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We have previously reported the cloning and characterization of the MPI gene in Penicillium marneffei and
the AFMP1 gene in Aspergillus fumigatus and their use for serodiagnosis of penicilliosis and aspergilloma and
invasive aspergillosis, respectively. In this study, we describe the cloning of the AFLMPI gene, which encodes
the homologous antigenic cell wall protein in Aspergillus flavus, the most common Aspergillus species associated
with human disease in our locality and in other Asian countries and the second most common Aspergillus
species associated with human disease in Western countries. AFLMPI codes for a protein, Aflmplp, of 273
amino acid residues, with a few sequence features that are present in Mplp and Afmplp, the homologous
antigenic cell wall proteins in P. marneffei and A. fumigatus, respectively, as well as several other cell wall
proteins of Saccharomyces cerevisiae and Candida albicans. It contains a serine- and threonine-rich region for
O glycosylation, a signal peptide, and a putative glycosylphosphatidylinositol attachment signal sequence.
Specific anti-Aflmp1p antibody was generated with recombinant Aflmp1p protein purified from Escherichia coli
to allow further characterization of Aflmp1p. Indirect immunofluorescence analysis indicated that Aflmp1p is
present on the surface of the hyphae of 4. flavus. Finally, it was observed that patients with aspergilloma and
invasive aspergillosis due to A. flavus develop a specific antibody response against Aflmp1p. This suggested that
the recombinant protein and its antibody may be useful for serodiagnosis in patients with aspergilloma or
invasive aspergillosis, and the protein may represent a good cell surface target for host humoral immunity.

Since the last decade, Aspergillus species have been gaining
prominence as opportunistic pathogens. In immunocompetent
hosts, Aspergillus species rarely causes serious illnesses, except
for aspergilloma in patients with preexisting chronic lung dis-
eases. On the other hand, invasive aspergillosis is one of the
most important infectious causes of mortality in patients with
hematological malignancies and bone marrow transplant
(BMT) recipients, with an incidence of 6% in a recent study on
230 BMT recipients (25). Furthermore, up to 2.5% of solid
organ transplant recipients, 12% of patients with AIDS, and
40% of patients with chronic granulomatous disease could be
affected by this infection (10). The mortality rate in patients
with invasive aspergillosis with pulmonary involvement and
persistent neutropenia was 95% (8). Of all the known Aspergil-
lus species, Aspergillus flavus is the most common one associ-
ated with human disease in our locality and in other Asian
countries, and is the second most common species associated
with human disease in Western countries (10, 25).

The successful management of invasive aspergillosis is ham-
pered by difficulties in establishing diagnosis. The “gold stan-
dard” for making a diagnosis is to obtain a positive culture of
Aspergillus and to demonstrate histological evidence of myce-
lial invasion from tissue biopsy. Due to the very sick nature of
these patients and often the presence of bleeding diathesis,
tissue biopsy is often not possible or not acceptable to patients.
For serological diagnosis of invasive aspergillosis, although
commercial kits for antigen detection assays with monoclonal
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antibody against the galactomannan antigen extract are avail-
able for clinical use, no antigen detection kit based on recom-
binant antigens of Aspergillus is presently available. Due to less
cross-reaction, recombinant antibody and antigen detection
tests may offer a higher specificity and reproducibility. More-
over, recombinant antigens and generated antibodies are easy
to standardize.

We have previously described the cloning and characteriza-
tion of a highly antigenic cell wall mannoprotein in Penicillium
marneffei (Mplp) and its homologue in Aspergillus fumigatus
(Afmplp) (2, 26). We have also shown that enzyme-linked
immunosorbent assays based on recombinant Mplp and
Afmplp are very useful for serodiagnosis of penicilliosis and 4.
fumigatus aspergillosis, respectively (3, 4, 7, 24). Since there is
no recombinant antigen-based kit for serodiagnosis of A. flavus
infections, it would be logical to search for the homologue of
Mplp and Afmplp in A. flavus and examine its potential for
serodiagnostic purposes.

In this study, we report the cloning of the AFLMPI gene,
which encodes an antigenic cell wall protein of A. flavus
(Aflmplp). Sequence analysis reveals that Aflmplp is homol-
ogous to Mplp and Afmplp. Indirect immunofluorescent mi-
croscopic study indicates that Aflmp1p is specifically located in
the cell walls of A. flavus. Finally, our results show that patients
with invasive A. flavus infections develop high levels of specific
antibody against Aflmp1lp, suggesting that Aflmplp may rep-
resent a good cell surface target of host humoral immunity.

The A. flavus strain isolated from a BMT recipient was used
throughout the study. A 1-ml suspension of conidia obtained
by flushing the surface of A. flavus colonies grown on Sab-
ouraud agar at 37°C for 4 days was used to inoculate 25 ml of
brain heart infusion medium (Oxoid, Hampshire, United King-
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dom) in a 500-ml conical flask at 37°C in a gyratory shaker. A
2-day-old culture was harvested for DNA or RNA extraction.

A. flavus genomic DNA extraction was performed by using
the DNeasy Plant Maxi kit in accordance with the manufac-
turer’s instructions (Qiagen, Hilden, Germany). A 240-bp frag-
ment of the putative AFLMPI] gene was amplified by using
degenerate PCR primers LPW151 (5'-ANCTCATCTCCAAG
AAGGAC-3') and LPW153 (5'-GGCGTCNANACCCTTCT
G-3") (Gibco BRL), which were designed by pairwise align-
ment of the AFMPI gene of A. fumigatus and the homologous
gene in Aspergillus nidulans (obtained from a BLAST search of
the A. nidulans EST database at www.genome.ou.edu and by
assembly of contigs r5e08al.rl and z4 hO4al.rl). The PCR
mixture (50 pl) contained 4. flavus DNA, PCR buffer (10 mM
Tris-HCI [pH 8.3], 50 mM KCl, and 2 mM MgCl,), 200 pM
each dNTP, and 1.25 U of AmpliTaq Gold (Applied Biosys-
tem). The mixtures were amplified in 40 cycles of 94°C for 1
min, 45°C for 1 min, and 72°C for 1 min in an automated
thermal cycler (Perkin-Elmer Cetus, Gouda, The Nether-
lands). Distilled water was used as the negative control. Ten
microliters of each amplified product was electrophoresed in
1.0% (wt/vol) agarose gel, with a molecular size marker (PX-
174 DNA Haelll digest; Roche) being electrophoresed in par-
allel. Electrophoresis in Tris-borate-EDTA buffer was per-
formed at 100 V for 1.5 h. The gel was stained with ethidium
bromide (0.5 pg/ml) for 15 min, rinsed, and photographed
under UV light illumination.

The 240-bp PCR product was gel purified by using the QIA-
quick PCR purification kit (Qiagen, Hilden, Germany). Both
strands of the PCR product were sequenced twice by using the
PCR primers LPW151 and LPW153 with an ABI 377 auto-
mated sequencer used in accordance with the manufacturer’s
instructions (Perkin-Elmer, Foster City, Calif.).

The sequences upstream and downstream of the 240-bp
fragment were obtained by rapid amplification of cDNA ends
(RACE) by using the 5'/3" RACE kit, with LPW168 (5'-GGA
GATGGCCCAGAGCCTCTCCGCTGGT-3') and LPWI171
(5'-ACCAGCGGAGAGGCTCTGGGCAATCTCC-3") being
used as gene-specific primers in accordance with the manufac-
turer’s instructions (Roche), and by subsequent DNA sequenc-
ing by using LPW168, LPW171, LPW441 (5'-ATGAGATTC
TCCGCTATC-3"), and LPW442 (5'-TTAGACAGCGACGG
CAAT-3'") as the sequencing primers.

The phylogenetic relationships of Mplp (2), Afmplp (26),
Aflmplp, and the homologous region in A. nidulans were de-
termined by using the neighbor-joining method with Clustal X
(20). A total of 93 amino acid positions were included in the
analysis.

To produce a fusion plasmid for protein purification, prim-
ers LPW230 (5'-GGAATTCCACCCCCCTCGTTGAG-3")
and LPW231 (5'-CCGCTCGAGTTAGACAGCGACGGC-
3") were used to amplify the AFLMPI gene from cDNA. The
sequence coding for amino acid residues 18 to 273 of Aflmplp
was amplified and cloned into the BamHI and EcoRI sites of
expression vector pGEX-5X-3 in frame and downstream of the
glutathione S-transferase (GST) coding sequence. The GST-
Aflmp1p fusion protein was expressed and Aflmplp was puri-
fied with a GST gene fusion system (Pharmacia) in accordance
with the manufacturer’s instructions.

To produce polyclonal guinea pig antibody, 10 ml of mycelial
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sediment from a 2-day-old culture was washed three times in
phosphate-buffered saline (PBS) (13.7 mM sodium chloride,
0.27 mM potassium chloride, 1 mM phosphate buffer [pH 7.4])
and suspended in PBS with 0.05% phenol at a turbidity of
McFarland standard 3. An equal volume of complete Freund’s
adjuvant was mixed with 500 pl of mycelial suspension and
injected intramuscularly into a guinea pig’s thigh. Incomplete
Freund’s adjuvant was used in subsequent immunizations, and
a total of three inoculations were completed in 2 months.

To prepare guinea antibody specific against Aflmplp, 70 pg
of purified Aflmplp recombinant protein was mixed with an
equal part of complete Freund’s adjuvant and injected intra-
muscularly into a guinea pig’s thigh. Incomplete Freund’s ad-
juvant was used in subsequent injections. Serum samples were
taken 2 weeks after the third injection.

Aflmplp samples were run on a sodium dodecyl sulfate
(SDS)-10% polyacrylamide gel and electroblotted onto a ni-
trocellulose membrane (Bio-Rad, Hercules, Calif.). The blot
was cut into strips, and the strips were incubated with preim-
munized guinea pig serum, serum of a guinea pig immunized
with A. flavus, sera from two patients with computed tomog-
raphy- and culture-documented A. flavus aspergilloma, sera of
two acute myeloid leukemia patients with culture- and histol-
ogy-documented A. flavus invasive aspergillosis, sera of two
patients with candidemia, sera of two patients with P. marneffei
infection, or sera from six normal blood donors. All guinea pig
sera were diluted at 1:4,000, and human sera were diluted at
1:500. Antigen-antibody interaction was detected with the ECL
fluorescence kit (Amersham Life Science, Buckinghamshire,
United Kingdom).

Whole-cell A. flavus lysate was run on an SDS-10% poly-
acrylamide gel and electroblotted onto a nitrocellulose mem-
brane (Bio-Rad). The blot was cut into strips, and the strips
were incubated with preimmunized guinea pig serum or serum
of a guinea pig immunized with Aflmplp diluted at 1:4,000.
Antigen-antibody interaction was detected with the ECL flu-
orescence kit (Amersham Life Science).

In the indirect immunofluorescent assay, 4. flavus germinat-
ing spores were harvested and washed twice in PBS. Cells were
deposited on Teflon-coated slides, air dried, and fixed in cold
acetone for 10 min. Guinea pig serum with antibodies specific
against Aflmp1p were added to the fixed cells and incubated in
a humidity chamber at 37°C for 60 min. A guinea pig serum
with antibodies against whole-cell A. flavus and a preimmune
guinea serum were used as the positive and negative controls,
respectively. The cells were then washed with PBS, air dried,
and incubated with affinity-purified fluorescein isothiocyanate-
conjugated anti-guinea pig immunoglobulin G (Zymed) at
37°C for 60 min. The cells were mounted and observed under
UV light. A positive signal of antigen-antibody interaction was
indicated by the presence of apple green fluorescence.

After a 240-bp fragment was amplified and sequenced by
using degenerate PCR primers designed by multiple alignment
of the AFMPI gene of A. fumigatus and the homologous gene
in A. nidulans (encoding the putative protein Anmplp), the
complete sequence of the gene was obtained by rapid ampli-
fication of cDNA ends. Bidirectional DNA sequencing re-
vealed that the cDNA contained a single open reading frame
encoding 273 amino acid residues with a predicted molecular
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1 GCTGGAAGCGCCTCGATGGGAGAAAGAACAGATCAGAGCTCTCCATTCTTTTGGCAACGT 60
61 TCTTAGCTTCTCTGCACTCGCGCACTCGTTTGGTCTTCCCAATTATACATAGATCACCTT 120
121 AATCTTAATTCAACTTACCAGTCTTTCCCGTCAAGATGAGATTCTCCGCTATCTTCACCC 180
M R F S A I F T
181 TGGGTCTCGCCGGCACCGCCCTGGCCACCCCCCTCGTTGAGCGTGCTGGTTCCTCCCCCA 240
L ¢ L A ¢ T a L AT P L V ERATG S 8 P
241 CCGACATCATCTCCGGCATCAGCGACAAGACCGATGCTCTCGACTCCGCCATCAAGGCTT 300
T D St ) _,@% _— N
301 ACAACGGTGGTGACCCCTCCAAGGTTGAGTCCGCCTCCGCTGACTTGATCTCGACCATCA 360
s.i =
361 CCAAGGGCACTGATGCCATCAAGAGCGGTGATGATATCAGCACCACCGATGCTCTTGCTC 420
421 480
481 540
541 600
601 660
661 ATGCGTACAAGGACGTTTCCGACTCCGCCCCCTCTTCCAGCGCTGGCTCCTCCGCGAGCG 720
XK b v 8§ b $§ A P § 8§ 5§ A G 8§ 8§ A S8
721 CCACTGCCACCGGCAGCGCTTCTGAGACCGGCAGCCCCTCTACTACCGGTTCTGCCTCCG 780
A T A T G § A § E T G 8§ A § T T G § A 5
781 CCACCTCCAGCTCCGTGATCCCCACCTCCTCCGGTGCTGCCAGCTCCTCTGCTGCCCCCT 840
A T § § 8 VvV I P T 8 8§ G A A § 8§ § A A P
841 CCGGCTCCAGCACCCCCACTGGCTCCGGCTCTGCCTCCGCCACCTCTCCTCCCTTGGCCA 900
s 6 8§ 8§ T P T G S G S§ A 8 A T S P P L A
901 CCGGTGCTGCCAACAAGGCCACCATCGGCTACTCCCTTGGTGCCGTCGCCATGGCCGCCA 960
T G A AN K A T I G Y S 1L, G A V A M A A
f
961 CTGCCGTCGCTGTCTAAGCGATGAACCTCCATGGGATGATCCCATCGTCCTGCTACGACC 1020
I A VvV A V *
1021 TTTGACGATGGTGACGAAGACAAGCGCCATGACCGATTGGAACGATTAGGAGCACAATCG 1140
1081 GCTTGTTCTGTATATTTTATTCTGTCTTACCGAATTAARTGTARCGGGCACTGCCTGTATA 1200
1141 TACCGCGTTTGAAATTTGCTATAGTCTAGTAATGGATTATATTTGCCAATTGAAAAAANR 1260
1201 AAARAAARAAAN
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FIG. 1. DNA and amino acid sequences of Aflmplp. AFLMPI cDNA contains a single open reading frame encoding 273 amino acid residues
with a predicted molecular mass of 26.3 kDa. The N-terminal cleavable signal peptide of 17 amino acids is underlined. The C-terminal cleavable
GPI signal peptide of 20 amino acids is double underlined. A 75-amino-acid serine- and threonine-rich region is in italics, indicating that this
protein may have many O glycosylation sites. The 141-amino-acid region CR4, showing homology to CR1 and CR2 of Mplp in P. marneffei, CR3
of Afmplp in A. fumigatus, and CRS5 of the homologous protein in A. nidulans, is shaded in gray.

mass of 26.3 kDa. The DNA and predicted protein sequences
are shown in Fig. 1.

Protein sequence analysis revealed that this protein has sev-
eral features that are similar to the Mplp of P. marneffei,
Afmplp of A. fumigatus, and several other fungal cell wall
proteins (1, 11, 12, 15-19, 22) (Fig. 1 and 2A). Similar to Mplp
and Afmplp, this protein has a putative N-terminal signal
peptide found in most secretory proteins (18, 23). It also has a
putative C-terminal glycosylphosphatidylinositol (GPI) mem-

brane attachment signal sequence that is commonly used for
cytoplasmic membrane attachment (5, 21) and has been impli-
cated in fungal cell wall assembly (9). After processing, this
protein should have 256 amino acid residues with a predicted
molecular mass of 24.6 kDa as a polypeptide. The gene and
protein were named AFLMPI (for Aspergillus flavus manno-
protein 1) and Aflmplp, respectively. Aflmplp is expected to
be a glycosylated protein, since it has potential O glycosylation
sites. Aflmp1p contains a 75-amino-acid serine- and threonine-
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FIG. 2. (A) Diagrammatic representation of Mplp of P. marneffei,
Afmplp of A. fumigatus, Aflmplp of A. flavus, and the homologous
protein of A. nidulans, showing the regions representing the signal
peptide, internal homologous regions (CR1 to CRS5), potential O gly-
cosylation regions, and GPI signal peptide. (B) Phylogenetic tree based
on the amino acid sequences of CR1 and CR2 in P. marneffei, CR3 in
A. fumigatus, CR4 in A. flavus, and CRS in A. nidulans. The tree was
inferred from amino acid data by the neighbor-joining method. The
scale bar indicates the estimated number of substitutions per 50 amino
acids by using the Jukes-Cantor correction.

rich region in its C-terminal half as a site for O glycosylation,
similar to Mplp, Afmplp, and other yeast cell wall proteins of
S. cerevisiae and C. albicans (1). However, unlike Mp1lp, which
contains two potential N glycosylation sites, Aflmplp does not
contain any potential N glycosylation sites.

Sequence analysis further revealed that the only region of
Aflmplp homologous to Mplp, Afmplp, and Anmplp is a
141-amino-acid residue region (CR4) situated upstream to the
N terminus of the serine- and threonine-rich region (Fig. 2A
and B). This sequence shares similarity with two distinct but
conserved regions in Mplp, hereby named conserved regions 1
and 2 (CR1 and CR?2). The corresponding regions in Afmplp
and Anmplp were named CR3 and CRS, respectively. Within
the CR4 141-amino-acid region, the sequence identities be-
tween Aflmplp and CR3 of Afmplp and CRS of Anmplp are
63% and 57%, respectively, which are higher than the se-
quence identities between Aflmplp and CR1 and CR2 of
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FIG. 3. Western blot analysis of purified Aflmplp of A. flavus by
using guinea pig sera. Strong antigen-antibody interaction was de-
tected with sera of guinea pigs immunized with A. flavus (lane 1) or
Aflmplp (lane 2), but not with preimmune guinea pig serum (lane 3).

Mplp (41% in both cases). In comparison, CR1 and CR2 of
Mplp are 54% identical. This suggests that CR1 and CR2
probably evolved from a duplication event after the separation
of Aspergillus and Penicillium.

To produce recombinant Aflmplp protein, the AFLMPI
sequence minus the signal peptide (codon 18 to 273) was am-
plified by PCR and cloned in frame with GST in expression
plasmid pGEX-5X-3. The GST-Aflmplp fusion protein was
expressed in E. coli, and Aflmplp was subsequently purified.
The purified Aflmp1p was separated on an SDS gel followed by
Coomassie blue staining. After purification, a single band was
visible on the gel at about 30 kDa, consistent with the expected
molecular mass of 24.6 kDa for Aflmp1p.

Western blot analysis showed that recombinant Aflmplp
reacted strongly with serum of a guinea pig immunized with 4.
flavus (Fig. 3, lane 1) or Aflmplp (Fig. 3, lane 2) but not with
preimmunized guinea pig serum (Fig. 3, lane 3), indicating the
Aflmplp is highly immunogenic in guinea pigs.

A band of about 70 kDa was observed when sonicated cell
lysate was reacted with guinea pig serum after Aflmp1lp immu-
nization (Fig. 4, lane 1). This may represent glycosylated
Aflmplp in A. flavus.

To examine the distribution of Aflmplp in A. flavus, fixed
sections of A. flavus cells were examined by indirect immuno-
fluorescence light microscopy with guinea pig anti-Aflmplp
antibody. Indirect immunofluorescence showed that Aflmplp
was specifically located on the surface of A. flavus (Fig. 5¢). A
negative control with preimmune guinea pig serum showed no
staining (Fig. 5a).

Western blot analysis showed that recombinant Aflmplp
reacted specifically with sera from the four patients with as-
pergilloma or invasive aspergillosis (Fig. 6, lanes 1 to 4). No
specific reaction was seen between Aflmplp and sera from
either healthy blood donors (Fig. 6, lanes 5 to 10), the two
patients with documented C. albicans fungemia (Fig. 6, lanes
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FIG. 4. Western blot analysis of Aflmp1p in sonicated A. flavus cell
lysate by using guinea pig sera. A band of about 70 kDa (arrow) was
detected with the sera of guinea pigs immunized with Aflmp1p (lane 1)
but not with preimmune guinea pig serum (lane 2).

11 and 12), or the two patients with documented P. marneffei
infections (Fig. 6, lanes 13 and 14).

In this study, we describe the cloning of the complete open
reading frame of the AFLMPI gene of A. flavus. DNA se-
quence analysis of AFLMP]I revealed that it encodes a protein
(Aflmp1p) of 273 amino acid residues, of which the 141-amino-
acid region CR4 shows homology to CR1 and CR2 of Mplp in
P. marneffei, CR3 of Afmplp in A. fumigatus, and CRS of the
homologous protein in A. nidulans. Examination of the
Aflmplp sequence identified several features that are common
to Mplp, Afmplp, and cell wall proteins in other fungi (1, 11,
15 to 19, 22). These include an N-terminal signal peptide (23),
a serine- and threonine-rich region in the C-terminal half that

)
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acts as a site for O glycosylation (1), and a C-terminal GPI
membrane attachment signal, which is utilized by many pro-
teins to anchor themselves to eukaryotic cell membranes (5,
21). Unlike Mplp, Aflmplp does not possess any potential N
glycosylation sites, but it has a GAA site for cleavage by phos-
pholipase. Like other surface proteins, on release from the cell
membrane into the cell wall, Aflmp1p may fulfill many impor-
tant physiological functions, such as cell-cell recognition, cell
adhesion, receptor functions, and transport of ion and nutri-
ents.

Indirect immunofluorescence study with anti-Aflmp1p anti-
body reveals that Aflmp1p is specifically located in the cell wall
of A. flavus. The similarity in both the anatomical localization
and functional motifs among Aflmplp, Afmplp, Mplp, and
other fungal cell wall proteins may imply that similar cell wall
proteins may be present in other fungi. Since it has been shown
previously that Mplp and Afmplp—and in this study,
Aflmplp—are important antigenic proteins in P. marneffei, A.
fumigatus, and A. flavus and are useful for the diagnosis of the
corresponding infections, the cloning of similar genes in other
pathogenic fungi may be very rewarding in helping the sero-
logical diagnosis of other fungal infections.

The cloning of AFLMPI would have direct implications for
the laboratory diagnosis of 4. flavus infections. Since we have
shown in the present study that patients with culture-docu-
mented A. flavus aspergilloma and some with A. flavus invasive
aspergillosis, but not normal blood donors or patients with C.
albicans or P. marneffei infections, possess antibodies against
Aflmplp, an enzyme-linked immunosorbent assay with puri-
fied Aflmplp or antibody against Aflmplp may enhance the
sensitivity and specificity of the serological tests for antibody
and antigen detection, respectively, in patients with A. flavus
infections.

Besides laboratory diagnosis, we speculate that Aflmplp
may have the potential to be used as a vaccine in patients at
high risk of developing invasive A. flavus infections. From our
results, Aflmplp was shown to be closely associated with hu-
moral immunity, and antibodies have been suggested to be
important against certain extracellular opportunistic fungi (6,
13, 14); immunization could be administered through the mu-
cosal route to stimulate the production of secretory immuno-

FIG. 5. Indirect immunofluorescence staining of 4. flavus hyphae with preimmune guinea pig serum (a), guinea pig anti-A. flavus whole-cell
antibody (b), and guinea pig anti-Afmplp antibody (c). Apple green fluorescence indicates a positive signal for antigen-antibody interaction.
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FIG. 6. Western blot analysis of purified Aflmplp of 4. flavus by using human sera. Strong antigen-antibody interaction was detected with the

sera of two patients with aspergilloma (lanes 1 and 2) and two patients with invasive aspergillosis (lanes 3 and 4). Controls were sera from healthy
blood donors (lanes 5 to 10) and from patients infected with C. albicans (lanes 11 and 12) and P. marneffei (lanes 13 and 14).

globulin A. Furthermore, elevation of the antibody response
might lead to lysis of the mold by stimulating the complement
pathway and might facilitate phagocytosis of the mold by op-
sonization.

Nucleotide sequence accession number. The nucleotide se-

quence of the AFLMPI gene has been deposited with Gen-
Bank under accession no. AF461762.
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