Ultrathin cryosections obtained by using a Leica EM
UC6�FC6 (Leica Microsystems, Austria) were incubated with anti-GFP
polyclonal antibodies (Clontech) at a 1:50 dilution in PBS containing 1%
bovine serum albumin and 0.15% glycine and then revealed with specific
goat anti-mouse 10-nm gold conjugates at a 1:10 dilution (Life-Holder).
Samples were examined with Tecnai Spirit (120 kV) transmission electron
microscope (FEI Company, Netherlands). Negative controls were per-
formed by reacting samples with an irrelevant murine IgG or with the
immunoconjugates alone.

PCR and Southern blot analysis. Genomic DNA was prepared from
fresh mycelium. A total of 30 cycles (94°C for 30 s, 60°C for 30 s, and 72°C
for 45 s) of PCR amplification were carried out by using Taq DNA poly-
merase (Tiangen, China). The primers used were GFP-N-1 and Mp1-C,
Ecm33-C, and Gel-C, respectively (Table 1). The concentration of DNA
was determined by using a NanoDrop ND100 spectrometer (Japan). Ten
micrograms of genomic DNA digested with KpnI/BamHI was separated
by electrophoresis on 0.8% agarose gel and transferred to Hybond-N
nylon membrane (Amersham, USA). Hybridization was carried out with

TABLE 1 Primers used in this study

Oligonucleotide
primer Sequence (5=–3=)
GFP-N-1 GGGTACCATGAGTAAAGGAGAAGAACTTTTCAC
Mp1-C CGGGATCC TTAGAGAGCGACGGCGATGGC
Mp1-mid-5 ATGGATGAACTATACAAAGGCGGCTCCGGCTCC
Mp1-mid-3 GGAGCCGGAGCCGCCTTTGTATAGTTCATCCAT
Ecm33-C CGGGATTCTTACAAAACGTACTGCAC
Ecm33-mid-5 GGCATGGATGAACTATACAAAGGATCTTCTGGCACCACCAC
Ecm33-mid-3 GTGGTGGTGCCAGAAGATCCTTTGTATAGTTCATCCATGCC
Gel1-C CGGGATCC TCACAAGAGGACGAGGCCAGCG
Gel1-mid-5 GGCATGGATGAACTATACAAAGGATCTGGCTCTGCCACTGG
Gel1-mid-3 CCAGTGGCAGAGCCAGATCCTTTGTATAGTTCATCCATGCC
Gel1(S2¡K1)-N GGCACCTCCACCTCT AAGTCCGGCGCTGCAG
Gel1(S2¡K1)-C AGAGGTGGAGGTGCCGCTGCTGCTGCTTCC
MP1(S2¡K2)-N CACCAGCACCAACCTCCTC AAGACTGGCGCCGC
MP1(S2¡K2)-C GAGGAGGTTGGTGCTGGTGGAGGCAGTGGC
Ecm(K2¡S1)-N CTCTGCTTCCGCTTCC TCCAAGAATGCTGCTGAC
Ecm(K2¡L1)-N CTCTGCTTCCGCTTCC CTCTCCAATGCTGCTGAC
Ecm(K2¡SL)-C GGAAGCGGAAGCAGAGCTGCCGCTGCTAGTG
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a digoxigenin (DIG)-labeled KpnI/BamHI fragment of the GFP as a probe
using a DIG-labeled detection kit (Roche, USA).

Membrane and cell wall protein preparation. A total of 108 conidia of
A. fumigatus YJ-407 were inoculated into CM and cultured at 37°C for 56
h with shaking at 250 rpm. Mycelia were collected by paper filtration
under vacuum, extensively washed with distilled water, and then saved at
�80°C for further use. Extracellular proteins were precipitated from the
culture supernatant, and intracellular proteins were precipitated from the
cell lysate with 4 volumes of ethanol. The membrane fraction was pre-
pared using the method described by Fontaine et al. (40). The cell wall was
isolated as described by Damveld et al. (41). Ground mycelia were lyoph-
ilized, weighed, and resuspended in 25 �l of Tris buffer (0.05 M Tris-HCl
[pH 7.8]) per mg (dry weight). The cytosolic fraction was separated from
the cell wall and membrane by centrifugation (13,000 rpm) at 4°C for 10
min. To remove residual cytosolic contaminants, membrane proteins,
and disulfide-linked cell wall proteins, the pellets were boiled three times
in 25 �l of sodium dodecyl sulfate (SDS) extraction buffer (50 mM Tris-
HCl [pH 7.8], 2% [wt/vol] SDS, 20 mM sodium EDTA, and 40 mM
�-mercaptoethanol) per mg (dry weight). The supernatants were stored
as SDS fractions (SDS1 to SDS3) (42). The cell wall pellet was recovered by
centrifugation (12,000 rpm) at 4°C for 10 min, washed three times with
deionized water, and then freeze-dried.

Freeze-dried SDS/�-mercaptoethanol-extracted cell walls were
treated in two ways. (i) The cell-wall sample was subjected to Quantazyme
digestion (recombinant endo-1,3-�-glucanase; Quantum Biogene). First,
10 mg of lyophilized cell wall was resuspended in 300 �l of buffer (10 mM
Na3PO4 [pH 7.5], 150 mM NaCl, 5 mM EDTA, and 50 U of Quantazyme),
followed by incubation at 37°C for overnight (43). Enzymatic hydrolysis
was stopped by boiling the samples for 10 min in the extraction buffer.
Solubilized proteins were recovered in the supernatant after centrifuga-
tion at 4,000 rpm for 10 min. (ii) The cell wall sample was incubated with
10 �l of hydrofluoride (HF)-pyridine per mg (dry weight) for 3 h at 0°C
(44). After centrifugation, the supernatant containing the HF-extracted
proteins was collected (in 100-�l aliquots), and proteins were precipitated
by the addition of 9 volumes of 100% methanol buffer (100% [vol/vol]
methanol, 50 mM Tris-HCl [pH 7.8]) and subsequently incubated at 0°C
for 2 h. Precipitated proteins were collected by centrifugation (13,000
rpm, 10 min, at 4°C). The pellet was washed three times with 90% meth-
anol buffer (90% [vol/vol] methanol, 50 mM Tris-HCl [pH 7.8]) and
lyophilized. The Quantazyme-/HF-extracted proteins were detected by
SDS-PAGE and Western blotting.

Deglycosylation of glycoproteins. Enzymatic deglycosylation kit
(PROzyme) was used to remove N-linked carbohydrates from glycopro-
teins. A total of 100 �g of HF-extracted cell wall proteins (HF treated for

3 h) was dissolved in 30 �l of deionized water and subjected to denatur-
ation and deglycosylation according to the manufacturer’s instructions.
Deglycosylated proteins were analyzed by Western blotting.

TFMS (trifluoromethanesulfonate; Sigma) was also used to remove
N-/O-linked carbohydrates from glycoproteins. A total of 40 mg of cell
wall proteins were treated with HF for 3 h to release GPI proteins. The cell
wall glycoproteins released by HF were freeze-dried, treated with pre-
cooled, anhydrous TFMS on ice for 2 h, neutralized with pyridine solution
(pyridine-methanol-water [3:1:1]) and ammonium bicarbonate (0.5%
[wt/vol]), and then washed three times with 80% ethanol (45, 46). Degly-
cosylated proteins were analyzed by SDS-PAGE and Western blotting.

Western blotting. Prepared proteins were loaded to 12% polyacryl-
amide gel. After separation, the proteins were electrotransformed to
nitrocellular membrane. After blocking in 5% defatted dried milk in
Tris-buffered saline (TBS; 10 mM Tris-HCl, 150 mM NaCl [pH 8.0]),
the membrane was probed with antibodies at 1:1,000 dilution in TBS
containing 1% dried milk. The membrane was then washed for 15 min
each in TBS plus 0.05% Triton X-100 (TBST), TBST plus 0.5 M NaCl,
and TBST before incubating with alkaline phosphatase-conjugated
anti-rabbit IgG 1:5,000 in TBS with 1% dried milk. After washing as
described above, immunolabeling was visualized by using NCIP/
NBT solution (Amersco). Anti-GFP polyclonal antibody was from
Clontech, and customer-designed antibody against the AfEcm33p,
AfGel1p, or AfMp1p, which were developed in specific-pathogen-free
rabbit antiserum using synthesized peptide (AfEcm33p, TITISSQSDA
DGYSSC; AfGel1p, CPAKDAPNWDVDNDALPA; AfMp1p, DKFVAAN
AGGTVYEDLK), were obtained from B&M.

RESULTS
Analysis of location of GPI-anchored proteins. AfMp1p is a GPI-
CWP (33), while AfGel1p and AfEcm33p are recognized as GPI-
PMPs (8, 40). In order to verify their location, Gel1p antibody,
Ecm33p antibody, and Mp1p antibody were used to detect the
distribution of AfGel1p, AfEcm33p, and AfMp1p in cell mem-
brane and cell wall separately. Both AfGel1p and AfEcm33p were
detected in the cell wall and membrane fraction of A. fumigatus,
while AfMp1p was only detected in the cell wall (Fig. 1). Although
both AfGel1p and AfEcm33p could be found in the SDS-extracted
and �-1,3-glucanase-released fraction. It is interesting to notice
that AfMp1p was only detected as a smear band in the fraction
released by �-1,3-glucanase, which might be due to different
lengths of �-glucans attached to AfMp1p. Based on these obser-

FIG 1 Distribution of Ecm33p, Gel1p, and Mp1p in A. fumigatus. Proteins extracted from the cell wall or membrane fraction were detected by Western blotting
with anti-Gel1p (A), anti-Ecm33p (B), or anti-Mp1p (C) antibody. Lane 1, SDS-extracted supernatant of the cell wall; lane 2, extracellular proteins; lane 3, cell
wall proteins extracted by �-1,3-glucanase; lane 4, membrane proteins; lane 5, intracellular proteins.
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vations, it can be concluded that AfMp1p is a strict GPI-CWP
covalently linked to the cell wall �-glucan, whereas AfGel1p and
AfEcm33p are continuously distributed from the membrane to
the cell wall of A. fumigatus.

AfGel1p consists of 452 amino acids with 2 potential N-glyco-
sylation sites and some O-glycosylation sites, and its predicted
�-site lies at the 418 amino acid of the C terminus signal peptides.
The putative molecular mass of AfGel1p is �49.7 kDa, whereas
glycosylated AfGel1p is 56 kDa (Fig. 2A, left panel). AfEcm33p is
made up of 398 amino acids with nine potential N-glycosylation
sites and some O-glycosylation sites, and amino acid 372 is its
predicted �-site. The putative molecular mass of AfEcm33p is
�43.8 kDa, whereas the glycosylated AfEcm33p is 61 kDa (Fig. 2A,
middle panel). AfMp1p is composed of 284 amino acids with
some potential O-glycosylation sites, its predicted �-site is at
amino acid 259 of the C terminus signal peptides, and its putative
molecular mass is �31.2 kDa, whereas the glycosylated AfMp1p is
42 kDa (Fig. 2A, right panel).

In fact, many studies have mentioned that proteins in the cell
wall were found bigger than their predicted sizes, it may most
likely due to protein glycosylation (41, 47). In order to confirm
this hypothesis, the cell wall proteins were firstly extracted by HF-
pyridine to release the GPI anchor. Subsequently, N-glycans were
released by N-glycanase (Fig. 2A). After de-N-glycosylation, both

AfGel1p and AfEcm33p became smaller than their untreated
forms, but they were still bigger than their theoretical sizes,
whereas AfMp1p remained unchanged although the correspond-
ing band was confirmed to be AfMp1p by liquid chromatography-
mass spectrometry. We further removed N-/O-glycans on
AfGel1p, AfEcm33p, and AfMp1p with TFMS. As shown in Fig.
2B, AfGel1p, AfEcm33p, and AfMp1 moved to the position corre-
sponding to their theoretical sizes. These results demonstrate that
both AfGel1p and AfEcm33p are N and O glycosylated, whereas
AfMp1p is O glycosylated. Moreover, our results also indicate that
AfMp1p is covalently linked to the cell wall �-glucans via O-gly-
cans.

Analysis of GPI signal sequences in A. fumigatus. When these
three proteins were analyzed using the Big-Pi prediction program
(http://mendel.imp.ac.at/gpi/cgi-bin/gpipred.cgi), their putative
GPI signals were identified. As listed in Table 2, featured hydro-
phobic amino acid tails are present at the C terminus of these
putative GPI signals. The up- and downstream of �-site regions
are nonpolar amino acids and the upstream sequences of �-site
are rich in Ser/Thr at a similar level. It is interesting that AfGel1p
or AfEcm33p only contains one single Lys residue at �-1 or �-2
site, which is different from that in yeast. In terms of AfMp1p,
although the �-4 of is Leu, the �-5 site is Asn, not Val or Ile, as in
yeast GPI-CWP.

FIG 2 Detection of cell wall proteins in A. fumigatus. Western blotting was carried out with anti-Gel1p, anti-Ecm33p, or anti-Mp1p antibody. (A) Cell wall
proteins released by HF-pyridine (HF) were de-N-glycosylated with N-glycanase. (B) Cell wall proteins released by HF-pyridine (HF) were de-N/O-glycosylated
with TFMS.
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In yeast, dibasic residues (Lys and Arg or Lys alone) in the
�-minus region (�-4 to �-1) were found to be a determinant
factor for the plasma membrane location (4, 23, 24, 43). However,
in A. fumigatus, AfGel1p and AfEcm33p only have one basic resi-
due (K) at its �-1 or �-2 site, while AfMp1p has no basic residue.
Therefore, we hypothesized that one single basic residue at �-mi-
nus site is sufficient to retain A. fumigatus GPI proteins in the
plasma membrane.

Construction and expression of GPI-anchored GFPs. In or-
der to study the feature of GPI-anchor attachment signal se-
quence in A. fumigatus, the putative GPI signal sequences of
AfMp1p, AfGel1p, and AfEcm33p were fused to C terminus of
GFP to construct chimeric GFP-Mp1, GFP-Gel1, and GFP-
Ecm33, respectively (Fig. 3). To ensure the proper targeting of
these chimeric proteins, an AfChiB1 N-terminal signal peptide
sequence was fused to the N terminus of GFPs. All three chi-
meric proteins were under the control of the AfchiB1
(AY271350) promoter (37).

The vectors harboring the encoding regions for GFP-Mp1,
GFP-Gel1, and GFP-Ecm33 were constructed and transformed
into A. fumigatus as described in Materials and Methods. The
transformants of pGFP/Mp1, pGFP/Gel1, and pGFP/Ecm33 were
screened for GFP expression by fluorescence microscopy. Three
transformants were obtained, and these were named MP1-21,
GEL1-6, and ECM33-1, respectively. As shown in Fig. 4, the genes
encoding for chimeric GFPs could be detected in genome by PCR
(Fig. 4A) or Southern blotting (Fig. 4B).

Distribution of chimeric GFPs in A. fumigatus. Strains MP1-

21, GEL1-6 and ECM33-1 were cultivated in CM at 37°C for 24 to
56 h. At intervals, mycelia were collected and analyzed by fluores-
cence microscopy. The chimeric GFPs were synthesized inside the
cells and transported to the surfaces of mycelia within 24 h (Fig. 5).
These results demonstrate that all chimeric GFPs can be expressed
and targeted correctly inside A. fumigatus.

When the mycelia are treated with 0.5 M sorbitol, a high
osmotic environment, the mycelial cell shrinks and its plasma
membrane can be separated away from its cell wall. Taking advan-
tage of this simple treatment, we were able to visualize the location
of chimeric GFPs under fluorescence microscopy. As shown in
Fig. 6, after 30 to 56 h of incubation, sorbitol treatment did not
change the fluorescent distribution of the GFP-Mp1, suggesting
its cell wall localization. On the other hand, a condensed signal of
GFP-Gel1 was observed mainly associated with the plasma mem-
brane and slightly associated with the cell wall, suggesting a spec-
trum of distribution between plasma membrane and cell wall (Fig.
6). As for strain ECM33-1, plasmolyzing of mycelia caused a
shrunk and condensed signal inside the mycelia cell wall, and the
signal on mycelia surface was completely disappeared after 116 h,
which suggests a terminal destination of GFP-Ecm33 to plasma
membrane.

To further confirm the cell wall localization of GFP-Mp1 and
GFP-Gel1, gold immunolabeling of hyphae with anti-GFP anti-
body was carried out. As shown in Fig. 7, gold particles were only
present in the mannoprotein layer of cell wall in strain MP1-21
and present both in mannoprotein layer and plasma membrane of
strain GEL1-6; the number of gold particles in cell wall of strain

TABLE 2 GPI signalsequences identified by the Big-Pi program

Protein Amino acid sequence (5=–3=)a Predicted location

AfMp1p GGSGSGSGSSTGTATASTSTNLLSTGAASKEHFSYSLGGAVVAAAIAVAL Cell wall
AfGel1p GSGSATGSSSSGTSTSSKGAAAGLTVPSLTMAPVVVGAVTLLSTVFGGLVLL Plasma membrane
AfEcm33p GSSGTTTSSGSSASASKSNAADLNAANLPALGFAAVFGALVQYVL Plasma membrane
a GPI proteins were analyzed using the Big-Pi predictionprogram (http://mendel.imp.ac.at/gpi/cgi-bin/gpipred.cgi). The � amino acid is indicated in boldface. The shaded amino
acids are up-and downstream nonpolar regions of the �-site. The underlinedamino acid sequences are hydrophobic tails at the C terminus.

FIG 3 Constructs of chimeric GFPs. Chimeric GFPs were constructed by fusing the N-terminal signal peptide sequence of AfChiB1 and different GPI-anchor
signals derived from A. fumigatus GPI proteins with the N and C termini of GFP, respectively. The �-site amino acid is shown in boldface. The �-minus sites are
underlined. White and gray bars indicate N-terminal signal sequences from AfChiB and GFP, respectively.
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MP1-1 was greater than that in strain GEL1-6. In contrast, gold
particles were found in the plasma membrane or cytosol of strain
ECM33-1. These results confirmed a localization of GFP-Mp1 in
the cell wall, a spectrum distribution of GFP-Gel1 between the
plasma membrane and cell wall, and a final location of GFP-
Ecm33 in the plasma membrane.

Using anti-GFP antibody, we verified the locations of chimeric
GFPs in the cell membrane (Fig. 8A), cell wall (Fig. 8B), and cul-
ture supernatant (Fig. 8C) of strains MP1-21, GEL1-6, and
ECM33-1, respectively. As a result, all chimeric GFP-Mp1, GFP-
Gel1, and GFP-Ecm33 were visualized in membrane extracts after
36 h of incubation, whereas only GFP-Mp1 appeared attached to
the cell wall (Fig. 8B). These results indicate that signals contained
in the GPI signal of AfEcm33 or AfGel1 can retain GFP in the
membrane, while the signals contained in AfMp1 directs a local-
ization of GFP in the cell wall. In addition, all three chimeric GFPs

were detected in the culture supernatant (Fig. 8C). The amount of
secreted GFP-Gel1, which was mainly distributed in the plasma
membrane and slightly in the cell wall (Fig. 6 and Fig. 7), was lower
than GFP-Mp1 and higher than GFP-Ecm33 in the culture super-
natant. These results suggest that all three chimeric GFPs can be
secreted into culture medium. Although we were not able to detect
GFP-Gel1 in cell wall by Western blotting, the amount of GFP-
Gel1 in culture supernatant was higher than GFP-Ecm33 and
lower than GFP-Mp1. It appears that GPI-CWP and cell wall lo-
calized GPI protein can be easily released compared to GPI-PMP.

Identification of the determinant factor for membrane dis-
tribution. To confirm whether one single basic residue alone at
�-minus region could direct the plasma membrane localization,
the mutant chimeric GFPs were constructed as described in Ma-
terials and Methods (Fig. 2). The only basic residue Lys in the
�-minus region of GFP-Ecm33 was replaced by Leu, and a basic

FIG 4 Confirmation of transformants by PCR (A) and Southern blotting (B). Transformants expressing GFP-Mp1, GFP-Gel1, and GFP-Ecm33 were screened
and named as MP1-21, GEL1-6, and ECM33-1, respectively. The genomic DNA extracted from the transformant MP1-21, GEL1-6, or ECM33-1 was used for
PCR and Southern blotting.

FIG 5 Expression of chimeric GFP proteins. After cultivation at 37°C for 24 h, the mycelia were harvested and analyzed under fluorescent light, using a Zeiss
microscope equipped with a 460- to 480-nm excitation filter set, captured with a charge-coupled device (CCD) camera and edited with the image analyzer
program Image (AxioVision Rel.4.6). Panels: left, strain expressing chimeric GFP-ECM33; middle, strain expressing chimeric GFP-Gel1; right, strain expressing
chimeric GFP-Mp1.
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residue Lys was introduced into GFP-Mp1 to replace Ser, to con-
struct the mutant chimeric GFP-Ecm33 (K2L) and GFP-Mp1
(S2K). To further explore whether the site of basic residue at
�-minus region could influence the locations of proteins, the Lys
residue was translocated from �-2 to �-1 in GFP-Ecm33 and from
�-1 to �-2 in GFP-Gel1, which generated the mutant chimeric
GFP-Ecm33(K2SS1K) and GFP-Gel1(S2KK1S), respectively. As
shown in Fig. 9, when Ser at �-2 position was changed into Lys in

GFP-Mp1(S2K), the chimeric GFP changed its localization from
cell wall to cell membrane. The switch of two amino acids at �-1
and �-2 site in GFP-Gel1(S2KK1S) did not change a spectrum of
distribution of GFP-Gel1 between plasma membrane and cell wall
(Fig. 9). Similarly, the exchange of �-1 Lys and �-2 Ser in GFP-
Ecm33(K2SS1K) had no effect on localization of GFP. On the
other hand, replacement of Lys at �-1 with Leu in GFP-
Ecm33(K2L) led to a loss of basic residue at �-minus region;

FIG 6 Distribution of chimeric GFP-Mp1, GFP-Gel1, and GFP-Ecm33. After cultivation at 37°C for 24 or 56 h, the mycelia were harvested, treated with 0.5 M
sorbitol, and then analyzed under fluorescent light, using a Zeiss microscope equipped with a 460- to 480-nm excitation filter set, captured with a CCD camera,
and edited with the image analyzer program Image (AxioVision Rel.4.6). The cell wall is marked with an arrow.

FIG 7 Distribution of GFP-Mp1, GFP-Gel1, and GFP-Ecm33. A. fumigatus strains were cultured in CM at 37°C for 56 h with shaking at 250 rpm.
Immunogold labeling with anti-GFP polyclonal antibodies (Clontech) was carried out as described in Materials and Methods. Gold particles are marked
with arrows.
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However, the mutated chimeric GFP-Ecm33 was still retained in
plasma membrane. These results demonstrate that one single ba-
sic amino acid at the �-1 or �-2 site is a signal to retain GPI-
proteins in plasma membrane. However, it should be pointed out

that basic residue alone may not be the sole determinant to retain
GPI protein in plasma membrane. Indeed, although an introduc-
tion of one basic residue into �-2 site could shift the final local-
ization of GFP-Mp1 from cell wall to plasma membrane, the ab-

FIG 8 Examination of chimeric GFPs in membrane (A), cell wall (B), and culture medium (C) of A. fumigatus. The same amount of proteins in the membrane,
cell wall, or culture supernatant of strain MP1-21, GEL1-6, or ECM33-1 was analyzed by SDS-PAGE (left side of each panel) and Western blotting (right side of
each panel). Anti-GFP polyclonal antibodies (Clontech) at a 1:1,000 dilution were used for Western blotting.

FIG 9 Distribution of GFP-Mp1(S2K), GFP-Gel1(S2KK1S), GFP-Ecm33(K2SS1K), and GFP-Ecm33(K2L). After cultivation at 37°C for 50 h, the mycelia were
harvested, treated with 0.5 M sorbitol, and examined under fluorescent light using Zeiss microscope equipped with a 460- to 480-nm excitation filter set, captured
with CCD camera, and edited with the image analyzer program Image (AxioVision Rel.4.6).

Ouyang et al.

896 ec.asm.org Eukaryotic Cell

http://ec.asm.org


sence of Lys at �-2 site in GPI signal of AfEcm33 did not lead to a
final distribution in cell wall, which suggests that some other un-
known factors would contribute to the final distribution of GPI
protein in cell wall.

DISCUSSION

In general, the GPI attachment signal of S. cerevisiae contains
either an Asn or Glu at the anchoring site which was named
�-site, a spacer region consisting of 8 to 12 amino acids, and a
hydrophobic tail with 10 to 15 amino acids. In yeast, the final
destination of GPI proteins is the plasma membrane or the cell
wall. The GPI-CWPs show some preferences at the �-2, �-4,
and �-5 sites, i.e., Tyr, Val, or Asn at the �-2 site and Val, Ile, or
Leu at �-4 or �-5 sites. On the other hand, dibasic residues (Lys
and Arg or Lys alone) in the �-minus region (�-4 to �-1) are a
determining factor, but not the sole, for plasma membrane
location (4, 23, 24, 26, 27, 43). For instance, the presence of 200
to 300 amino acids rich in serine and threonine residues can
result in cell wall anchorage (11, 28). Indeed, ca. 70% of yeast
GPI-CWPs have a Ser/Thr content above 30% (28). These re-
sults suggest that more than one signal in the protein may
impact on the ultimate distribution of GPI proteins in the cell.
Nevertheless, the signaling for GPI protein localization is con-
troversial and De Sampaio et al. (26) showed that Gas1p and
fusions of the Gas1p to �-galactosidase, although they both
have a dibasic motif at �-minus site, are both cell wall localized.
Neither the Gas1p nor �-galactosidase is particularly rich in
serine and threonine residues. Moreover, the finding that some
GPI proteins show a spectrum of distribution between cell wall
and membrane makes the mechanism for signaling and sorting
of the GPI proteins even more complicated.

In A. fumigatus, both AfGel1p and AfEcm33p are identified as
GPI-PMPs. AfGel1p, a �-1,3-glucanosyltransferase involved in
the elongation of �-1,3-glucan side chain (30), is homologous to
Gas1p in S. cerevisiae, as well as Phr1p and Phr2p in C. albicans.
AfGel1p is attached to the membrane through a GPI anchor in a
manner similar to that of the yeast homologous proteins (30).
AfEcm33p is a homolog of a putative yeast GPI-anchored protein
(4) and shares 30% identity to the S. cerevisiae Ecm33p. However,
both AfGel1p and AfEcm33p do not have dibasic amino acids at
their �-minus region, which is a typical feature for GPI-anchored
membrane protein in S. cerevisiae. Indeed, they have only one
basic residue (K) at either the �-1 or the �-2 site. Based on this
observation, we hypothesized that one single basic residue would
be enough for retaining GPI protein on the plasma membrane in
A. fumigatus. To verify this hypothesis, we used GFP as an indica-
tor molecule by fusing its C terminus to a putative GPI signal
sequence of AfGel1p or AfEcm33p. Our results showed that both
GFP-Ecm33 and GFP-Gel1 were localized to the plasma mem-
brane. Shifting of Lys from the �-1 to the �-2 site or from the �-2
to the �-1 site did not affect the membrane localization of GFP-
Ecm33 or GFP-Gel1. These results confirm that a single basic res-
idue at the �-1 or �-2 site can retain GPI protein in cell membrane
of A. fumigatus.

It should be pointed out that we also found some GFP-Gel1
proteins were present in cell wall and shifting of Lys from �-2 to
�-1 site did not affect its mixed distribution from membrane to
cell wall. In yeast, it has been observed that some GPI-PMPs can be
liberated by a cleavage between its GlcN moiety and the first man-
nose residue. Although the mechanism is not yet known, it is

reasonable to propose that the presence of GFP-Gel1 in the cell
wall is due to the cleavage and release of membrane-localized
GFP-Gel1 via a similar manner observed in yeast.

On the other hand, A. fumigatus Mp1p is a cell wall galacto-
mannoprotein (33). Ultrastructural analysis by immune-gold
staining indicated that AfMp1p is present in cell wall of A. fumiga-
tus. Sequence analysis of AfMp1p shows that, although the �-4 is
Leu, the �-2 is neither Val nor Tyr, but Ser, which is not a typical
cell wall localization signal found in yeast. Considering that the
AfMp1p has a Ser/Thr-rich region in the C-terminal half (29.9%
of Thr/Ser content), its cell wall localization may be due to the
presence of Ser/Thr-rich region. However, ProFASTA analysis re-
vealed that only 30% of A. fumigatus putative GPI-CWPs contains
above 30% Ser/Thr residues (48), suggesting an existence of some
unknown determinants except Ser/Thr-rich region. It remains
unknown whether its GPI attachment signal makes contribution
to cell wall localization or not. We therefore fused the GPI signal of
AfMp1p to GFP, which does not contain the Ser/Thr-rich region
in the C-terminal half of AfMp1p, indeed the content of Ser/Thr in
the AfMp1p GPI signal is similar to that in the AfEcm33p or
AfGel1p GPI signal. Our results showed that the �-minus region
of AfMp1p alone, rather than the Ser/Thr-rich region in the C-ter-
minal half of this protein, could direct the protein to the cell wall.
When Ser at �-2 site was changed into Lys, the localization of
chimeric GFP was shifted from cell wall to membrane. These re-
sults clearly demonstrate that one single basic residue at the �-2
site can signal a retention of GFP in cell membrane of A. fumiga-
tus. However, when we replaced Lys at the �-1 with Leu in GFP-
Ecm33(K2L), the mutated GFP-Ecm33 was still present in plasma
membrane, and no chimeric GFP was found in the cell wall. Taken
together, we conclude that the presence or absence of a basic res-
idue at the �-minus site is not the sole determinant of plasma
membrane or cell wall localization and that an unknown signal in
the GPI signal sequence of AfMp1p may contribute to cell wall
localization.

Interestingly, GFP-Mp1, GFP-Gel1, and GFP-Ecm33 were
detected in culture supernatant. Although GPI anchoring is
also thought to be as an important secretory pathway, AfMp1p,
AfEcm33p, and AfGel1p are usually not supposed to be secreted by
A. fumigatus. Therefore, a plausible explanation for the presence
of GFP-Mp1 or GFP-Gel1 in supernatant is due to a leakage of cell
wall components during cell wall remodeling in growing cells and
during formation of new branches or autolysis of aged cells. As for
membrane-located GFP-Ecm33, the presence of GFP-Ecm33 in
culture supernatant might be caused by autolysis of aged cells.

Using the newly developed software ProFASTA (48), 86
GPI-anchored proteins are predicted with positive Big-PI, sig-
nal P, and TMHMM domain in A. fumigatus. Among these
predicted GPI proteins, 23 of them are found to have one basic
residue at their �-minus sites (see Table S1 in the supplemental
material) and therefore, based on our results, can be predicted
as GPI-PMPs.

In conclusion, we have shown that one basic residue at the �-1
or �-2 site signals retention of GPI proteins in plasma membrane
in A. fumigatus, which is different from that in yeast. Although the
signal for cell wall distribution has not been identified yet, it is
clear that the signal for the cell wall distribution in A. fumigatus is
different from that in yeast. Furthermore, GPI anchoring cannot
limit the distribution of GPI-proteins strictly in the plasma mem-
brane or cell wall of A. fumigatus. GPI-CWPs can be secreted into
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culture medium by an unknown mechanism, while GPI-PMPs
also can be found in culture medium.
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