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The fungal pathogen Cryptococcus neoformans is killed by the bacterium Staphylococcus aureus, and the killing
is inhibited by soluble capsular polysaccharides. To investigate the mechanism of killing, cells in coculture
were examined by scanning and transmission electron microscopy. S. aureus attached to the capsule of C.
neoformans, and the ultrastructure of the attached C. neoformans cells was characteristic of dead cells. To
identify the molecules that contributed to the fungal-bacterial interaction, we treated each with NaIO4 or
protease. Treatment of C. neoformans with NaIO4 promoted adherence. It was inferred that cleavage of xylose
and glucuronic acid side chains of glucuronoxylomannan (GXM) allowed S. aureus to recognize mannose
residues in the backbone, which resisted periodate oxidation. On the other hand, treatment of S. aureus with
protease decreased adherence, suggesting that protein contributed to attachment in S. aureus. In confirmation,
side chain-cleaved polysaccharide or defined �-(133)-mannan inhibited the killing at lower concentrations
than native GXM did. Also, these polysaccharides reduced the adherence of the two species and induced
clumping of pure S. aureus cells. �-(133)-Mannooligosaccharides with a degree of polymerization (DP) of >3
induced cluster formation of S. aureus in a dose-dependent manner. Surface plasmon resonance analyses
showed interaction of GXM and surface protein from S. aureus; the interaction was inhibited by oligosaccharides
with a DP of >3. Conformations of �-(133) oligosaccharides were predicted. The three-dimensional structures of
mannooligosaccharides larger than triose appeared curved and could be imagined to be recognized by a hypothet-
ical staphylococcal lectin. Native polyacrylamide gel electrophoresis of staphylococcal protein followed by electro-
blotting, enzyme-linked immunolectin assay, protein staining, and N-terminal amino acid sequencing suggested that
the candidate protein was triosephosphate isomerase (TPI). The enzymatic activities were confirmed by using whole
cells of S. aureus. TPI point mutants of S. aureus decreased the ability to interact with C. neoformans. Thus, TPI on
S. aureus adheres to the capsule of C. neoformans by recognizing the structure of mannotriose units in the backbone
of GXM; we suggest that this contact is required for killing of C. neoformans.

Cryptococcus neoformans is an encapsulated yeast that
causes fatal meningitis. This fungus is predominantly found in
pigeon excreta, and the route of entry into the human body is
through the respiratory system (9, 32). Nasal colonization of C.
neoformans was experimentally shown in the mouse model (2).
In that report, intranasally inoculated C. neoformans cells col-
onized the nose for 14 to 28 days before dissemination. Many
cases of cryptococcal sinusitis have been reported in animals
(14, 40). In humans, the nose is not considered the site of
cryptococcal colonization, rather, in patients receiving care in
hospitals, the organ that C. neoformans colonizes is the lung
(1). Apparently, the pathogen is somehow excluded from the
upper respiratory tract in most immunocompetent human
hosts. However, specific evidence has not been shown.

Interaction between microbes in mucosal colonization is
known to occur. In the oral cavity, a large number of species
compete for space (29). In dental biofilm, there is a subtle
balance between Streptococcus mutans and Streptococcus san-
guinis depending on environmental conditions, cell density,
nutrition, pH, etc. (31). Within the gastrointestinal tract, lactic
acid bacteria reduce colonization by harmful bacteria (34).
Such “probiotics” appear to prevent pathogenicity of Helico-
bacter pylori or enterobacteria by induction of cytokines and by
interruption of adhesion to target cells (5, 56, 69). Collectively,
microbes communicate sometimes exclusively and sometimes
synergistically in an animal or in the environment by multiple
mechanisms, including static or cidal effects of antibiotics, sig-
nal transduction systems, collaboration with host cells, and
others. Quorum-sensing and two-component signal transduc-
tion systems are possible mechanisms (16, 65). Molecules re-
lated to inter- or intraspecies communications were character-
ized as “autoinducers.”

Recently, we discovered that the bacterium Staphylococcus
aureus, which is found in the nasopharynx of a large proportion
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of healthy human subjects (28, 57), killed C. neoformans and
fragmented its DNA, suggesting that S. aureus in human nasal
cavities may prevent the entry of C. neoformans (61). Since the
killing required contact of the cells, it seemed unlikely that
soluble substances, such as bacteriocin (21, 60) or killer toxin
(53), were involved. We also showed that soluble capsular
polysaccharides from C. neoformans inhibited killing. In con-
trast, the presence of S. aureus did not affect the growth of
Candida albicans, a well-known endogenous opportunistic
pathogen. One could argue that this resistance helps to explain
why C. albicans is a more successful colonizer than C. neofor-
mans.

The surface of C. neoformans appears to be organized and
defined by the extracellular capsule (9, 52). The main compo-
nent of the capsule is the polysaccharide glucuronoxylomannan
(GXM). It seemed reasonable to imagine that S. aureus might
recognize moieties in this polysaccharide. We had already sug-
gested that soluble capsular polysaccharides from C. neofor-
mans bound to cells of S. aureus (61). In the present study, we
examine the molecules contributing to protein-carbohydrate
interactions in attachment of C. neoformans and S. aureus. We
have also studied the ultrastructure of interacting S. aureus and
C. neoformans.

MATERIALS AND METHODS

Strains and plasmids used. The strains and sources of C. neoformans are listed
in Table 1. C. neoformans strains were cultivated at 37°C for 48 h in Sabouraud
dextrose broth (SB) containing 2% glucose, 0.5% yeast extract, and 1% polypep-
tone. S. aureus ATCC 6538P and Staphylococcus epidermidis NBRC 12993 grown
at 37°C for 48 h in nutrient broth (NB; Eiken, Tokyo, Japan) were used to
investigate interactions with C. neoformans unless indicated otherwise. S. aureus
tpi mutants TS1505 and TS3048 harboring plasmids or not and their parent strain
RN4220 (47) were cultured at 30°C for 48 h. The tpi mutants were isolated by
mutagenesis of RN4220 with ethylmethanesulfate (Sigma) as described previ-
ously (35). Mutations in the tpi gene have been identified by complementation
analysis for their temperature-sensitive cell growth by plasmid pStpi. pStpi car-
ried the chromosomal tpi gene region of 2612 bp at the SmaI site in vector
pKE515 (35), which corresponded to 834446 to 837057 on the S. aureus N315
strain genome registered in the genome information broker program in the DNA
Data Bank of Japan. TS1505 and TS3048 had single amino acid substitutions of
E106K and E79K in TPI protein, respectively.

Coculture of C. neoformans and S. aureus. Cultures of 0.3 ml each of C.
neoformans and S. aureus or S. epidermidis were mixed, and SB was added to
adjust the total volume to 3 ml. The mixture was incubated at 37°C while being
shaken. After 1, 2, 3, 4, and 5 days, CFU were determined on Sabouraud dextrose
agar (SA) containing streptomycin (100 �g/ml). The SA plates were incubated at
27°C for 48 h. Each experiment was performed two or more times.

Scanning electron microscopy. Samples were prepared as described previously
(63) and observed under an S-800 scanning electron microscope (Hitachi, Tokyo,
Japan) at 3 kV.

Transmission electron microscopy. Cells were collected by centrifugation,
sandwiched between two 3-mm-diameter copper discs, and rapidly frozen by
plunging into propane slush kept in liquid nitrogen (70). The discs were trans-
ferred to liquid nitrogen and separated to expose the cells. Specimens were
freeze-substituted in acetone containing 2% osmium tetroxide at �85°C for 2 to
3 days. Samples were then gradually warmed to room temperature, rinsed with
acetone, and embedded in epoxy resin. Ultrathin sections were cut to a thickness
of 70 to 80 nm, mounted on grids with plasma-polymerized naphthalene support
film (72), stained with uranyl acetate and lead citrate (71), and observed under
a JEM 1200EX transmission electron microscope (JEOL, Tokyo, Japan).

Sensitivity of adherence to protein and carbohydrate disruptions. To deter-
mine the molecules contributing to the adherence of S. aureus to C. neoformans,
cells were pretreated with protease K or sodium metaperiodate (37). Since
heat-killed cells of C. neoformans (100°C, 20 min) and S. aureus (80°C, 30 min)
were found to retain cell-cell interactions, the heated cells were used for adher-
ence assays to avoid any effects, aside from pretreatment, that could stem from
the growth of the cells. After the cells were washed, they were suspended in water

to 1/10 volume of the original culture. The cell suspension was mixed with an
equal volume of protease K (1 mg/ml in Tris-HCl buffer, 100 mM [pH 8.0]) and
incubated at 37°C for 4 h; 1/10 volume of 100 mM phenylmethylsulfonyl fluoride
was added. The cells were then washed with sterilized water.

For treatment with NaIO4, 100 �l of the heat-killed cell suspension was mixed
with 100 �l of 0.08 M NaIO4 and incubated at 4°C overnight in the dark. To
arrest oxidation, we added 13.2 �l ethylene glycol. The cells were then washed
with sterilized water.

An adherence assay was performed using live cells of C. neoformans or S.
aureus and heat-treated cells treated with protease or NaIO4. After incubation at
37°C for 3 h, the percent adherence was determined as follows: percent adher-
ence � (number of C. neoformans cells to which S. aureus attached � 100)/(total
number of C. neoformans observed microscopically) (three experiments).

Preparation of chemically modified capsular polysaccharides. To obtain oxi-
dation of polysaccharides, capsular polysaccharides were oxidized with 0.02 M
NaIO4 at 4°C for 120 h in the dark, treated with ethylene glycol to stop oxidation,
and dialyzed against water. The oxidized polysaccharides were reduced with
NaBH4 for 20 h at room temperature. Following dialysis, the polysaccharides
were hydrolyzed with 0.5 M HCl at room temperature for 12 h, neutralized with
NaOH, dialyzed against water, and evaporated to dryness. A 1H nuclear mag-
netic resonance (NMR) spectrum of the product was recorded using a GSX-400
NMR spectrometer (JEOL) in 99.9% D2O at 90°C; sodium 3-(trimethylsilyl)-1-
propanesulfonate (DSS) was used as the external standard (26, 27).

Inhibition of killing by chemically modified capsular polysaccharides. The
modified polysaccharide was added to the coculture of C. neoformans B-3501 and
S. aureus at a final concentration of 1 mg/ml.

Preparation of oligosaccharides. The controlled Smith degradation product
was hydrolyzed with 0.4 M H2SO4 at 100°C for 1 h (46). After neutralization with
BaCO3, the product was applied to a column of Bio-Gel P-2 (2.5-cm diameter,
120-cm length; Bio-Rad Laboratories, Hercules, CA) and eluted with water (10
ml/h, 2 ml/tube). The amounts of carbohydrate were determined by the phenol
sulfuric acid method. NMR spectra of the oligosaccharide fractions were re-
corded as described above for identification.

S. aureus clumping in the presence of oligosaccharides from C. neoformans. As
the coagulation of S. aureus with �-(133)-mannan was observed in culture, the
degree of mannan polymerization required for the clumping was determined.
The suspension of heat-killed cells of S. aureus (a McFarland standard of about
10) was incubated with 100 �M or 500 �M of the oligosaccharides prepared from
mannan degraded by controlled Smith degradation. After incubation overnight
at 37°C, the number of clumped cells (larger than about 1/16 mm) was deter-
mined with a microscope using a hemocytometer.

Preparation of surface protein from S. aureus. The surface proteins from S.
aureus were prepared by the method of Komatsuzawa et al. (30). S. aureus cells
cultured in Trypticase soy broth (TSB; Becton Dickinson Company, Sparks, MD)
for 6 h were suspended in 3 M lithium chloride. After incubation for 15 min on
ice, the cell extract was dialyzed against 0.1 M phosphate buffer, pH 6.8. After
addition of sodium chloride at a concentration of 2.5 M, the sample was applied
to a column of phenyl-Sepharose CL-4B using about 0.5 ml of the gel. The
column was eluted with phosphate buffer containing a decreasing concentration
(2.5, 2.0, 1.5, 1.0, 0.5, and 0 M) of NaCl.

Interaction of cryptococcal GXM and protein from S. aureus by SPR. The
interaction of GXM with protein fraction obtained from S. aureus was analyzed
by surface plasmon resonance (SPR) by using a Biacore 3000 (Biacore, Uppsala,
Sweden). For immobilization of GXM on CM5 sensor chips, the acidic GXM was

TABLE 1. C. neoformans strains used in this study

Strain Serotype Source

B-3501 D Single-basidiospore isolate from a cross
of ATCC 28957 � ATCC 28958

M9106 A Cerebrospinal fluid
M9172 A Cerebrospinal fluid
M9174 A Cerebrospinal fluid
M9116 D Cerebrospinal fluid
M9117 D Skin
M9254 A Bird dropping (67)
M9255 A Bird dropping (67)
M9256 A Bird dropping (67)
M9257 A Bird dropping (67)
M9258 A Bird dropping (67)
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reduced to neutral polysaccharide by the method described previously (26, 27),
because native GXM was not immobilized perhaps due to its charge. Reduced
GXM (500 �g) was dissolved in 500 �l of 0.1 M acetate buffer (pH 5.5), and 10
�l of 50 mM NaIO4 in 100 mM acetate buffer (pH 5.5) was added. After
incubation for 20 min on ice, the solution was applied to a column of NAP-5
(Amersham Biosciences, Uppsala, Sweden) to remove reagents and to change
buffer (Amersham Biosciences, Uppsala, Sweden) using 0.1 M acetate buffer, pH
4.0. The fraction containing carbohydrate (0.5 to 1.0 ml) was diluted to a con-
centration of 100 �g/ml with 10 mM acetate buffer, pH 4.0. The polysaccharide
was immobilized by the method of aldehyde coupling using the reagent in an
amine coupling kit by the method described by the manufacturer. For the binding
experiments, analyte protein fractions from S. aureus were diluted with 10 mM
HEPES-buffered saline containing 3 mM EDTA and 0.005% surfactant P20 and
injected into a flow cell at a flow rate of 20 �l/min.

Characterization of adhesion molecules on S. aureus. An extract of S. aureus
into 3 M LiCl was separated by a Diaflo ultrafiltration membrane XM50 (Ami-
con, Beverly, MA). As the interaction with GXM was found in the upper frac-
tion, this was further fractionated by phenyl-Sepharose CL-4B as described
above. The fraction eluted by 2.5 M NaCl was dialyzed against 0.01 M phosphate
buffer (pH 7.4), concentrated by lyophilization, and applied to three lanes of 10%
polyacrylamide gel without sodium dodecyl sulfate, and the gel was run at a
constant current of 20 mA. After electrophoresis, proteins in the gel were
electroblotted onto a polyvinylidene difluoride (PVDF) membrane (60 V, 90
min). The protein involved in interaction with cryptococcal GXM was visualized
by an enzyme-linked immunosorbent assay for detection of lectin as follows. A
portion of the PVDF membrane corresponding to one lane was washed with
blocking buffer (10 mM Tris-HCl containing 0.15 M NaCl and 0.05% Tween 20
[pH 7.4]), allowed to react with GXM solution (10 �g/ml) for 1 h, and stained
with anti-C. neoformans serotype D rabbit immunoglobulin (1 �g/ml) for 30 min,
diluted (1:250) alkaline phosphatase-labeled anti-rabbit immunoglobulin G
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 30 min, substrate solution
(15 ml of 100 mM Tris-HCl [pH 9.5] containing 100 mM NaCl, 5 mM MgCl2,100
�l of NBT solution [0.017% Nitro Blue Tetrazolium, 0.23% N,N-dimethylform-
amide], and 50 �l of BCIP solution [5% 5-bromo-4-chloro-3-indolyl phosphate
p-toluidine salt in N,N-dimethylformamide]). Washing with blocking buffer was
performed after each step. The part of the membrane corresponding to another
lane was stained with 0.02% of Coomassie brilliant blue (CBB) for 2 min and
washed with 50% methanol for 15 min.

TPI activity in intact cells. The assay for TPI was carried out by the method
of Rozacky et al. (58) with minor modifications. To determine whether the
enzyme was located on the surface of S. aureus, intact cells were used. The cells
grown in TSB at 37°C for 6 h were harvested and washed with assay buffer (30
mM triethanolamine-HCl buffer [pH 7.8] containing 1 mM EDTA). Different
amounts of cells were incubated with 1.5 mM of DL-glyceraldehyde 3-phosphate
(Sigma), 0.1 mg of NADH, and 10 �g of glycerol-3-phosphate dehydrogenase
(Wako, Osaka, Japan) in a final volume of 1 ml. After incubation at 25°C for 5
min, cells were removed by centrifugation at 5,000 rpm for 5 min at 4°C. The
absorbance of the supernatant at 340 nm was measured. TPI activities were
expressed as the decrease of absorbance at 340 nm by coupling the reaction to
oxidation of NADH by glycerol-3-phosphate dehydrogenase.

Adherence of TPI mutants of S. aureus to C. neoformans. A stationary-phase
culture of 0.3 ml of S. aureus at 30°C was mixed with heat-killed cells of C.
neoformans B-3501 (about 3 � 107/ml) in SB, and the total volume was adjusted
to 3 ml. The mixture was incubated at 30°C while being shaken. After 6 h, the
percent adherence was calculated. To suppress growth of the mutants, a suspen-
sion of S. aureus cells in PBS was adjusted to twice the stationary phase and used
for an adherence experiment.

Statistics. The percent adherence data were determined as the mean values of
at least three replicates � standard deviations. Statistical significance was deter-
mined by Student’s t test.

RESULTS

Scanning and transmission electron microscopy. Previously,
we used light microscopy to demonstrate that C. neoformans
cells were surrounded by S. aureus (61). To confirm and to
investigate the mechanism of binding between the fungi and
bacteria, cells in coculture were observed by scanning electron
microscopy. S. aureus attached to the surface of C. neoformans
(Fig. 1C and D). Some fungal cells were entirely surrounded by
S. aureus, while other cells had several bacteria adhering to
them. After 2 days of culture, it was difficult to find C. neofor-
mans cells, as most of the yeast cells were covered by bacteria.

FIG. 1. Scanning electron micrographs of cells in cocultures of C. neoformans B-3501 and S. aureus. (A and B) C. neoformans B-3501 and S.
aureus cells before incubation, after mixing; (C, E, and F) 1-day cultures; (D) 2-day cultures. S. aureus attached to the surface of C. neoformans
as seen in panels C and D. Damage to C. neoformans can be seen in panels E and F (see arrows). (F) Enlargement of the white square in panel E.
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We observed that C. neoformans was damaged near the posi-
tion of attachment of S. aureus (Fig. 1E and F). The surface of
the cryptococcal cells to which S. aureus adhered appeared
smooth compared to the surface before coculture (Fig. 1A and

B). The surface structure may have been changed by the ad-
herence of S. aureus, although the reason is unknown.

Figure 2 shows ultrathin sections of C. neoformans and S.
aureus. By transmission electron microscopy, the ultrastructure

FIG. 2. Transmission electron micrographs of cells in cocultures of C. neoformans B-3501 and S. aureus. (A) C. neoformans B-3501 and S. aureus
before incubation, after mixing. (B) One-day culture showing darkened cells and cell organelles that appear to be destroyed. Bars, 1 �m.

FIG. 3. Coculture of C. neoformans strains with S. aureus. (A) CFU of C. neoformans isolates in coculture with S. aureus. The isolates were from
clinical specimens. C. neoformans strains M9106 (Œ), M9116 (f), M9117 (�), M9172 (F), and M9174 (E) are shown. (B) CFU of C. neoformans isolates
from pigeon droppings. C. neoformans strains M9254 (�), M9255 (�), M9256 (‚), M9257 (�), and M9258 ( ) are shown. Solid line, pure culture of
C. neoformans; dotted line, coculture of C. neoformans and S. aureus. The values are means � standard deviations for three replicate samples from one
representative experiment. (C) Correlation between adherence and mortality. Viability equals (CFU in coculture on day 1 � 100)/(CFU in coculture on
day 0). Percent adherence was determined after 1day of cultivation. Closed circles, clinical isolates; open circles, environmental isolates.
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of most of the C. neoformans cells remaining after 1 day
showed characteristics of dead cells (Fig. 2B). The remaining
cytoplasm stained more intensely, and the organelles appeared
to be destroyed, whereas before the mixture was incubated, the
ultrastructure of C. neoformans cells showed characteristics of
live cells (Fig. 2A). However, the mechanism of death could
not be elucidated from the electron micrographs.

Coculture of C. neoformans isolates and S. aureus. Popula-
tions of viable cells of C. neoformans in coculture with S. aureus
were followed for 5 days. As shown in Fig. 3, fungal popula-
tions decreased for 2 days. After 3 days, responses varied. C.
neoformans populations decreased in strains M9116, M9174,
and M9255 in a time-dependent manner, the rate of dying of
strains M9106 and M9258 slowed, and strains M9172, M9256,
M9257, and M9254 began to multiply. Clinical and environ-
mental isolates behaved alike. We examined the correlation
between adherence and death using data from 11 isolates,
including B-3501. One day after coculture, the percent adher-

ence was calculated using the formula given in Materials and
Methods. Viability was determined on day 1 as follows: (CFU
of C. neoformans in coculture on day 1 � 100)/(CFU of C.
neoformans on day 0) (Table 2). Viabilities were lower when
the bacterial burdens were larger. The proportion of burdened
yeast tended to correlate negatively with viability (Fig. 3C).
The correlation coefficient between the proportion of bur-
dened yeast and viability on day 1 was �0.472.

Coculture of C. neoformans and S. epidermidis. To examine
whether killing was specific to S. aureus, a coculture was per-
formed using C. neoformans B-3501 and S. epidermidis. The
population of C. neoformans fell drastically over time com-
pared to the pure culture. Adherence of S. epidermidis to C.
neoformans was also observed by light microscopy. Most fungal
cells (67% � 2%) had bacterial burdens after 1 day of cocul-
tivation (three experiments).

Pretreatment of cells with protease or sodium metaperio-
date. To determine which molecules contribute to cell-cell
interactions, cells were treated with protease or NaIO4 prior to
cocultivation. Pretreatment of C. neoformans with NaIO4 in-
creased the proportion of burdened cells by about 30% (Fig.
4A), whereas pretreatment of S. aureus with protease de-
creased it by approximately 35% (Fig. 4B). In general, after
treatment with NaIO4, the percent adherence decreased when
carbohydrate was involved, but in this case, it increased. How-
ever, major changes suggest that carbohydrate and protein may
participate in the adherence of C. neoformans and S. aureus,
respectively. To examine the effect of treatment of C. neofor-
mans on capsule size, we observed the cells before and after
NaIO4 treatment using India ink preparations, measuring the
diameter of whole cells and the diameter of cells without cap-
sule. A difference between treated and untreated cells was not
observed. The ratios of the diameter of whole cells/diameter of
cells without capsule for treated and untreated cells were 1.375 �
0.141 and 1.375 � 0.116, respectively. We obtained almost the
same results as shown in Fig. 4A when live cells of C. neoformans
were used for NaIO4 treatment.

Inhibition of killing with chemically modified capsular poly-
saccharides. The pretreatment of C. neoformans with NaIO4

TABLE 2. Percent adherence and CFU of 11 C. neoformans strains
in coculture with S. aureus for 1 day

Strain Adherence (%)
(mean � SD)a

CFU/mlb (mean � SD) after
coculture for: %

CFUc

0 day 1 day

B-3501 45 � 3 (4.0 � 0.7) � 105 (4.8 � 1.1) � 104 11.9
M9106 9 � 3 (6.2 � 0.6) � 105 (1.6 � 0.2) � 105 25.8
M9116 51 � 7 (3.7 � 0.3) � 105 (1.0 � 0.2) � 105 27.2
M9117 17 � 7 (7.3 � 0.4) � 105 (4.8 � 0.2) � 105 65.5
M9172 16 � 6 (6.2 � 0.5) � 105 (4.0 � 0.9) � 105 63
M9174 37 � 6 (4.5 � 0.8) � 105 (1.3 � 0.1) � 105 28.6
M9254 27 � 1 (4.4 � 0.3) � 105 (2.9 � 0.1) � 105 64.8
M9255 26 � 7 (5.0 � 1.4) � 105 (7.3 � 0.8) � 104 14.6
M9256 24 � 3 (5.3 � 0.6) � 105 (3.2 � 0.2) � 105 60.6
M9257 12 � 6 (6.8 � 1.3) � 105 (3.1 � 0.2) � 105 45.2
M9258 20 � 3 (3.7 � 0.2) � 105 (1.5 � 0.1) � 105 41.1

a Percent adherence � (number of C. neoformans cells to which S. aureus
attached � 100)/(total number of C. neoformans observed) (n � 3).

b CFU were determined on Sabouraud dextrose agar (SA) containing strep-
tomycin (100 �g/ml). The SA plates were incubated at 27°C for 48 h (n � 3).

c Percent CFU � (CFU on day 1 � 100)/(CFU on day 0).

FIG. 4. Effect of pretreatment with sodium metaperiodate (A) or protease K (B) on the adherence of cells. C. neoformans B-3501 was used.
�, before treatment; �, after treatment. Each bar represents the mean percentage of adherence � standard deviation (error bar) for three
experiments. Student’s t test was used to compare values between groups. Values that were significantly different (P value of �0.05) are indicated
(�) (n � 3).
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increased adherence, suggesting that mannose residues resis-
tant to NaIO4 in the backbone of GXM (6, 12) may be the
recognition site for S. aureus cells. Polysaccharide fractions
were prepared in which xylose and glucuronic acid side chains
were cleaved chemically. The controlled Smith degradation
product was �-(133)-mannan based on a characteristic single
signal at 5.115 ppm in the 1H NMR spectrum. We tested
whether this mannan protects the fungus. In the presence of 1
mg/ml of oxidized polysaccharides with NaIO4 or mannan, C.
neoformans B-3501 CFU increased in coculture with S. aureus
after day 3 (Fig. 5). The amount of modified polysaccharides
required for the inhibition of killing was 1/10 that of native
polysaccharides (61).

We also examined the effects of modified polysaccharides on
adherence. As shown in Fig. 6, after 1 and 2 days, the percent
adherence significantly decreased in the presence of �-(133)-
mannan (about 10%) or oxidized polysaccharides (about 10 to
20%). Furthermore, �-(133)-mannan and NaIO4-oxidized
polysaccharides agglutinated heat-killed cells (80°C, 30 min) of
S. aureus. These results suggest that S. aureus may have an
affinity for backbone mannose residues in GXM. The reason
why CFU increased after 3 days, as shown in Fig. 5, is not clear.
One possible explanation is that S. aureus cells aggregated over
time into large clusters in the presence of the chemically mod-
ified polysaccharides, allowing escaped C. neoformans cells to
grow.

Cluster formation of S. aureus by mannooligosaccharides.
The series of mannooligosaccharides, mannose to suspected
mannooctaose, were obtained by mild acid hydrolysis and gel
filtration, and the structures were confirmed as �-(133)-man-
nan by 1H NMR spectra. The cells of S. aureus were clustered
in the presence of the oligosaccharides. Quantitative analyses
were performed, and the number of very large clusters (diam-
eter of 	1/16 mm) increased significantly in the presence of
oligosaccharides with a DP of �3 residues as shown in Fig. 7A

and B. The dose dependency was shown using trisaccharide
(Fig. 7C). These data suggest the presence of a protein on S.
aureus that recognized the �-(133)-mannotriose moiety of the
mannan backbone of GXM.

SPR analysis of interaction of molecules on C. neoformans
and S. aureus. As shown in Fig. 8A, SPR experiments showed
that protein from S. aureus interacted with reduced GXM from
C. neoformans. In the inhibition assay, oligosaccharides larger
than mannotriose showed inhibitory activities. Furthermore, a
dose dependency was observed in the experiment using man-
notriose (Fig. 8B).

3D structures of oligosaccharides. In a further step, three-
dimensional (3D) structures of oligosaccharides were investi-
gated. The PDB file was obtained from the SWEET website
(http://www.dkfz-heidelberg.de/spec/) (7), and the 3D struc-
tures were constructed with MolFeat version 2.1 (Hulinks) as
shown in Fig. 9. Curved structures were predicted in oligoman-
nans larger than mannotriose. The presence of a protein on S.
aureus which recognizes this conformation should be consid-
ered.

Identification of protein interacting with GXM on S. aureus.
As shown in Fig. 10, a protein band at the same position as
immunolectin was observed on the PVDF membrane after
CBB staining. Amino acids at the N-terminal region were
determined to be MRTPIIAGNWKMNKTVQEAK by Pro-
cise 492 (Applied Biosystems). The sequence was identified by
homology search as TPI of S. aureus and S. epidermidis.

TPI activity. To determine whether TPI was present on the
surface of S. aureus, the enzymatic assay was performed using
whole cells. TPI activity was shown by the decrease of absor-
bance at 340 nm due to consumption by the coupling enzyme,
glycerol-3-phosphate dehydrogenase. As shown in Fig. 11, TPI
activity was demonstrated in a dose-dependent manner. The
average values of absorbance without cells at 0 min and 5 min
were 0.649 and 0.645, respectively. On the other hand, when

FIG. 5. CFU of C. neoformans B-3501 in coculture with S. aureus in
the presence of modified polysaccharides. Circles with solid line, pure
culture; triangles with solid line, coculture of C. neoformans and S.
aureus; circles with broken line, NaIO4-treated polysaccharide added
(1 mg/ml) in coculture; triangles with broken line, �-(133)-mannan
added (1 mg/ml) in coculture. The values are means � standard de-
viations (error bars) for three replicate samples of one representative
experiment. The horizontal dotted line represents the lower limit of
detection.

FIG. 6. Adherence of S. aureus to C. neoformans B-3501 heat-killed
cells in the presence of modified polysaccharides. (A) One-day cul-
tures; (B) two-day cultures. The values are means � standard devia-
tions for three replicate samples from one representative experiment.
Values that are significantly different (P � 0.05) from the value for
CPS are indicated (�). CPS(�), capsular polysaccharide not treated
with NalO4.
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the substrate (DL-glyceraldehyde-3-phosphate) was absent, the
concentration of NADH was constant. Furthermore, the fraction
applied to native polyacrylamide gel electrophoresis showed TPI
activity. When a sample of 1 �l was incubated instead of a cell
suspension, absorbance at 340 nm decreased to 0.027.

Adherence of TPI mutant strains to C. neoformans. To as-
certain the contribution of TPI to adherence, C. neoformans
cells were incubated with TPI mutants of S. aureus. As shown
in Fig. 12, percentages of adherence were decreased in strains
TS1505 and TS3048 and were restored by complementation of
the gene.

DISCUSSION

The most striking feature of the external cryptococcal sur-
face is the large external gel formed by capsular polysaccha-

ride. It is easy to assume that competing microorganisms must
deal with this material, just as hosts with cryptococcosis must.
Indeed, we had previously shown that dissolved GXM protects
C. neoformans from contact-mediated killing by S. aureus, al-
though the concentration required for inhibition was high (10
mg/ml). Thus, we wondered whether dissolved cryptococcal
capsular polysaccharide competed for binding sites on a hypo-
thetical staphylococcal binding protein. In the present study,
pretreatment of C. neoformans cells with NaIO4 increased ad-
herence of S. aureus, and the concentration of dissolved, side
chain-cleaved polysaccharides required for the inhibition of
killing was only 1/10 that of native polysaccharides. We in-
ferred that S. aureus recognized mannose residues in the back-
bone of GXM and that the side chains of xylose and glucuronic
acid sterically hinder binding to C. neoformans.

The contribution of proteins on the surface of S. aureus was

FIG. 7. Quantitative coagulation assay of S. aureus in the presence of oligosaccharides from GXM of C. neoformans. (A and B) Cells of S.
aureus were incubated with 100 �M (A) or 500 �M (B) of the oligosaccharides. C, control (without saccharide); M1, mannose; M2, mannobiose.
(C) Cells of S. aureus were incubated with 0, 10, 100, 500, and 1,000 �M of trisaccharide. After incubation overnight at 37°C, the number of clumps
per milliliter that were larger than about 1/16 mm was determined with a microscope. Values that are significantly different (P � 0.05) from the control
value (A and B) or the no-mannotriose value (C) are indicated (�).
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suggested by the result of pretreatment by protease. To inves-
tigate the interactions of GXM from C. neoformans and pro-
teins from S. aureus, SPR analysis was used. SPR analysis has
been used to investigate interactions of various molecules,
including proteins, ligand and receptor, antigen and antibody,
lectin and carbohydrate, and so on (8, 15, 51). The existence of
a surface molecule interacting with GXM on S. aureus was
demonstrated objectively in the present SPR analyses.

Binding of a hypothetical protein on S. aureus cells to man-
nooligosaccharide with a DP of �3 should depend on their
tertiary structures. To investigate the possibilities for binding,
3D structures of cryptococcal �-(133)-mannooligosaccharides
were obtained. Mannooligosaccharides with a DP of �3
showed a curved conformation. The anomeric bonds rotate 180
degrees in successive residues. In tetra-, penta-, and hexasac-
charides, the curved shape repeats itself, so that the polymer
has a repeating wave-like shape (Fig. 9). The overall form of a
larger �-(133)-mannan approached linearity. In contrast,
�-(136)-mannan, the backbone in the Candida or Saccharo-

myces cell wall, was predicted to appear helical by the same
system used. We speculate that a peptide on S. aureus recog-
nizes the characteristic structure seen in C. neoformans.

Antagonistic interferences between fungus and bacterium or
between fungi were reported in the literature. It is interesting
that these interactions sometimes result in fungal apoptosis.
The number of live cells of C. neoformans is decreased in the
presence of Pseudomonas aeruginosa or Bacillus subtilis iso-
lated from pigeon droppings, a common source of C. neofor-
mans (59). Hogan et al. showed an interesting and complicated
interaction between C. albicans and P. aeruginosa (23, 24). The
filamentous form of the C. albicans yeast is attached and killed
by P. aeruginosa. C. albicans reduces filamentation in response
to N-(dodecanoyl)-1-L-3-oxo homoserine lactone (3OC12HSL)
a cell-cell signaling molecule produced by P. aeruginosa, and
grows in yeast form. Farnesol, a quorum-sensing molecule in C.
albicans (25), also inhibits filamentation. Both 3OC12HSL and
farnesol have a C12 backbone in the structure. Farnesol from C.
albicans has another activity in interaction with Aspergillus nidu-
lans: it induces apoptosis in A. nidulans (62). Recently we re-

FIG. 8. Sensorgrams showing the interaction of immobilized reduced GXM and protein fraction from S. aureus by SPR. (A) Oligosaccharides
were added to the protein fraction at a concentration of 500 �M for an inhibition assay. M1 to M6, mannose to mannohexaose. (B) Mannotriose
was added to the protein fraction at a concentration of 10, 100, 500, and 1000 �M for inhibition assay.

FIG. 9. 3D structure of mannooligosaccharides. The PDB file was
obtained from the SWEET website (http://www.dkfz-heidelberg.de
/spec/), and the 3D structures were constructed with MolFeat version
2.1 (Hulinks). M2 to M6, mannose to mannohexaose.

FIG. 10. Native polyacrylamide gel electrophoresis of protein frac-
tion from S. aureus followed by electroblotting to a PVDF membrane.
(A) Interaction of protein fraction from S. aureus with cryptococcal
GXM; (B) CBB-stained membrane; (C) N-terminal amino acid
sequence.
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ported the killing of C. neoformans by a bacterium, S. aureus, with
fragmentation of C. neoformans DNA, a characteristic of apop-
tosis (61). We speculate that effectors from S. aureus could dam-
age the pathogenic yeast by stimulating a signal transduction
pathway leading to death.

Apoptosis is known as a programmed process of cell death in
multicellular organisms. Madeo et al. (38), Laun et al. (33),
and Yamaki et al. (73) described cell death with predominantly
apoptotic features in the eukaryotic microorganism Saccharo-
myces cerevisiae. In dead cells of this yeast, fragmentation of
condensed chromatin and fragmentation of the nuclei resem-
bling apoptosis in multicellular organisms were observed by

transmission electron microscopy (39, 73). We considered fun-
gal apoptosis in the staphylococcal-cryptococcal interaction. In
cocultured C. neoformans and S. aureus, the positive results of
the terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end labeling assay suggested that the death of C.
neoformans was accompanied by fragmentation of C. neofor-
mans DNA, a characteristic of apoptosis. By transmission elec-
tron microscopy, the ultrastructure of C. neoformans sur-
rounded by S. aureus indicated cell death. We looked for the
structural features of nuclear fragmentation observed in S.
cerevisiae; however, we were unable to find them in our sec-
tions of cryptococcal cells so far. Thus, it remains unknown
whether apoptosis was the predominant mechanism of the
death of C. neoformans.

Apoptosis-like cell death in pathogenic fungi has been de-
scribed (13, 54, 55, 62). The contributions of caspase, Ras, or
reactive oxygen species to apoptosis were shown, as described
for multicellular organisms (38, 39, 54). The utility of the
apoptosis-like cell death of fungi or other unicellular eu-
karyotes is not clear. Perhaps the population could escape
from serious mutations by excluding damaged cells, although
individuals are lost by programmed cell death. Induction of
apoptosis-like cell death could be a future strategy to control
fungal growth.

We wondered whether the adherence and killing were specific
to S. aureus. S. epidermidis, a more commonly isolated species in
the nasal cavities of healthy humans (36), killed C. neoformans as
well. Streptococcus pyogenes neither adhered to nor killed C. neo-
formans, and the yeast grew well in its presence. However, when
C. neoformans was cocultured with Escherichia coli, CFU of C.
neoformans decreased, although adherence was not observed.
The mechanism of injury by E. coli might be different from the
contact-mediated killing by S. aureus.

FIG. 11. Assay of TPI using whole cells of S. aureus. Decrease of
absorbance at 340 nm for 5 min revealed TPI activity. Whole cells were
incubated with substrate DL-glyceraldehyde 3-phosphate (solid line) or
incubated without substrate (broken line).

FIG. 12. Adherence of TPI mutants of S. aureus to C. neoformans. S. aureus strains were incubated at 30°C with heat-killed cells of C.
neoformans B-3501 (about 3 � 107/ml) for 6 h, and the percent adherence was calculated. Each bar represents the percentage of adherence �
standard deviation (error bar) for three experiments. Values that were significantly different are indicated by asterisks as follows: *, P � 0.01; **,
P � 0.05. (A) S. aureus in SB was incubated with C. neoformans. (B) Twice the stationary-phase concentration of S. aureus was incubated with C.
neoformans cells.
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Mannose-containing molecules of C. neoformans are recog-
nized by mannose-binding receptors on mammalian mononu-
clear cells, macrophages, and dendritic cells, which serve for
defense against infections (10, 11, 41). In the contact-mediated
killing of C. neoformans by S. aureus, mannose-containing car-
bohydrate perhaps is recognized by mannose-binding lectin on
the bacterial cell surface. Many proteins have been identified
on the surface of S. aureus cells; these function in growth,
division, attachment, and infection (44). While mannose-bind-
ing lectin in serum is known to bind Staphylococcus (45), a
lectin on Staphylococcus that binds mannooligosaccharide has
not been characterized so far. However, various bacterial lec-
tins have been reported, and the structures of carbohydrate on
host target cells have been identified in relation to infection by
Escherichia coli, Klebsiella pneumoniae, Salmonella enterica se-
rovar Typhimurium, Pseudomonas aeruginosa, Streptococcus
pneumoniae, etc. (64), and Streptococcus macacae (48). Of
these species, E. coli, K. pneumoniae, and Salmonella bind
mannose residues in glycoproteins. E. coli type 1 was shown to
recognize the mannotriose, Man-�-(133)-Man-�-(136)-
Man. The proteins on mammalian cells and on bacteria pre-
sumably are not homologous molecules. However, it is inter-
esting that mannose residues on C. neoformans are recognized
by such different cells as mammalian defensive cells and a
bacterium, S. aureus. Furthermore, these phenomena may be
related to the fate of C. neoformans in immunocompetent
hosts. Interestingly, stress by a mannose-binding antibiotic in-
duced apoptosis-like cell death in Saccharomyces cerevisiae
(22). Thus, mannose residues may have an important biologi-
cal role in receiving signals for proceeding to live or to die in
yeasts, both Cryptococcus and Saccharomyces.

TPI of S. aureus, a glycolytic enzyme, was found to be a
candidate protein for the decreased ability of S. aureus to
interact with C. neoformans. A single amino acid substitution
(E79K, E106K) appeared to affect the interaction. We hope to
find out whether this lectin site is also the catalytic site of TPI.
We would expect that decreased binding to the yeast by the
TPI mutants should result in increased yeast viability. Unfor-
tunately, killing of yeast is temperature dependent, occurring
only at 37°C; therefore, such direct experiments are not feasi-
ble, due to the temperature sensitivity of the staphylococcal
mutants.

Glycolytic enzymes are known to act in the cytoplasm. How-
ever, very interestingly, glycolytic enzymes located in cell walls
of microorganisms have been reported; these had roles besides
metabolism. Cell surface-associated glyceraldehyde-3-phos-
phate dehydrogenases (GAPDHs) of S. epidermidis, S. pyo-
genes, S. pneumoniae, and Candida albicans have been re-
ported (4, 17, 20, 49). On S. epidermidis, GAPDH was found to
act as a transferrin-binding protein on the cell surface (42, 43).
In S. pyogenes, GAPDH on the cell surface binds fibronectin,
lysozyme, and the cytoskeletal proteins myosin and actin (49).
A role for GAPDH in prokaryotic-eukaryotic cell-cell commu-
nication is suggested by the finding that GAPDH of S. pyogenes
interacts with pharyngeal cells of the host and affects signal
transduction (50). GAPDH has been described as a multifunc-
tional protein that helps S. pyogenes escape from the host
immune system (66). GAPDH was reported to have a role in
recognizing the C5a component of complement. Concerning
TPI in Lactobacillus delbrueckii subsp. lactis, it was reported

that a cell wall-associated protein homologous to TPI en-
hanced synthesis of a bacteriocin, lactacin B (68). In S. aureus,
TPI has been included in a list of cell envelope proteins (18).
The TPI gene was up-regulated in biofilm (3). The GAPDH
and TPI genes were located in an operon with genes encoding
other glycolytic enzymes. The TPI of S. epidermidis was found
by a computer homology search to have the same number of
amino acid residues (253 residues) as that of S. aureus. The
amino acid sequences of the TPI from the two species were
87.7% identical (19), consistent with our finding of a similar
phenomenon in S. epidermidis. Further studies on this staphy-
lococcal cell surface glycolytic enzyme-lectin should contribute
to the subject of prokaryote-eukaryote communication.

In conclusion, adherence of S. aureus to mannotriose units in
the backbone of the cryptococcal capsule leads to death of C.
neoformans. The mannotriose units had a characteristic curved
tertiary structure. The staphylococcal protein which interacts
with the fungal carbohydrate was identified as TPI.
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