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Secreted phospholipase B is a proven virulence factor for the pathogenic fungus Cryptococcus neoformans and
exhibits three phospholipase activities in the one protein. These are phospholipase B (PLB), lysophospholipase
(LPL), and lysophospholipase transacylase (LPTA). Our aim was to investigate the feasibility of using this
enzyme as a target for antifungal therapy. We determined in C. neoformans var. grubii strain H99 that 82% of
PLB activity was secreted but that 64% of LPL activity and 70% of LPTA activity were cell associated.
Cell-associated activities (cytosolic and membrane) were further characterized, since it is likely that any
fungicidal effect would depend on inhibition of these enzymes. Four commercially available compounds with
structural similarities to phospholipid substrates were tested as inhibitors. These were alexidine dihydrochlo-
ride (compound A), dioctadecyldimethylammonium bromide (compound O), 1,12 bis-(tributylphosphonium)-
dodecane dibromide (compound P), and decamethonium dibromide (compound D). The best phospholipase
inhibitors (compounds A and P) were also the most potent antifungal agents by the standard broth microdi-
lution test. Compound A was highly selective for secreted and cell-associated PLB activities and showed no
inhibition of mammalian phospholipase 4, at 0.25 pM. Compound O, which was specific for secretory and
cytosolic LPL and LPTA and membrane-associated PLB, was not antifungal. We conclude that inhibitors of
cryptococcal phospholipases can be selective for fungal enzymes and intrinsically antifungal. They also provide
tools for assessing the relative importance of the various enzyme activities in virulence. Our results enable

further rational structure-function studies to validate the use of phospholipases as antifungal targets.

Cryptococcus neoformans is the most common cause of fun-
gal meningitis, which is fatal if it is left untreated (8, 24).
Pathogenic strains of cryptococci produce a number of so-
called virulence factors, one of which is a secreted phospho-
lipase termed phospholipase B (EC 3.1.1.5) (6, 11). This phos-
pholipase has been purified and characterized as a single
protein containing three separate activities (5, 7). These in-
clude phospholipase B (PLB), which removes both acyl chains
simultaneously from phospholipids; lysophospholipase (LPL),
which removes the single acyl chain from lysophospholipids;
and lysophospholipase transacylase (LPTA), which adds an
acyl chain to lysophospholipids to form phospholipids (Fig. 1).
A second secreted phospholipase containing only LPL and
LPTA activities has also been identified (L. C. Wright, unpub-
lished data). This may be the product of a newly discovered
gene, CnLYSO! (10).

The structure and mechanism of action of phospholipase B
are not understood, and which of the secreted phospholipase
activities is important in virulence is unknown. However, se-
creted phospholipase B is involved in the survival of crypto-
cocci in macrophages (11) and in the destruction of lung tissue
and the production of eicosanoids, which modulate phagocytic
activity (29). This and the observation that phospholipase B is
also related to virulence in other medically important fungi,
such as Candida albicans and Aspergillus fumigatus (1, 27),
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make the secreted enzyme a target for antifungal therapy.
Hanel et al. (20) tested the hypothesis that fungal phospho-
lipases might be drug targets in a mouse model of C. albicans
infection. Mice were treated with beta-blocker drugs and re-
lated compounds which inhibited secretory phospholipase ac-
tivity measured by egg yolk plate assays. Some of the com-
pounds were active per se, and others showed a synergistic
effect with fluconazole. To the best of our knowledge, that is
the only publication that has related inhibition of phospho-
lipase to antifungal activity.

It was previously reported (33) that approximately 85% of
the phospholipase B activity in C. neoformans is cell associated.
Deletion of the PLBI gene, which is responsible for production
of secreted cryptococcal phospholipase B (11), did not signif-
icantly affect fungal growth in vitro. Thus, inhibition of the
secreted enzyme, while reducing the levels of tissue invasion
(32) and dissemination of infection from the lung (29, 32),
would not kill the fungus. Antifungal therapy should therefore
be directed at the cell-associated phospholipases, which may
have housekeeping functions necessary for maintenance of cell
membrane integrity and, hence, viability, as well as at the
secreted enzyme.

In this study, we characterized the cell-associated (mem-
brane and cytosolic) phospholipase B activities in C. neofor-
mans to establish the optimal conditions for the testing of
inhibitors and to establish whether the secreted and cell-asso-
ciated enzymes can be targeted by the same compounds or if
different ones are required. We also sought evidence for the
feasibility of selective inhibition of the fungal phospholipase(s)
relative to that of mammalian phospholipases A (PLAs) and
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FIG. 1. Sites of action of the three activities of cryptococcal phospholipase B: PLB, LPL, and LPTA.

selective inhibition of the three fungal enzyme activities, since
if one of the activities was more critical for virulence, it would
be the preferred target for inhibition. A number of compounds
which differentially inhibit the various phospholipase activities
were identified. These compounds constitute novel structural
types for phospholipase inhibition. The results support the
conclusions that (i) either the LPL and LPTA activities or the
PLB activity can be selectively inhibited, (ii) some compounds
can inhibit both secreted and cytosolic enzymes, and (iii) se-
lective inhibition of the fungal enzyme compared with that of
mammalian PLA, is feasible. Since the most potent inhibitors
were also strongly antifungal, we provide the first evidence of
a causal link between specific inhibition of the fungal phospho-
lipase(s) and antifungal activity.

MATERIALS AND METHODS

Fungal isolates and media. A virulent clinical isolate of C. neoformans var.
grubii (serotype A), isolate H99, which produces high levels of secreted phos-
pholipase B activity was used for cell-associated phospholipase characterization
and inhibition of phospholipase activities. Isolate H99 was kindly supplied by
Gary Cox (Duke University Medical Center, Durham, N.C.) and was subcultured
onto Sabouraud dextrose agar at 30°C.

Preparation of supernatants containing secreted phospholipase activities. Iso-
late H99 was grown to confluence on Sabouraud dextrose agar in petri dishes
(diameter, 16 cm) for 72 h at 30°C in air. Cells scraped from 10 to 20 dishes were
washed sequentially with isotonic saline and imidazole buffer (10 mM imidazole,
2 mM CaCl,, 2 mM MgCl,, 56 mM bp-glucose made up in isotonic saline [pH
5.5]), resuspended in a volume of this buffer that was about 10% of the cell
volume, and incubated for 24 h at 37°C. The cell-free supernatant was separated
by centrifugation as described previously (5) and stored at —70°C.

Cellular disruption to prepare membrane and cytosolic fractions. The cell
pellet obtained from the preparation of the supernatant as described above was
also frozen at —70°C. After the cell pellet was washed twice with imidazole
buffer, it was disrupted in the presence of a protease inhibitor cocktail [P 8215 for
fungal and yeast cells, which consists of 100 mM 4-(2-aminoethyl)benzenesulfo-
nyl fluoride hydrochloride, 500 mM 1,10-phenanthroline, 2.2 mM pepstatin A,
and 1.4 mM E-64; Sigma, St. Louis Mo.] in a MiniBeadbeater-8 Cell Disrupter
(MBB-8; Daintree Scientific, Tasmania, Australia) for three cycles of 1 min,
alternating with a 1-min cooling period on ice. The homogenate was centrifuged
at 14,000 X g for 15 min to obtain the membrane (pellet) and the cytosolic
(supernatant) fractions. The cytosolic enzyme activities were stable during stor-
age at —70°C for up to 3 months, whereas the membrane-associated activities
were less stable (maximum, 5 weeks).

Radiometric assay method for phospholipases. Enzyme activities were mea-
sured as described previously (5, 6, 7) in a final volume of 125 pl at 37°C. For the
determination of secreted PLB activity, carrier dipalmitoyl phosphatidylcholine
(DPPG; final concentration, 800 M) and 1,2-di[1-'*C]palmitoyl phosphatidyl-
choline (20,000 dpm) were dried under nitrogen and suspended in 125 mM
imidazole acetate buffer (assay buffer [pH 4.0]) by sonication with a Branson 450
sonifier. The reaction time with 1 g of total protein was 22 min, and PLB activity
was determined by the rate of decrease of the radiolabeled phosphatidylcholine
(PC) substrate with the appearance of the label in free fatty acids. Variations to
these conditions for the cytosolic and membrane fraction assays are indicated
throughout the text. This assay also simultaneously allows the determination of
PLA, phospholipase C (PLC), and phospholipase D (PLD) activities. These
activities were measured by the appearance of radiolabel from PC in lyso-
phosphatidylcholine (lyso-PC), diacylglycerol, and phosphatidic acid, respec-
tively.

Secreted LPL and LPTA activities were measured simultaneously in a reaction
mixture containing 1-['*C]palmitoyl lyso-PC (25,000 dpm) and carrier lyso-PC
(final concentrations, 200 pM) in assay buffer. The reaction time was 15 s with 1
ng of total protein, and LPL activity was measured by determination of the rate
of loss of 1-['*C]palmitoyl lyso-PC with release of radiolabeled fatty acids. LPTA
activity was estimated from the rate of formation of radiolabeled PC. Variations
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FIG. 2. Structures of the four compounds tested as inhibitors.

to these conditions for the membrane and cytosolic fractions are indicated
throughout the text.

All reactions were terminated by adding 0.5 ml of chloroform-methanol (2:1;
vol/vol). The reaction products were extracted by the method of Bligh and Dyer
(2), separated by thin-layer chromatography, and quantified as described previ-
ously (5). In the case of PLC activity, the thin-layer chromatography plates were
developed in petroleum ether (boiling point, 60 to 80°C)-diethyl ether-acetic acid
(90:15:1; vol/vol/vol) instead of chloroform-methanol-water (65:25:4; vol/vol/vol).

Characterization of enzyme activities. All experiments were carried out in
duplicate or triplicate. The effects of pH on the various phospholipase activities
were measured by using 50 mM final concentrations of imidazole-acetate buffer
(pH range 3 to 5), morpholineethanesulfonic acid buffer (pH range 6 to 8), and
glycine buffer (pH 9 to 10). Controls for nonenzymatic breakdown of substrates
were included at all pHs. Cations, Triton X-100, and metal chelators were made
up as stock solutions in water and diluted to the final concentration in the
appropriate assay buffer.

Protein assays. Total protein estimations were obtained by a Coomassie blue
binding assay (for supernatants containing secreted enzymes) or the bicincho-
ninic acid assay (bicinchoninic acid assay kit; Pierce Chemical Co., Rockford, Il1.)
for cell-associated fractions, with bovine serum albumin used as a standard.

Selection of potential phospholipase inhibitors. Since no three-dimensional
structural information on fungal phospholipases is available, selection of poten-
tial inhibitors was based on the traditional approach of testing compounds that
are structurally related to the substrate, i.e., phospholipids. We sought commer-
cially available compounds containing the two dominant features in phospholip-
ids (one or two hydrophobic alkyl chains and a tetra-alkylated strongly positively
charged nitrogen atom) that would be metabolically stable and sufficiently water
soluble to avoid the use of solvents in the assays. Screening for suitable com-

pounds was performed with the search tool SciFinder Scholar (Chemical Ab-
stract Services-based database [3, 31]).

Preparation of inhibitors and use in assays. The following compounds were
tested (for structures, see Fig. 2): compound O, dioctadecyldimethylammonium
bromide (Fluka AG, Buchs, Switzerland); compound P, 1,12-bis(tributylphos-
phonium)dodecane dibromide (Fluka AG); compound A, alexidine dihydrochlo-
ride (Sigma); and compound D, decamethonium bromide (Sigma). All com-
pounds were prepared as stock solutions of 700 wM in assay buffer containing 5
mM EDTA; the stock solutions were then serially diluted with buffer to obtain
solutions of 70, 7, 0.7, and 0.07 wM. Each of these solutions was used at 45 pl in
each assay; and the final volume of 125 pl was made up of substrate, enzyme, and
buffer. The radiometric assay was carried out as described above. Inhibition was
calculated as the percentage of substrates (DPPC or lyso-PC) remaining in the
case of PLB and LPL activities or the amount of DPPC produced in the case of
LPTA activity. The amounts converted or produced in the inhibitor-free control
were normalized to 100%, and the level of inhibition was calculated against that
amount. All assays were done in triplicate.

Pancreatic phospholipase assay. A porcine pancreatic PLA, suspension in 3.2
M ammonium sulfate (2.9 mg of protein/ml; Sigma) was used for the pancreatic
phospholipase assay. One part of well-mixed enzyme suspension was added to 4
parts of buffer (10 mM Tris-HCI [pH 8.2], 10 mM CaCl,) (13). The levels of
activity and inhibition by the test compounds were then measured by the radio-
metric method described above for determination of fungal phospholipase B
activity. However, 25 ul of enzyme solution was used and the reaction time was
1 h. These conditions resulted in ~60% substrate conversion in the inhibitor-free
control.

Hemolytic activities of compounds. Human blood was collected and placed
into 10-ml Vacutainer tubes containing potassium-EDTA as the anticoagulant.
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The blood from each Vacutainer tube was transferred to a 50-ml centrifuge tube,
and the cells were washed three times with calcium- and magnesium-free phos-
phate-buffered saline (PBS; Gibco) by centrifugation at 2,000 X g for 15 min. The
supernatant obtained after the third centrifugation was clear and colorless. Cells
were stored in PBS for up to 2 weeks. A total of 0.5 ml of the cell suspension in
PBS was mixed with 0.5 ml of the test substance stock solutions (final erythrocyte
concentration, about 0.5 X 10° ml™!). The mixtures were incubated at 37°C for
1 h with gentle shaking and then centrifuged at 2,000 X g for 10 min, the
supernatant was diluted 10-fold with PBS, and the optical density was measured
at 540 nm. The values for 0 and 100% lysis were determined by incubating cells
with PBS and 0.1% (wt/vol) Triton X-100 (in water), respectively. Assays were
carried out in triplicate, and the reproducibility was >95%. The concentrations
of the test compounds (made from stock solutions in PBS) in the assays were 350,
35, 3.5, and 0.35 uM.

Antifungal susceptibility testing. The antifungal activities of the compounds
were measured by a standard microdilution method (16, 28). The MIC of each
compound was defined as the concentration which produced no visible growth
after 48 h (Candida) and 72 h (Cryptococcus) of culture at 35°C. The fungal
strains tested included C. neoformans H99, C. neoformans ATCC 90112, and C.
albicans ATCC 10231. All tests were performed in duplicate.

RESULTS

Identification of PLB, LPL, and LPTA in cell-associated
fractions. The conditions chosen for cellular disruption (see
Materials and Methods) were optimized such that the highest
levels of phospholipase activity were measured in both mem-
brane and cytosolic fractions. Assays of cell-associated phos-
pholipase activities were performed at pH 4.0 with the sub-
strates lyso-PC and DPPC, since these compounds were
preferred substrates of the secreted enzyme in both its natural
and purified states and enzyme activity was maximal at pH 4.0
(7, 33). Hydrolysis of the substrate lyso-PC by the cryptococcal
membrane and cytosolic fractions resulted in the formation of
free fatty acids and PC only, indicating the presence of both
LPL and LPTA, as was found for the secreted enzyme. Simi-
larly, DPPC, both acyl chains of which were radiolabeled, was
degraded to produce free fatty acids only, indicating that the
activity was due to PLB at pH 4.0.

Effects of protein concentration and time on phospholipase
activity. The activity of the cytosolic fraction with increasing
protein concentrations was linear only to 1 pg for LPL and
LPTA and 4 pg for PLB, similar to the values for the secreted
enzyme (data not shown). In contrast, membrane-associated
LPL and LPTA activities were linear with increasing protein
concentrations to 80 pg, after which no further increase oc-
curred (Fig. 3A). The PLB activity was linear with increasing
protein concentrations to 160 wg (Fig. 3B). The optimal pro-
tein concentrations chosen for the assays were 1 and 4 pg for
cytosolic LPL. and LPTA activities and PLB activity, respec-
tively, and 80 and 120 g for membrane-associated LPL and
LPTA activities and PLB activity, respectively.

The time course of both the cytosolic and the membrane
activities resembled that of the secreted enzyme, with a linear-
ity of LPL and LPTA activities only to 20 to 30 s, beyond which
no further increase occurred. Membrane-associated PLB ac-
tivity was linear to 30 min, whereas cytosolic activity was linear
to 22 min (data not shown). The optimal incubation times
chosen for the assays were 20 s and 18 min for cytosolic LPL
and LPTA activities and PLB activity, respectively, and 30 s
and 18 min for membrane-bound LPL and LPTA activities and
PLB activity, respectively.
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FIG. 3. Effects of protein concentration on membrane-associated
phospholipase activities. Points are the means *+ standard errors of the
means of three assays.

Effect of substrate concentration on enzyme activity. Cyto-
solic LPL and LPTA activities reached a maximum with be-
tween 50 and 200 uM lyso-PC, after which there was a rapid
decline in activity with increasing substrate concentration (Fig.
4A). Cytosolic PLB activity reached saturation with 400 wM
DPPC and declined at concentrations above 1,000 uM (Fig.
4B). Membrane-associated LPL and LPTA activities reached a
maximum with about 50 uwM lyso-PC but maintained the same
level of activity up to 600 pM, after which it decreased (data
not shown). The membrane-associated PLB activity reached a
maximum with 200 pM DPPC and declined at concentrations
above 800 uM (data not shown). The optimal substrate con-
centrations used for the assay were 200 and 1000 pM for
cytosolic LPL-LPTA and PLB activities, respectively, and 600
and 800 uM for membrane-bound LPL-LPTA and PLB activ-
ities, respectively.

Effects of pH on enzyme activity. Variations in cell-associ-
ated phospholipase activity were observed over a pH range of
3 to 10 by use of the optimal assay conditions established for
cytosolic and membrane-associated activities. Cytosolic LPL
and LPTA activities exhibited two pH optima, at pH 4.0 and
6.0, with the activities decreasing to zero at pH 9.0 (data not
shown). The cytosolic PLB pH profile (data not shown) was
similar to that of membrane-associated PLB pH profile (Fig.
5B), although it was less sharp. The pH optimum was 3 to 4 for
membrane-associated LPL and LPTA activities, and the activ-
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ities gradually decreased to zero at pH 9.0 (Fig. 5A). The
optimum pH for membrane PLB (pH 4.0) was very narrow
(Fig. 5B), with virtually no activity at pH 7.0. For the inhibitor
studies, all assays were performed at pH 4.0.

The most obvious difference between the cell-associated (cy-
tosolic and membrane-associated) activities and those of both
the crude and purified secreted enzymes was the greater activ-
ity of the cell-associated enzymes at pH 6.0 (PLB) and 7 to 8
(LPL and LPTA) (5, 7). Interestingly, when the incubation
time of the assay with LPL and LPTA was extended from 20 to
30 s to 10 min, the activity was increased over a pH range of 7
to 9, but not at lower pH values, in both membrane and
cytosolic enzyme preparations (see the results in Fig. 5C for
the membrane-associated enzyme). This phenomenon has also
been noted for the secreted LPL and LPTA activities (Wright,
unpublished).

Cellular distributions of phospholipase activities. By taking
4.0 as the optimal pH for all three activities, it is clear that the
distribution of PLB differs from those of LPL and LPTA, in
that the greatest percentage of the total activity is secreted
(Table 1). For LPL and LPTA most of the activity is cytosolic.
The specific activities and percentages of all three activities
were lowest in the membrane fraction (Table 1).
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PLA, PLC, and PLD. The secreted forms of PLA, PLC, and
PLD have not been identified in cryptococcal supernatants (5,
33). High levels of PLA were detected in the membrane prep-
arations by the formation of radiolabeled lyso-PC from DPPC
at pH 7 to 8 (Fig. 6A), but only trace amounts of PLA were
found in the cytosolic fraction (data not shown). Small
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TABLE 1. Cellular distribution of phospholipase activities measured at pH 4.0

Sp act Total activity % Distribution
Fraction
LPL LPTA PLB LPL LPTA PLB LPL LPTA PLB
Secreted 86.6 (7.2) 53.9 (3.5) 2.1(0.29) 650 (54) 405 (26) 16.2>¢(2.1)  36.1(1.4) 29.9 (1.9) 82.77< (10.7)
Cytosolic 78.4 (12.6) 68.9 (20.6) 0.2 (0.15) 955° (154) 839 (251) 25(1.8) 53.1°(8.6)  62.0° (18.6) 12.8(9.2)
Membrane 0.54 (0.28) 0.31(0.15)  0.003 (0.001) 195 (99) 109 (53) 0.9 (0.4) 10.8 (5.5) 8.1(3.9) 4.6 (2.0)

“ Data are expressed as the means (standard errors of the means) of at least three assays, with activities calculated as micromoles of substrate degraded or product
formed (LPTA) per minute per milligram of protein (specific activity) or per total amount of protein (total activity) in the cellular fraction.

? P < 0.01 compared with membrane activity (analysis of variance).
¢ P < 0.01 compared with cytosolic activity (analysis of variance).

amounts of PLD activity were detected by the formation of
radiolabeled phosphatidic acid from both the cytosolic and the
membrane fractions at pH 7 to 8 (see Fig. 6B for membrane-
associated PLD). No evidence of PLC was found at any pH by
use of DPPC as the substrate.

Modifying agents and cell-associated activities. Calcium,
magnesium, or FeCl;, each at a concentration of 10 mM and
pH 4.0, had no significant effect on any of the cytosolic or
membrane-associated activities. Triton X-100 (0.1%; wt/vol)
produced some inhibition at pH 4.0, with cytosolic and mem-
brane-associated LPTA (61%) and PLB (81%) activities being
the most affected. When the activities were assayed at pH 7.0,
all three of the cytosolic and membrane-associated activities
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FIG. 6. Membrane-associated PLA and PLD. Assays were per-
formed in the absence of added cations.

were stimulated by calcium (1.7- to 5.9-fold). Cytosolic PLB
and all three of the membrane-associated activities were also
stimulated by magnesium (1.5- to 4.8-fold). At pH 7.0, FeCl,
and Triton X-100 were inhibitors of all three activities from
both the cytosolic and the membrane-bound fractions (with
98% inhibition of membrane-associated PLB by FeCl;). Triton
X-100 was an especially effective inhibitor of the LPL and
LPTA activities (96 to 100%).

Selection and testing of potential phospholipase inhibitors.
Monomeric and dimeric ammonium and phosphonium com-
pounds, cationic heterocyclic compounds, phosphocholines,
guanidines, and biguanidines were screened. Compounds be-
longing to classes known to inhibit mammalian PLAs, for ex-
ample, all the so-called stable amide (14) and ether-bonded
(17, 23) phospholipids, were excluded, as their micellar struc-
tures can cause false-positive assay results (19). Other com-
pounds that form micelles were also excluded, as they tend to
cause lysis of mammalian cells and are therefore cytotoxic. The
structures and common names of the four compounds selected
are shown in Fig. 2. These compounds retained the key fea-
tures of a strong positive charge and fatty acid-like hydropho-
bicity.

Assays were performed at pH 4 in the absence of added
cations and under the optimized conditions established as de-
scribed above. Under these conditions only PLB, LPL, and
LPTA activities (both secreted and cell-associated activities)
were measured. Initially, compounds deemed to be potential
inhibitors were assayed at 25 and 250 uM. Those showing some
inhibitory activity were then also assayed at 2.5 and 0.25 pM.

Compound A. The most potent compound was the dicationic
symmetrical bis-alkylbiguanido alkane alexidine dihydrochlo-
ride (compound A), which showed a strong preference for
PLB, especially the secreted and cytosolic enzymes. The LPL
and LPTA activities were inhibited to a lesser extent in all
three fractions, especially the secretory and cytosolic enzymes
(Table 2). At 2.5 uM, compound A had selectivity for secreted
PLB and cytosolic LPL and LPTA. The higher concentrations
of compound A also inhibited porcine pancreatic PLA, (Table
3). The toxicity of compound A for mammalian cells, as deter-
mined by measurement of the percent hemolysis, was zero at
concentrations up to 3.5 puM and 20 and 100% at concentra-
tions of 35 and 350 wM, respectively.

Compound P. Another dicationic compound, namely, 1,12-
bis-(tributylphosphonium)dodecane (compound P) inhibited
secreted and cytosolic PLB but not membrane-associated PLB,
albeit to a lesser extent than the biguanide. Furthermore, this
compound did not inhibit LPL or LPTA (Table 2) and was a
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TABLE 2. Inhibition of the activities of C. neoformans strain H99 phospholipases by three test compounds
% Inhibition by the following compound at the indicated concn (uM)?
Fraction and compound® LPL LPTA PLB
0.25 2.5 25 250 0.25 2.5 25 250 0.25 2.5 25 250
Secretory enzyme
0 18.0°(0.6) 52.0¢(2.0) 61.0°(4.0) 0 16.0°(2.1) 50.7°(3.5) 60.3°(2.4) 59.7°(3.8) 83.0° (0.6) 88.0°(0.6) 94.7°(1.5)

P 0 0 0 6.3°(0.8) 0 0 0 3.7 (0.6) 0 0 352¢(1.5) 55.0°(1.5)

O ND 0 39.0°(2.1) 91.7°(2.0) ND 0 41.0°(2.1) 94.7¢(1.5) ND 0 0 0
Cytosolic enzyme

A 0 1589(2.0) 16.6°(1.6) 56.4°(1.3) 0 20.8°(1L.7) 27.1°(2.0) 71.0°(1.7) 0 0 21.0°(1.9)  74.6° (0.9)

P ND 0 0 12.7°(0.9) ND 0 0 0 ND 0 41.3°(2.3)

O ND 0 8.0°(0.6) 39.7°(3.4) ND 0 9.0°(0.6) 44.3°(3.7) ND 0 0 13.7¢ (0.9)
Membrane-bound enzyme

A 0 0 0 47°(14) 0 0 0 24.3° (1.4) 0 0 0 63.2°(2.3)

P ND 0 0 0 ND 0 0 0 ND 0 0 0

O ND 0 0 12.0°(3.1) ND 0 0 18.0° (3.5) ND 0 0 42.3°(2.6)

“ The structures and abbreviations for these compounds are shown in Fig. 2. Compound D did not inhibit any of the activities of any enzyme at these concentrations.
b Data are expressed as the means (standard errors of the means) of at least three assays. ND, not determined.
¢ Significantly different (P < 0.01) from the results for the inhibitor-free controls by the Dunnett multiple-comparison test.

more effective inhibitor of pancreatic PLA, than of PLB (Ta-
ble 3). Compound P showed remarkably low levels of toxicity
for mammalian cells, with a concentration of 350 wM required
to produce 15% hemolysis.

Compound D. A third dicationic compound, 1,10-bis(trim-
ethylammonium)decane, commonly known as decamethonium
(compound D), was also tested but was not inhibitory (data not
shown).

Compound O. In contrast to the bicationic compounds, the
monocationic compound dioctadecyldimethylammonium bro-
mide (compound O) inhibited the secreted and cytosolic LPL
and LPTA activities almost exclusively but affected only the
membrane PLB activity (Table 2). Even at high concentrations,
this monocationic compound did not inhibit mammalian PLA,
(Table 3).

Antifungal activities of inhibitors. All compounds men-
tioned above were assayed by a standardized serial dilution
sensitivity test for their antifungal activities against two strains
of C. neoformans and one strain of C. albicans (Table 4). The
two stronger phospholipase inhibitors (compounds A and P)
were quite potent, with MICs in the range of 0.5 to 10 pM,
whereas the noninhibitory decamethonium compound (com-
pound D) had a much higher MIC (88 to 350 nM). Notably,
the monocationic compound (compound O) that inhibited se-

cretory and cytosolic LPL and LPTA activities but not PLB
activity had an MIC of >350 uM for all three strains (Table 4).

DISCUSSION

Characterization of the cell-associated phospholipases of C.
neoformans. Under the assay conditions tested, phospholipase
B was the major phospholipase present in the cytosol and
secreted from C. neoformans. In contrast, PLA and PLD were
membrane associated, with some PLD activity in the cytosol. It
is of interest that the pH optimum for PLB activity, whether
secreted, membrane bound, or cytosolic, was always acidic (pH
4.0), whereas the cytosolic LPL and LPTA activities were bi-
modal (pH 4.0 and 6.0). PLA and PLD activities were detected
only at pH 7 to 8. These observations are consistent with the
roles of secreted PLB activities in cryptococcal virulence, since
the putative sites of action of PLB are the acidic vacuoles of
macrophage-like cell lines (11, 29) and mouse macrophages in
vivo (32). We reported previously that cryptococci create their
own extracellular acidic microenvironment both in vitro and in
vivo by secreting large amounts of acetic acid (21, 35). This
enables the secreted PLB to have optimal activity at the Cryp-
tococcus-host tissue interface and may aid invasion by the fun-
gus.

TABLE 3. Effects of three compounds tested against the cryptococcal phospholipases on porcine pancreatic PLA,

% Inhibition of activity by test compound®:

Concen (M) A P (0]
PLA, PLB PLA, PLB PLA, LPL?
250 94.0° (1.0) 94.7¢ (1.4) 96.5¢ (0.3) 55.0°(1.5) 0 91.7¢ (2.0)
25 88.6° (2.0) 88.0° (0.6) 62.2°(1.7) 35.2°(1.5) 0 39.0°(2.1)
2.5 54.3¢(2.3) 83.0° (0.6) 4.9°(1.3) 0 0 0
0.25 0 59.7¢ (3.8) 0 0 ND 0
0.025 ND 30.0° (1.7) ND ND ND ND

“ Data are expressed as the means (standard errors of the means) of at least three assays. The structures and abbreviations of the compounds are given in Fig. 2.

ND, not determined.

® This compound does not inhibit PLB activity but inhibits LPL and LPTA activities equally strongly (Table 2).
¢ Significantly different (P < 0.01) from the results for the inhibitor-free controls by the Dunnett multiple-comparison test.
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TABLE 4. MICs of the four compounds tested as antifungal agents for C. neoformans strain H99, C. neoformans reference strain ATCC
90112, and C. albicans reference strain ATCC 10231¢

C. neoformans H99

C. neoformans ATCC 90112 C. albicans ATCC 10231

Compound FW*
MIC (pg/ml) MIC (M) MIC (pg/ml) MIC (uM) MIC (pg/ml) MIC (uM)
A 581.0 0.58 1.0 0.29 0.50 0.58 1.0
P 732.8 0.80 1.1 1.83 25 6.45 8.8
(0] 631.0 110.4 175 220.8 350 220.8 350
D 418.3 146.4 350 36.8 88 146.4 350

“The MIC of the benchmark positive control, amphotericin B (formula weight, 924.0), for these fungi is 0.25 to 0.5 pg/ml (0.27 to 0.54 uM).

> FW, formula weight.

Since the phospholipase B protein, encoded by the CnPLBI
gene, contains PLB, LPL, and LPTA activities, the observation
that LPL and LPTA activities are mostly cytosolic yet PLB
activity is mostly secreted suggests that there could be a second
LPL-LPTA enzyme. Recently, we discovered a novel gene,
CnLYSOl, in C. neoformans (10) and have purified a secreted
protein with LPL and LPTA activities but no PLB activity
which is stimulated by calcium and which is active at pH 7.0
(Wright, unpublished). It now appears that a similar enzyme is
present in both the cytosolic and the membrane-associated
fractions. The membrane-associated LPL and LPTA activities
were stimulated by both calcium and magnesium. The unex-
pected stimulation of cell-associated PLB activity by calcium
and magnesium at pH 7.0 was probably due in part to PLA
activity, although this has not been proven.

In addition to the possibility of a second enzyme, the pre-
dominant activity (PLB or LPL and LPTA) of the phospho-
lipase B protein in a particular cellular compartment may be
dependent on the physiological conditions existing in that com-
partment. The protein may contain several active sites which
could be differentially exposed as a result of either environ-
mental conditions or posttranslational events. Previously we
showed that modifiers affected secreted PLB and LPL-LPTA
differentially at pH 4.0. The detergent Triton X-100 inhibited
both crude and purified secreted LPL and LPTA activities but
not PLB activity (7, 33), whereas FeCl; strongly inhibited all
three activities. In contrast, Triton X-100 inhibited all three
cell-associated activities to some extent, whether cytosolic or
membrane associated, especially at pH 7.0, which is the pH of
the cytosol. FeCl; showed little or no inhibition of cytosolic or
membrane-associated activities at pH 4.0 but showed signifi-
cant inhibition at pH 7.0.

Inhibition studies. The characterization studies demon-
strated that assay at pH 4.0 in the absence of added cations
measures both secreted and cell-associated phospholipase B
activities rather than PLA, PLD, or PLC activity. Three of the
four compounds tested (compounds A, P, and O) selectively
inhibited PLB and LPL-LPTA activities at concentrations in
the low-micromolar range. These results indicate that the bind-
ing profile for PLB differs from that of LPL-LPTA and that the
enzyme has two different active sites or two different binding
features in a single active site. This conclusion is supported by
the characterization of cell-associated phospholipase B activi-
ties and agrees with previous findings for the secreted enzymes
(5,7, 33). It will therefore be possible to establish which activity
is more relevant for cell viability and virulence and will provide

direction for the future design of inhibitors and further target
validation.

Both cytosolic and membrane-associated enzymes were
more resistant to inhibition by FeCl; and Triton X-100 than
the secreted enzyme when they were tested at pH 4.0 (5, 7, 33).
However, the compounds analogous to phospholipid sub-
strates (compounds A, O, and P) that inhibited either the PLB
activity or the LPL and LPTA activities, or both, in the se-
creted enzyme showed the same inhibition pattern with the
cytosolic enzyme, although the inhibition was about five times
less potent. This indicates that the binding properties of the
two enzymes are remarkably similar and that a single com-
pound can be used to target both enzymes. In contrast, al-
though the membrane-bound enzyme had low overall activity,
it was relatively resistant to phospholipase inhibition, and its
PLB activity was most strongly inhibited by the compound that
was selective for the LPL and LPTA activities in the cytosolic
and secreted enzymes. These data indicate that the membrane-
bound enzyme has a different binding site.

A novel finding was that the most potent inhibitors of PLB
or both PLB and LPL-LPTA also demonstrated antifungal
activity in a standard microdilution assay. The most active
compound (compound A), a bis-biguanidinium compound,
was as potent as the marketed antifungal drug amphotericin B.
The weaker PLB inhibitors exerted a weaker antifungal effect.
Compound O, which selectively inhibited LPL and LPTA ac-
tivities, had an MIC >350 puM.

Our data indicate that antifungal activity is correlated with
inhibition of PLB but does not prove a causal relationship.
Three of the compounds tested are nontoxic to humans and
have already been approved for use in other situations: com-
pound O as a component in liposomes for drug delivery (12),
compound D as an anticholinergic (26), and compound A as a
bactericidal agent for the treatment of gingivitis (9). Com-
pound P is known as an ion-pairing reagent (30). We found
compound P to have surprisingly low hemolytic activity (only
15% at a concentration 100-fold higher than the MIC). This is
the first report that a bis-(trialkylphosphonium)alkan exhibits
antifungal activity, and its low level of toxicity suggests that this
class of compounds, including the corresponding bis-ammo-
nium analogues, could be attractive molecules for further de-
velopment as antifungals. Since the bis-biguanido structure
offers the most promise for selectivity and also shows antifun-
gal activity, it is suitable as a platform for a directed synthesis
program aimed at understanding the structural basis for selec-
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tivity between fungal and mammalian phospholipases and for
the correlation of enzyme inhibition and antifungal activity.

It is noteworthy that a viral phospholipase has been reported
to be critical for infectivity (18). Moreover, compounds closely
related structurally to our inhibitors are bactericidal (25) and
have demonstrated antimalarial properties (4). Bacterial phos-
pholipases are well characterized (22, 34), and the consensus
sequence for phospholipases is present in the genome of Plas-
modium falciparum (15). Phospholipase activity has also been
detected (36). Microbial phospholipases may therefore be suit-
able targets for anti-infectives in general.
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