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Protein O mannosylation is initiated in the endoplasmic reticulum by protein O-mannosyltransferases (Pmt
proteins) and plays an important role in the secretion, localization, and function of many proteins, as well as
in cell wall integrity and morphogenesis in fungi. Three Pmt proteins, each belonging to one of the three
respective Pmt subfamilies, are encoded in the genome of the human fungal pathogen Cryptococcus neoformans.
Disruption of the C. neoformans PMT4 gene resulted in abnormal growth morphology and defective cell
separation. Transmission electron microscopy revealed defective cell wall septum degradation during mother-
daughter cell separation in the pmt4 mutant compared to wild-type cells. The pm¢4 mutant also demonstrated
sensitivity to elevated temperature, sodium dodecyl sulfate, and amphotericin B, suggesting cell wall defects.
Further analysis of cell wall protein composition revealed a cell wall proteome defect in the pmt4 mutant, as
well as a global decrease in protein mannosylation. Heterologous expression of C. neoformans PMT4 in a
Saccharomyces cerevisiae pmtlpmt4 mutant strain functionally complemented the deficient Pmt activity. Fur-
thermore, Pmt4 activity in C. neoformans was required for full virulence in two murine models of disseminated
cryptococcal infection. Taken together, these results indicate a central role for Pmt4-mediated protein O

mannosylation in growth, cell wall integrity, and virulence of C. neoformans.

Protein O glycosylation is a fundamentally important protein
modification in eukaryotes, in which glycosyl residues are co-
valently attached to secreted proteins. In fungi, O glycosylation
is often referred to as O mannosylation. In the yeast Saccha-
romyces cerevisiae, protein O mannosylation is essential for cell
viability, cell wall formation, cell integrity, morphology, and
budding, and the secretion, localization, and function of many
proteins (6, 22, 35, 36). In the human fungal pathogen, Can-
dida albicans, O mannosylation is involved in morphogenic
transitions and virulence (16, 23). Furthermore, decreased O
mannosylation of proteins in these fungi also results in cell wall
changes leading to increased sensitivity to certain antifungal
compounds and cell wall destabilizing agents (25, 32, 38, 39).

Protein O mannosylation is initiated in the endoplasmic
reticulum by protein O-mannosyltransferases (Pmts) that cat-
alyze the transfer of mannose from the sugar donor, dolichol
phosphate-mannose, to the hydroxyl groups of serine and
threonine residues in the secreted acceptor protein. The Pmt
enzymes have been extensively studied in S. cerevisiae, for
which seven Pmt proteins have been described previously (37).
Recently, five Pmts were described for C. albicans and three
for the fission yeast Schizosaccharomyces pombe (32, 46). Two
PMT genes in S. pombe, OMAI and OMA4, are not essential
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for viability. However, omalA and oma4A mutants exhibit ab-
normal cell morphology, altered cell wall structure, and partial
cell separation defects (46). The third S. pombe PMT gene,
OMA?2, is an essential gene (46). In addition, each of the two
protein O-mannosyltransferases, Pomt1 and Pomt2, are crucial
for growth and development in higher eukaryotes such as Dro-
sophila melanogaster and Homo sapiens (1, 12, 14, 41).

The family of Pmts is comprised of three subfamilies, rep-
resented in S. cerevisiae by the Pmt1, Pmt2, and Pmt4 proteins,
which are grouped according to phylogenetic analysis and con-
servation within three main sequence motifs (9). In S. cerevi-
siae, Pmt1 and Pmt2 subfamily members function together as
heterodimers, while those of the Pmt4 subfamily form ho-
modimers (5, 8). Likewise, in S. pombe, Pmtl and Pmt2 sub-
family members also function as heterodimers (46). Further-
more, these protein O-mannosyltransferase dimers demonstrate
specificity toward protein substrates based on Pmt sub-
family (6).

The opportunistic pathogen Cryptococcus neoformans is a
ubiquitous, encapsulated yeast that is acquired by a human
host through inhalation. In most cases, infection is asymptom-
atic. However, in individuals with a predisposing immune sys-
tem deficiency, this organism can disseminate throughout the
body with a predilection for the central nervous system, where
it can cause a life-threatening meningoencephalitis. In contrast
to other human fungal pathogens, C. neoformans is a basidio-
mycete. In addition, C. neoformans is not a human commensal
microorganism but is found primarily in decaying vegetation.
Therefore, this yeast must be able to survive equally well in the
environment and in the human host. C. neoformans displays
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unique virulence determinants, such as the formation of a large
polysaccharide capsule and the production of melanin (16-18).
In this study, we sought to examine the significance of pro-
tein O mannosylation in C. neoformans. Mannosylated pro-
teins are predominant immunogens of this opportunistic fun-
gal pathogen (19). Also, defective protein O mannosylation is
known to result in morphological defects in other fungi, and
subtle morphological changes have been associated with con-
siderable alterations in fungal survival in vivo (3, 34). Here we
have identified three Pmt homologues in C. neoformans and
examined the role of one such Pmt homologue, designated
Pmt4, in cell integrity, cell separation, and pathogenesis.

MATERIALS AND METHODS

Strains used in this study. C. neoformans var. grubii MATa strains used in this
study were derived from the serotype A strain, H99. F99 is a Ura™~ derivative of
H99 (44). Strains described in this study are the pmt4 mutant GMO1
(pmt4::URAS5) and the pmit4 plus PMT4 reconstituted strain GMO3 (pmt4::URAS
PMT4). The S. cerevisiae strain CFY3 (MATa ade2-1 his3-A200 leu2-3,112 trpl-
A901 ura3-52 suc2-A9 pmtl::HIS3 pmt4::TRPI) was generously provided by Sa-
bine Strahl at the University of Heidelberg (8).

Oligonucleotide primers and sequencing. Oligonucleotide primers for PCR
and sequencing were synthesized by Integrated DNA Technologies, Inc. Se-
quencing was performed by the Tulane Gene Therapy sequencing facility, the
Duke University DNA analysis facility, and Davis Sequencing. Primer sequences
used in this study are as follows: GO28, 5'-GTTATTCCACCTATCATCCCAA
CTCC-3'; GO36, 5'-GCATG TGGTTCTTCATCTTCTACCG-3"; GO34, 5'-A
GAGAATATTGAGCGAAGTTGCTCGACC-3'; GO35, 5'-AGAGAATATTC
TTGCCTCCAGGAGGTGG-3'; GO44, 5'-GAGGATCCGCAGAAGCATGA
GCAGCCTGCGTGGC-3'; GO45, 5'-GCGGATCCGTGCTGAATGCAGCAT
CAGTTCGCCG-3'; GO49, 5'-GAGAGATATCGCTGCGAGGATGTGAGC
TGGAGAGC-3'; GO50, 5'-GAGAGATATCAAGCTTATAGAAGAGATGT
AGAAACTAGC-3'; GO58, 5'-TCCCTACGTCGGGATGAGAAGC-3"; GO59,
5'-CCATAGAATGGCCCCTTTTGATG-3'; GOS53, 5'-GAGATGGCTGTGC
CCAAAAAACGTAACC-3'; GO54, 5'-CTTGGAGAAATTTAATTCTATGT
CAAACC-3'; GO74, 5'-TTCTCACATCACATCCGAACATAAACAACCAG
AGATGGCTGTGCCCAAAAAACG-3'; GO75,5'-CTTTTTATTGTCAGTAC
TGATTAGGGGCAGGTTACTTGGAGAAATTTAATTCTATGTC-3"; GOS5,
5'-GATATGGCTCTCGCTCCTCGCAAGAGG-3"; GO56, 5'-CTCATCCATC
GAATGCGTCTTCTTGG-3"; GO72, 5'-TTCTCACATCACATCCGAACATA
AACAACCAGATATGGCTCTCGCTCCTCG-3'; GO73, 5'-CTTTTTATTGT
CAGTACTGATTAGGGGCAGGTTACTCATCCATCGAATGCGTCTTC-3;
FOX47,5'-GTTATGTCATATCCCAATCC-3"; FOX50, 5'-AATCTGCAGGTCG
GGGTAGG-3'; PW371, 5'-CAGTCTAAGCGAGGTATTCTTACCTTGAAGT
A-3'; PW372, 5'-GGTGATGACCTGACCGTCAGGAAGCTCGTAAG-3'.

C. negformans strain construction. PMT homologs were identified by tblastn
searches using S. cerevisiae Pmt1, 2, and 4 protein sequences against The Institue
for Genomic Research (www.tigr.org) and H99 genomic databases (H99 se-
quencing project, Duke IGSP Center for Applied Genomics and Technology;
http://cneo.genetics.duke.edu) (21). PMT4 was PCR amplified from the H99
genomic template using primers GO28 and GO36 and cloned into pCR4-TOPO
(Invitrogen) to generate pGMO11. The URA5 marker was also PCR amplified
using H99 genomic DNA as a template and primers GO34 and GO35, introduc-
ing Sspl sites at both ends of the fragment. The amplicon was subsequently
cloned into pCR4-TOPO to generate pGMO13. For construction of the disrup-
tion allele, URAS5 was released from pGMO13 by Sspl digestion and blunt-end
ligated into the EcoRV site of pGMO11. The PMT4::URA5 construct was then
PCR amplified to generate a linear disruption allele and gel purified for use in
biolistic transformation into F99 as previously described (40).

For reconstitution of the pmt4::URA5 strain, the PMT4 gene, including ap-
proximately 1.4 kb of the 5" untranslated region and the 880-bp 3’ untranslated
region was PCR amplified with primers GO44 and GO45 and cloned in pCR4-
TOPO to generate pPGMO16. The NAT marker for nourseothricin resistance was
PCR amplified using pPGMC200 template with primers GO49 and GO50 and
cloned into pCR4-TOPO. The NAT marker was released by EcoRV digestion
and blunt-end ligated into Pmel-digested pGMO16 to generate pGMO18, which
was used to transform the pm4 mutant strain (GMO1) by biolistic transforma-
tion to generate strain GMO3. Transformants were screened by PCR to dem-
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onstrate the presence of an intact PMT4 gene and confirmed by Southern blot
analysis.

Southern analysis. Genomic DNA was isolated as described previously (31).
Approximately 10 pg genomic DNA was digested with Sacl and HindIII, re-
solved on a 1% agarose gel, and transferred to a Nytran membrane (Schleicher
and Schuell Bioscience). The probe specific for PMT4 exon 3 was PCR amplified
with primers GO58 and GO59 and labeled with digoxigenin (DIG) using the
DIG-easy labeling kit (Roche). Hybridization was performed according to the
manufacturer’s instructions (Roche), and signals were visualized by autofluorog-
raphy.

Northern blot analysis. C. neoformans strain H99 was incubated to mid-log
phase in yeast-peptone-dextrose (YPD) medium, pelleted, washed, and incu-
bated under the following conditions for 1 h: YPD at 30°C, YPD at 37°C,
synthetic complete minus glucose (SC-glucose) at 30°C, and synthetic low-am-
monium dextrose at 30°C. C. neoformans strains H99 and GMO1 were incubated
to mid-log phase in YPD medium, pelleted, washed, and incubated under the
following conditions for 1 h: YPD 30°C, YPD 39°C, YPD 39°C plus 0.5 pg/ml
amphotericin B, or YPD 30°C plus 100 wg/ml hygromycin B for 60 min. Total
RNA was extracted using Trizol reagent (Invitrogen), and further sample puri-
fication was performed using the RNeasy cleanup kit (QIAGEN). Twelve mi-
crograms of total RNA was resolved on a 1.2% agarose gel, transferred to a
Nytran membrane, and probed with a *?P-random-labeled probe (All-in-one
random prime labeling mix; Sigma) in UltraHyb hybridization buffer (Ambion).
The PMT4 probe template was amplified with primers GO58 and GOS59. The
FKSI probe template was amplified with primers FOX47 and FOX50, and the
ACTIN probe template was amplified with primers PW371 and PW372.

Fluorescence microscopy. C. neoformans strains were grown in liquid YPD at
30°C for 24 h, pelleted, fixed, and stained with Alexa fluor 488-conjugated wheat
germ agglutinin (WGA; Molecular Probes) as previously described (4). Cells
were viewed under fluorescent and phase contrast microscopy using an Olympus
BX51 microscope and images captured with MagnaFIRE software version 1.0
(magnification, X5).

TEM. Transmission electron microscopy (TEM) was performed by the Mo-
lecular Microbiology Imaging Facility at Washington University in St. Louis. C.
neoformans strains were grown in liquid YPD at 30°C to mid-log phase and
processed by either KMnO, fixation, acetone dehydration, and lead citrate stain-
ing or fixed with paraformaldehyde and glutaraldehyde, followed by postfixation
in osmium tetroxide and dehydration in ethanol.

Growth characterization of C. neoformans strains. C. neoformans strains were
grown in liquid YPD at 30°C to mid-log phase, counted, and normalized to 2 X
107 CFU/ml. Serial dilutions were spotted onto YPD plus 0.025% sodium do-
decyl sulfate (SDS) or prewarmed YPD plates at 30°C, 37°C, or 39°C and
incubated for 2 days.

Antifungal susceptibility E-test. C. neoformans strains H99, GMO1, and
GMO3 were grown overnight in YPD at 30°C, pelleted, and washed in sterile
nanopure water. Fifty-microliter aliquots containing 5 X 10° CFU were plated on
0.5X YPD plates (25 ml medium in each plate) and allowed to dry before
application of amphotericin B E-test strips (AB Biodisk, Solna, Sweden). Plates
were incubated for 3 days at either 30°C or 39°C, and the MICs were determined.

Complementation of S. cerevisiae pmtIpmt4A temperature sensitivity. ScPMT4
was PCR amplified from the wild-type genomic template with primers GO53 and
GO54 and cloned into pYES2.1 (Invitrogen) to yield pYES2.1-ScPMT4. ScPMT4
was PCR amplified for gap repair with primers GO74 and GO75. CnPMT4 was
PCR amplified from reverse-transcribed mRNA (SuperScriptll reverse tran-
scription kit) using primers GOS5 and GO56 and cloned into pYES2.1. CnPMT4
was PCR amplified for gap repair with primers GO72 and GO73. Gap repair was
performed as described previously (28) in the S. cerevisiae pmtIpmt4A strain
CFY3 with Kpnl- and SphI-digested pAG36 (generous gift from the McCusker
laboratory at Duke University) (10). Transformants were screened for the pres-
ence of recombined insert by PCR analysis. To test for complementation of
temperature sensitivity, strains were grown to log phase in synthetic complete
medium lacking uracil (SC-ura) at 25°C, adjusted to 2 X 107 CFU/ml, and serially
diluted, and 5 pl of each dilution was spotted onto YPD and SC-ura plates and
incubated for 4 days at 25°C and 35°C, respectively.

Isolation of cell wall proteins. Surface-associated cell wall proteins were iso-
lated as previously described (30). Briefly, C. neoformans yeast cells were grown
in liquid YPD at 37°C to stationary phase and cells were collected by centrifu-
gation. Cells were frozen at —80°C and then resuspended in ice-cold lysis buffer
(10 mM Tris-HCI, pH 7.4, Complete protease inhibitor [Roche]). Cells were
mechanically lysed with an equal volume of 0.5-mm glass beads in a mini-bead
beater (Biospec Products). Cell wall fractions were isolated and washed as
described previously (21). Cell surface-associated proteins were then released in
SDS extraction buffer (50 mM Tris-HCI, pH 8.0, 0.1 M EDTA, 2% SDS, 10 mM
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FIG. 1. Conservation of Pmt sequence motifs in C. neoformans Pmt proteins. Pmt protein sequences are demonstrated from A. nidulans (An),
C. neoformans (Cn), S. cerevisiae (Sc), and S. pombe (Sp). Predicted loop 5 of CnPmt4p from position Thr-342 to Asn-511 is aligned to other
described or putative fungal Pmt proteins. Conserved residues within motifs A to C (described by Girrbach et al. [9]) are indicated by uppercase

(>90%) or lowercase (>50%) symbols.

dithiothreitol [DTT]) by boiling at 100°C for 10 min and isolated by pelleting at
13,000 rpm for 10 min (accuSpin Micro R; Fisher Scientific). SDS-extracted
proteins in the resulting supernatants were frozen at —80°C, lyophilized, and
quantified using the BCA protein assay (Pierce).

One-dimensional polyacrylamide gel electrophoresis (PAGE). Samples con-
taining 50 pg protein were precipitated in 10% trichloroacetic acid in acetone at
—20°C to reduce the amount of contaminating polysaccharides, suspended in
loading buffer, and run in duplicate on a 10% NuPAGE Bis-Tris gel (Invitrogen).
Protein bands were silver stained using the Bio-Rad Silver Stain Plus kit. Gly-
cosylation of proteins was detected by staining with the Pro-Q Emerald 300
glycoprotein gel and blot stain kit (Molecular Probes) and imaging with a Bio-
Rad Geldoc imaging system.

Two-dimensional PAGE. Samples containing approximately 150 pg protein
were precipitated in 10% trichloroacetic acid in acetone at —20°C to reduce the
amount of contaminating polysaccharides. Samples were suspended in rehydra-
tion sample buffer {8 M urea, 2% 3-[(3-cholamidylpropyl)-dimethylammonio]-
1-propanesulfonate (CHAPS), 50 mM DTT, 0.2% Bio-Lyte 3/10 ampholyte,
0.001% bromphenol blue (Bio-Rad)} and used to passively rehydrate Readystrip
immobilized pH gradient (IPG) 11-cm, pH 5 to 8 isoelectric focusing (IEF) strips
(Bio-Rad). IEF strips were focused in a PROTEAN IEF cell (Bio-Rad) at 20°C
using the following program: 250 V for 15 min, 8,000 V for 2.5 h, 8,000 to 35,000
V, 500 V (hold). After isoelectric focusing, IEF strips were reduced (2% DTT)
and alkylated (2.5% iodoacetamide) in SDS-PAGE equilibration buffer (6 M
urea, 0.375 M Tris-HCI, pH 8.8, 2% SDS, 20% glycerol). The SDS-PAGE run
was performed using Criterion XT 10% Bis-Tris precast gels (Bio-Rad) in a
Bio-Rad CRITERION cell. Two-dimensional (2-D) gels were silver stained
using the Bio-Rad Silver Stain Plus kit or the Blum silver stain method (2). For
detection of glycoproteins, 2-D gels were blotted onto a polyvinylidene difluoride
membrane and stained with the Pro-Q Emerald 300 glycoprotein gel and blot

stain kit (Molecular Probes) and imaged with a Bio-Rad Versadoc imaging
system.

Intravenous murine model. Female CBA/J mice were purchased from the
Jackson Laboratory (Bar Harbor, ME) and used between 7 and 10 weeks of age.
Mice were infected intravenously in the lateral tail vein with 5 X 10° cells of C.
neoformans strain H99 or GMO1. Moribund animals were sacrificed, and the day
of death recorded as the following day. All mice were maintained at the Tulane
University Health Sciences Center Vivarium in accordance with the American
Association of Accreditation of Laboratory Animal Care guidelines.

Inhalational murine model. Female A/Jcr mice were anesthetized and infected
with 1 X 10° CFU C. neoformans strain H99, GMO1, or GMO3 intranasally as
previously described (43). Animal survival was determined after inoculation,
using predetermined clinical endpoints as surrogate markers for mortality (in-
ability to access food or water, severe neurological symptoms). Mice were main-
tained at the Research Institute for Children Animal Facility in accordance with
the American Association of Accreditation of Laboratory Animal Care guide-
lines.

Histology. Infected brains, lungs, and spleens from sacrificed animals were
formalin fixed, paraffin embedded, and sectioned on a microtome and stained
with either hematoxylin and eosin or mucicarmine. Tissue processing was per-
formed by the Tulane University School of Medicine Histology Research Ser-
vices.

Motif analysis, accession numbers, and databases. ClustalW alignment was
performed using MacVector, version 7.2. Accession numbers for each of the
protein sequences available at GenBank and the National Center for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov) are as follows: AnPmtA(2),
AACDO01000088.1; AnPmt4, XM_653971.1; AnPmtl, AACDO01000080.1;
ScPmtl, NC_001136.7; ScPmt2, NC_001133.6; ScPmt4, NC_001142.6; CaPmtl,
AF000232.1; CaPmt2, AACQ01000028.1; CaPmt4, AACQ01000107.1; SpOmal,
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FIG. 2. PMT4 gene expression, disruption, and reconstitution in C. neoformans. (A) Northern blot analysis. Wild-type strain H99 was grown
to mid-log phase in liquid YPD and shifted for 60 min to the indicated growth conditions. Twelve micrograms of total RNA from each sample was
resolved and probed with a *?P-labeled probe specific for exon 3 of PMT4. (B) Southern blot analysis. Ten micrograms of genomic DNA from
wild-type (H99), pmt4::URAS (GMOL1), and pmt4 plus PMT4 (GMO3) strains digested with Sacl and HindIII, resolved, and probed with a
DIG-labeled probe specific for exon 3 of PMT4. (C) Northern blot analysis of FKSI and PMT4 gene expression in wild-type and pmt4 mutant strains
grown as described above and then shifted to the indicated conditions for 60 min. Actin is shown as a loading control.

CAB16577; SpOma2, CAC36926; SpOma4, CAA16916. Deduced amino acid
sequences of C. neoformans Pmt proteins 1, 2 and 4 were obtained from http:
//[fungal.genome.duke.edu for C. neoformans var. grubii serotype A strain H99.
The C. neoformans PMT4 sequence was submitted to GenBank (see below).

Statistics. Prism software version 4.0a (Graphpad Software, Inc.) was used to
perform a log rank test of statistical significance for the survival experiments.

Nucleotide sequence accession number. The C. neoformans PMT4 sequence
was submitted to GenBank with the accession number DQ666285.

RESULTS

Identification of C. neoformans PMT genes. The C. neofor-
mans Pmt gene family members were identified by tblastn
searches of the C. neoformans The Institute for Genomic Re-
search, Duke University, and NCBI genome databases using
protein sequences of S. cerevisiae Pmt proteins 1, 2, and 4.
These bioinformatic searches indicated the presence of only
three PMT genes, with two genes residing on chromosome 5
and one gene residing on chromosome 10 in C. neoformans var.
grubii. We used ClustalW alignment to compare the deduced
amino acid sequences of each of the C. neoformans Pmt pro-
teins with the sequences of Pmt proteins from other fungi
including S. cerevisiae, S. pombe, and Aspergillus nidulans (Fig.

1). Alignments demonstrated conservation of the three main
Pmt protein sequence motifs (9).

Each C. neoformans Pmt protein unambiguously segregated
into one of the three described Pmt subfamilies, as assessed by
conservation of critical residues within conserved protein mo-
tifs. Specifically, in the C. neoformans Pmtl1 protein encoded on
chromosome 5, the tetrapeptide sequence Leu-His-Ser-His is
conserved in both motifs A and B, and the Cys residue of motif
C is conserved. Pmt2 is encoded on chromosome 10 and lacks
the conserved Leu-His-Ser-His and Cys residues in motifs B
and C, respectively. The Pmt4 protein contains a seven-amino-
acid insertion within motif A, consistent with other proteins in
the Pmt4 subfamily. Conversely, the other two C. neoformans
Pmt protein sequences lack this seven-amino-acid insertion.
We therefore named each putative C. neoformans PMT gene in
accordance with its subfamily association: PMT1, PMT2, and
PMT4.

In addition to motif analysis, we also performed phyloge-
netic comparison between the predicted C. neoformans Pmt
protein sequences and those of other fungi and higher eu-
karyotes. This analysis confirmed the predictions of the sub-
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FIG. 3. PMT4 disruption results in abnormal budding morphology and defective cell separation. (A) Phase-contrast and fluorescent micro-
scopic observation of septum formation and morphology in Alexa Fluor 488-conjugated WGA-stained C. neoformans yeast cells. (B) India
ink-stained C. neoformans yeast cells after 4 days of capsule induction in Dulbecco modified Eagle medium. Magnification, X1,000.

family sequence comparisons. For example, Pmt4 was most
closely related to the other fungal Pmt4 proteins, Pmtl was
most closely related to A. nidulans Pmtl, and Pmt2 was most
closely related to A. nidulans Pmt(2)A (G. Olson, unpublished
data).

PMT family gene expression. Northern blot analysis indi-
cated that PMT4 is expressed during growth in liquid YPD at
both 30°C and 37°C, as well as during both glucose and nitro-
gen starvation conditions (Fig. 2A). Although additional
Northern analysis revealed that PMTI and PMT2 are also
expressed under these conditions (data not shown), PMT2 was
predicted to be essential based on studies of other microor-
ganisms, and we also predicted that Pmtl and Pmt2 likely
function together as a heterodimer. In other fungi, Pmt4 en-
zymatic activity is important for cell wall formation, cell integ-
rity, and pathogenesis but is not essential for viability (34, 46).
Therefore, for initial gene disruption experiments, we chose to
study the PMT4 gene to assess the role of Pmt-mediated O
mannosylation in C. neoformans growth and pathogenesis.

Disruption of PMT4 by homologous recombination. To in-
vestigate the role of Pmt4 in C. neoformans var. grubii growth
and pathogenicity, the PMT4 gene was disrupted by homolo-
gous recombination. To ensure that any observed mutant phe-
notypes were directly attributable to this specific mutation, the
pmt4 mutant was reconstituted by the genomic integration of
the wild-type PMT4 allele using biolistic transformation to
create a pmt4 plus PMT4 reconstituted strain (GMO3). PCR
and Southern blot analysis confirmed the genotype of these
strains (Fig. 2B). Using the indicated PMT4 sequence as a

probe, genomic DNA digested with HindIII and Sacl gener-
ated an internal control fragment at 1.8 kb and a wild-type
1.3-kb fragment in H99 and GMO3 strains. A 3.1-kb band
corresponding to the pmit4::URA5 mutant allele is visible in
strains GMO1 (pmt4::URA5) and GMO3. Northern blot anal-
ysis using a probe specific for exon 3 demonstrated the absence
of the PMT4 transcript in the pmt4 mutant (Fig. 2C) and
restoration of the transcript in the pmt4 plus PMT4 reconsti-
tuted strain (data not shown). A slightly higher level of PMT4
transcript was detected in the reconstituted strain relative to
the wild-type strain, likely due to multiple copies of the recon-
stitution plasmid or a positional effect.

PMT4 is necessary for normal cellular morphology. Micro-
scopic observation showed that the pm#4 mutant strain grows
as small aggregates of yeast cells. In contrast to wild-type cells
in which budding was immediately followed by cell separation,
the mother and daughter cells of the pm#4 mutant strain failed
to dissociate normally. Neither extensive vortexing nor sonica-
tion disrupted the cell aggregates. Alexa Fluor 488-conjugated
WGA staining of fixed and permeabilized pmt4 cells demon-
strated the presence of chitin between connected cells, sug-
gesting a partial septation defect (Fig. 3). However, the obser-
vation that the pmt4 mutant cells grew well in liquid medium
and eventually separated argues against an absolute defect in
septation and cell separation. Reintroduction of the wild-type
PMT4 gene restored the normal budding and cell separation to
the pmt4 mutant (Fig. 3).

The observation of the chitin connection between the pmit4
mutant cells comprising these small chains led to further in-
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FIG. 4. Transmission electron microscopy of C. neoformans strains H99 (wild-type) and GMO1 (pmt4) that were grown to mid-log phase in
liquid YPD at 30°C and prepared by KMnO, fixation, acetone dehydration, and lead citrate staining (a, b, d, e, and g) or fixed with paraformal-
dehyde and glutaraldehyde fixation, osmium tetroxide postfixation, and dehydration in ethanol (c and f). Scale bars, 1 wm (a and b) and 200 nm
(c, e, f, and g). Magnification, X4,337 (a), X6,506 (d), X21,686 (b, c, e, and f), and X17,349 (g). Arrows indicate nondegraded cell wall material.

*, capsule fibers extending from the cell wall.

vestigation of the effect of PMT4 gene disruption on the cell
wall, budding, and mother-daughter cell separation by trans-
mission electron microscopy (TEM) (Fig. 4). TEM of wild-type
cells showed budding yeast cells that divided and separated
normally. In contrast, TEM of the pmt4 mutant cells revealed
the presence of small cell aggregates of three cells that ap-
peared to be attached by nondegraded cell wall material (Fig.
4). While phase-contrast microscopy often showed the pres-
ence of cell aggregates containing four or more pm4 mutant
cells, it was difficult to observe more than three attached cells
by TEM, since these cells tend to be positioned in multiple
planes and not in a single section.

Pmt4 is necessary for cell wall integrity. In other fungi, O
mannosylation of cell wall and cell membrane proteins con-
tributes to cell integrity and cell wall function, especially under
conditions of cellular stress (3, 25). To determine the extent to
which C. neoformans Pmt4 is important for growth during
stressful conditions, the pm4 mutant was incubated at elevated
temperature and in the presence of cell wall-destabilizing
agents. The pmt4 mutant growth rate at 30°C and 37°C was the
same as that of the wild-type and reconstituted strains (Fig.
5A). However, its growth was slightly reduced at 39°C com-
pared to wild-type and reconstituted strains (Fig. SA). Also,
the addition of 0.025% SDS, which acts to disrupt the cell
membrane, severely inhibited growth of the pmt4 mutant at
30°C compared to the wild-type and reconstituted strains. In
addition, the MIC of the pmt4 mutant to the membrane er-
gosterol-binding antifungal amphotericin B at 39°C was de-
creased to 0.125 pg/ml relative to the wild-type and reconsti-
tuted strain MIC of 0.25 pg/ml (Fig. 5B). Reintroduction of the
wild-type PMT4 allele complemented all of the pm4 mutant

phenotypes, arguing that these effects are due to the pme4
mutation. Furthermore, these growth effects of elevated tem-
perature, SDS, and amphotericin B suggest that maintenance
of cell wall integrity in the pmt4 mutant strain is compromised.

Compared to its expression at 30°C, the PMT4 gene is tran-
scriptionally repressed at 39°C. However, exposure of the wild-
type strain to amphotericin B at this elevated temperature
results in relative PMT4 induction (Fig. 2C). To determine a
possible mechanism for the observed hypersusceptibility of the
pmit4 mutant to amphotericin B, we explored the effect of the
pmt4 mutation on other cellular components involved in cell
integrity and amphotericin B resistance. The FKSI gene en-
codes a target of the mitogen-activated protein kinase Mpkl,
and both Fks1 and Mpkl are involved in the cell integrity
pathway (15). Similar to PMT4, FKS1 expression is transcrip-
tionally induced by exposure to amphotericin B at 39°C. How-
ever, this induction is absent in a pmt4 mutant, suggesting that
Pmt4 is required for the proper transcriptional regulation of
factors that favor cell integrity in response to certain stresses,
including selected antifungal drug exposure. For example,
while the pmt4 strain was increased in sensitivity to amphoter-
icin B, it was not sensitive to the echinocandin caspofungin
(data not shown). Decreased Fks1 levels in the pm#4 mutant
may account for the increased susceptibility of this strain to
amphotericin B due to reduced compensatory action by the
cell wall integrity pathway. Interestingly, there appears to be
little PMT4 expression during growth in the presence of the
aminoglycoside hygromycin B, suggesting that PMT4 may not
be generally induced in response to cell stressors.

We also tested the effect of the pmt4 mutation on virulence-
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associated phenotypes. Melanin production by the pm#4 strain
was identical to that of the wild type after 3 days of incubation
on either L-3,4-dihydroxyphenylalanine (L.-DOPA) and Niger
seed medium (data not shown). Interestingly, India ink stain-
ing of the pmt4 strain incubated for four days in Dulbecco
modified Eagle medium revealed a large polysaccharide cap-
sule surrounding the clustered mutant cells, whereas wild-type
cells typically grow as individual or singly budded yeast cells in
this capsule-inducing medium (Fig. 3).

CnPmt4 complements an S. cerevisiae protein O-mannosyl-
transferase mutant. There is currently no in vitro assay avail-
able for detecting Pmt4 enzyme activity. Therefore, CnPmt4
activity was confirmed by testing whether it could function as a
protein O-mannosyltransferase to complement the tempera-
ture sensitivity of the S. cerevisiae pmtipmt4A strain CFY3. To
this end, CnPMT4 and ScPMT4 were each expressed in strain
CFY3 under the control of the constitutive TEF promoter
from Ashbya gossypii. Expression of either CnPMT4 or
ScPMT4 restored growth at 35°C to the temperature-sensitive
mutant strain (Fig. 6). In contrast, the strain transformed with
empty vector was unable to grow at this elevated temperature,
suggesting that CnPmt4 functions as a protein O-mannosyl-
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FIG. 5. Effect of PMT4 disruption on sensitivity to elevated temperature, SDS, and amphotericin B. (A) C. neoformans strains H99 (wild type),
GMO1 (pmt4), and GMO3 (pmt4 plus PMT4) were grown to mid-log phase, normalized to 2 X 107 CFU/ml, serially diluted, and spotted onto YPD
medium (or YPD plus 0.025% SDS) and incubated for 2 days at 30°C, 37°C, or 39°C. (B) C. neoformans strains H99 (wild type), GMO1 (pmt4),
and GMO3 (pmt4 plus PMT4) (5 X 10° CFU) were plated on 0.5X YPD plates and overlaid with amphotericin (AP) E-test strips for 3 days at
39°C. AP MICs (in pg/ml): H99, 0.25; GMO1, 0.125; GMO3, 0.25.

transferase (Fig. 6). These results also suggest that CnPmz4 is
orthologous to ScPmt4, and Pmt4-mediated O-mannosyltrans-
ferase activity is functionally conserved among these distantly
related basidiomycete and ascomycete fungal species.
Proteomic analysis of cell surface-associated proteins. In
light of the compromised cell wall integrity of the pm4 mutant
and considering that O mannosylation in other eukaryotes is
important for protein function, we hypothesized that Pmt4 loss
would negatively affect the cell wall proteome. To examine the
influence of Pmt4 activity on cell surface protein composition,
proteins were extracted from cell wall fractions isolated from
both the pmt4 mutant and reconstituted strains by boiling with
SDS under reducing conditions (30). Treatment of purified
fungal cell walls in this manner releases proteins associated by
noncovalent bonds and disulfide bridges (22). Most cell sur-
face-associated proteins of C. neoformans are isolated in this
fraction, unlike other fungi in which covalently associated pro-
teins are abundant (13). Preliminary SDS-PAGE silver stain
analysis revealed several molecular weight differences in the
protein profile of the equally loaded protein fractions from the
pmit4 mutant and reconstituted C. neoformans strains (Fig. 7).
Furthermore, fluorescent staining specific for carbohydrates
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FIG. 6. C. neoformans Pmt4 expression complements the temperature sensitivity of the S. cerevisiae pmt1pmt4A mutant. S. cerevisiae pmt1pmt4A
strain CFY3 was transformed with linearized pAG36 plus ScPMT4, uncut pAG36 (vector control), or linearized pAG36 plus CnPMT# as described
in Materials and Methods. Transformants were incubated in SC-ura to exponential phase, normalized to 2 X 10’ CFU/ml, serially diluted, spotted
onto YPD and selective SC-ura, and incubated for 4 days at 25°C and 35°C.

silver glycoprotein

FIG. 7. The SDS-extracted cell wall protein fraction from the pmt4
mutant exhibits an altered banding pattern and decreased overall car-
bohydrate content. Fifty-microgram cell wall protein fractions from C.
neoformans strains GMO3 (pmt4 plus PMT4) and GMO1 (pmt4) were
trichloroacetic acid precipitated, suspended, and loaded in duplicate
onto a 10% NuPAGE Bis-Tris gel. (left) Silver stain; (right) glycoprotein
stain. Molecular masses are shown in kilodaltons. Arrows indicate
prominent differences in banding patterns.

covalently attached to the proteins indicated a noticeable de-
crease in the overall glycosylation of cell wall proteins from the
pmit4 mutant (Fig. 7).

C. neoformans cell wall protein fractions were further ana-
lyzed by 2-D gel electrophoresis. The silver-stained 2-D gels
revealed a striking difference in the overall proteome of the
pmit4 mutant compared to the reconstituted (wild type [WT])
strain (Fig. 8A). The protein spot distribution of the 2-D gel
from the pmt4 plus PMT4 strain GMO3 is representative of the
pattern normally exhibited by C. neoformans WT strains, with
a proteome distribution over a wide range of isoelectric points
(pI) and molecular weights (D. Fox, unpublished data). In
contrast, several proteins from the pm¢4 mutant tended to be
organized into discrete horizontal patterns characterized by
the same molecular weight but slightly varying pI (Fig. 8C).
These proteome patterns are characteristic of multiple gly-
coisoforms and are grouped into at least five different isoform
clusters (Fig. 8A and C) (45). In addition, staining of polyvi-
nylidene difluoride membranes blotted from duplicate 2-D gels
for glycoproteins indicated that several proteins are glycosy-
lated in both strains, including those proteins arranged in the
pattern characteristic of glycoprotein isoforms in the pmt4 mu-
tant (Fig. 8B and C). These data demonstrate that Pmt4 is
necessary for proper mannosylation in C. neoformans and fur-
ther suggest that Pmt4 may have multiple targets for O-linked
mannosylation.

PMT4 is required for full virulence in vive. To determine
whether Pmt4-mediated protein O mannosylation is important
for pathogenesis of C. neoformans, the virulence of the pmt4
mutant was tested in two murine models of C. neoformans
disease. During preparation of the C. neoformans inoculum,
the multiply budded phenotype of the pmt4 mutant presented
a challenge in terms of the most accurate way to enumerate
CFU. During the preliminary intravenous challenge experi-
ment, CFUs of each strain were calculated based on individual
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FIG. 8. Two-dimensional gel electrophoresis analysis of SDS-extracted cell wall fractions. Protein samples (150 wg) were trichloroacetic acid
precipitated and focused on pH 5 to 8 IEF strips and run in the second dimension on 10% Criterion gels. (A) Silver-stained 2-D gels from strains
GMO3 (pmt4 plus PMT4) and GMOL1 (pmz4). (B) Inset area of the GMO3 (pmt4 plus PMT4) silver-stained 2-D gel and corresponding blot stained
for glycosylated proteins. (C) Inset area of the GMO1 (pmt4) silver-stained 2-D gel and corresponding blot stained for glycosylated proteins.

Molecular masses are shown in kilodaltons.

cells enumerated during the hemacytometer count, regardless
of whether the individual cells were unattached or conjoined.
However, for the inhalation experiment, a more conservative
approach was used while performing hemacytometer counts in
which each unattached cell or aggregate of cells was counted as
1 CFU, since comparison of CFUs from plated inoculum
counted by the former and latter methods indicated that count-
ing one group of conjoined cells as 1 CFU corresponded most
closely with the original hemacytometer count.

In the first experiment, the WT and pmt4 mutant strains
were intravenously injected into CBA/J mice, resulting in a

hematogenously disseminated infection. Animal survival was
assessed over 15 days. The virulence of the pm#4 mutant was
significantly attenuated relative to the wild-type strain (P <
0.0002) (Fig. 9A). Given the aberrant morphology of the pmt4
mutant in vitro, histological analysis of brain, lung, and spleen
tissue sections from infected mice was performed. Spleen tis-
sue sections revealed a striking difference between animals
infected with the wild-type and pm#4 mutant strains. The
spleens of mice infected with wild-type C. neoformans con-
tained numerous encapsulated organisms. In contrast, the few
organisms observed in the spleens of the mice infected by the
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FIG. 9. Pmt4 is required for full C. neoformans virulence. (A) CBA/J mice were injected intravenously with 5 X 10° cells C. neoformans strains
H99 (wild type) (n = 6) or GMO1 (pmt4 mutant) (n = 7), and the infected animals were monitored for survival. (B) Mucicarmine-stained spleen,
lung, and brain tissue from intravenously infected mice. Arrow indicates C. neoformans pmt4 mutant cells in the spleen. Magnification, X100 (left)
and %1,000 (right). (C) Ten A/Jcr mice were inoculated intranasally with 1 X 10° CFU C. neoformans strains H99, GMO1 (pmt4), and GMO3

(pmt4 plus PMT4) and monitored for survival.

pmit4 mutant strain exhibited a branched chain pattern indic-
ative of a separation defect, similar to the growth phenotype
observed in vitro (Fig. 9B). Interestingly, the pmt4 mutant
yeast cells observed in the brain and lung tissues were mor-
phologically indistinguishable from wild-type cells (Fig. 9B).
To further confirm the role of the Pmt4 protein in C. neo-
formans pathogenesis, we used a murine inhalation model of
cryptococcosis to assess a different route of inoculation and
systemic dissemination. Complement C5-deficient A/Jcr mice

were intranasally inoculated with 1 X 10° CFU C. neoformans.
Using this method of infection, mice inoculated with wild-type
C. neoformans experience a reproducible lethal effect in ap-
proximately 3 weeks. Mice infected with either the wild-type
(H99) or pmt4 plus PMT4 reconstituted strains (GMO3) died
from their infection by day 20, with almost identical survival
curves (Fig. 9C). In contrast, animals infected with the pmt4
mutant (GMO1) displayed a significantly prolonged survival
compared to wild-type or reconstituted strains (H99 versus
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GMO1, P < 0.0001). Therefore, Pmt4 protein O-mannosyl-
transferase activity is involved in normal cell separation in vitro
and in C. neoformans pathogenesis in two animal models of
disease.

DISCUSSION

Protein O mannosylation is an important cellular process in
fungi and higher eukaryotes. In this study, we began to inves-
tigate the previously uncharacterized significance of protein O
mannosylation in the human fungal pathogen C. neoformans by
studying the functional role of Pmt4.

Growth of the pmt4 mutant was inhibited at elevated tem-
perature (39°C) and markedly reduced in the presence of
0.025% SDS. Furthermore, the pm#4 mutant was twice as sen-
sitive to amphotericin B as the wild-type and reconstituted
strain controls. Recently, it was demonstrated that the growth
of mutants in several components of the PKCI signaling cell
integrity pathway is also inhibited at 39°C and in the presence
of SDS (7). Additionally, growth of a C. albicans mntImnt2A
strain defective in protein O-mannosyl glycan elongation was
severely inhibited in the presence of 0.025% SDS (25). Taken
together, these results suggest that the covalent attachment of
O-glycans to secreted or cellular proteins in C. neoformans is
critical for maintaining cell wall strength and integrity.

Numerous cell wall and cell membrane proteins are O man-
nosylated in other fungi, thereby contributing to cell surface
integrity. Mannosyltransferase function may therefore have a
widespread effect on protein targets. For example, in C. albi-
cans, the Kre9 and Pir2 proteins are targets of Pmtl activity
and the AxI2 protein is a target of Pmt4 activity (32). Further-
more, C. albicans, pmtl and pmt4 homozygous mutants under-
glycosylate the Sec20 protein, a crucial component of the se-
cretory machinery, and therefore exhibit a significant decrease
in cell wall mannoprotein content relative to wild-type cells
(32).

The Wsc proteins and Mid2 protein are plasma membrane
sensors upstream of the protein kinase C-mitogen-activated
protein kinase pathway involved in the maintenance of cell wall
integrity in S. cerevisiae (11, 42). Lommel et al. reported that
WSC protein family members and Mid2 are abnormally
cleaved in S. cerevisiae pmt mutants and that Pmt2- and Pmt4-
mediated O mannosylation stabilizes and promotes the correct
processing of Wscl, Wsc2, and Mid2 (22) Furthermore, S.
cerevisiae strains demonstrated increased osmotic sensitivity
when multiple PMT genes were mutated (6). Disruption of the
PMTA gene in A. nidulans indicated that Pmt activity is im-
portant for cell wall formation, as the pmtA mutant exhibited a
decrease in cell wall rigidity and an abnormal morphology (27).

In light of these observations, it is conceivable that loss of
Pmt4 also significantly impacts protein function in C. neofor-
mans. Indeed, proteomic analysis of cell surface-associated
proteins from the C. neoformans pmt4 strain revealed dramatic
differences in global protein glycosylation and proteome dis-
tribution compared to the reconstituted strain. Several of the
proteins present in the horizontal spot patterns resemble mul-
tiple glycoisoforms, which can be indicative of defective glyco-
sylation (45, 47). These glycoisoforms observed in the pmt4
strain may represent Pmt4 targets. Ongoing studies will lead to
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the identification of such potential Pmt4 targets as well as the
corresponding glycosylation modifications.

It is possible that, in the absence of Pmt4-initiated O-glycan
biosynthesis, compensatory mechanisms may enable limited
protein glycosylation to sustain viability. For example, the pro-
teome pattern resembling multiple glycoforms suggests that
Pmtl and Pmt2 may attempt to compensate for Pmt4 loss, thus
generating multiple glycosylation states of certain proteins.
The qualitative decrease in the number of visible protein spots
in the pmt4 2-D gel could be due to defective protein secretion,
since O-glycans can act as a sorting signal for cell surface
delivery of proteins (33). Also, certain protein motifs without
Pmt4-mediated glycosylation may be improperly processed and
more susceptible to proteases (35). The results of proteomic
analysis, taken together with observations in other fungi, sug-
gest a compromise of protein secretion and function in the C.
neoformans pmt4 strain to which cell wall and cell membrane
defects may be attributed.

In the pathogenic fungus C. albicans, Pmt4 is required for
full virulence. pmt4/pmt4 homozygous mutants are significantly
attenuated in mouse models of hematogenously disseminated
candidiasis (34). In our studies, we used two murine models of
cryptococcal disease, intravenous and inhalation, to examine
the role of Pmt4 in C. neoformans pathogenesis. Disruption of
the PMT4 gene in C. neoformans resulted in attenuation of
virulence in both models of cryptococcal disease, suggesting an
important role for O mannosylation in C. neoformans patho-
genesis. Furthermore, reintroduction of the wild-type PMT4
fully restored virulence to that of the wild-type strain. It is
likely that the attenuation in the pmt4 mutant is attributable at
least in part to basic cellular events such as the aberrant bud-
ding pattern, defective cell separation, and altered cell integrity
that result from a loss of Pmt4-mediated protein O mannosy-
lation within the cell. It is conceivable that the cell separation
defect of the pmt4 mutant affected dissemination or physiolog-
ical clearance mechanisms within the host. Li et al. recently
described a “sugar-induced,” protein-mediated cell floccula-
tion phenotype in a C. neoformans serotype D strain in which
“clump+" cells more readily adhered to macrophage-like J774
cells and were more efficiently taken up by complement-me-
diated phagocytosis (20). Survival of mice infected with
“clump+” cells was significantly increased relative to those
infected with “clump—" cells (20). In addition, decreased O
mannosylation of secreted proteins may also influence the im-
munological aspect of pathogenesis, such as the induction of
T-cell responses (23, 24, 26, 29).

Intriguingly, the morphological phenotype of the pmt4 mu-
tant in the spleen was different from that observed in the brain
and lungs, where the pmt4 mutant cells were indistinguishable
from wild-type cells (Fig. 9B). These differences observed in
the morphology of the pmt4 strain in the lungs and brain
compared to the spleen are possibly attributable to differences
in growth, since the mutant cells eventually separate as the
population of cells age and approach stationary phase in liquid
culture. We hypothesize that growth conditions present in the
lung and brain tissues are more favorable for C. neoformans
growth than in the spleen, which is a lymphatic tissue normally
abundant in lymphocytes and macrophages. It is also possible
that host-specific factors in the brain and lung tissues compen-
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sate for the delayed cell separation and reduced cell wall in-
tegrity of the pmt4 strain.

The results described herein suggest that Pmt4 activity, or
loss thereof, affects several protein targets. While a basal level
of glycosylation is likely required for cell viability, identification
of specific protein targets that are O mannosylated by Pmt4 is
important for defining the mechanisms by which protein O
mannosylation contributes to cellular events central to C. neo-
formans growth and pathogenesis. These results collectively
indicate a multifaceted role for Pmt4-mediated protein O man-
nosylation in the cell budding morphology, cell separation, cell
surface integrity and pathogenesis of C. neoformans.
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