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The pneumocandins are natural lipopeptide products of the echinocandin class which inhibit the synthesis
of 1,3-p-D-glucan in susceptible fungi. The lack of a corresponding pathway in mammalian hosts makes this
mode of action an attractive one for treating systemic infections. Substitution by an aminoethyl ether at the
hemiaminal and dehydration and reduction of the glutamine of pneumocandin Bo produced a semisynthetic
compound (L-733,560) with intrinsic water solubility, significantly increased potency, and a broader antifungal
spectrum. To evaluate the mechanism for the improved antifungal efficacy, we determined that L-733,560 was
a more potent inhibitor of glucan synthase activity in vitro, did not affect the other membrane-bound enzymes
tested, conferred susceptibility to lysis in the absence of osmotic support, and did not disrupt currents in
liposomal bilayers or 86Rb+ fluxes from liposomes. In AspergiUus species L-733,560 also produced the same
morphological alterations as pneumocandin Bo. A stereoisomer of L-733,560 with poor antifungal activity was
a weak inhibitor of glucan synthase. All of these results support the notion that the enhanced antifungal
activity of L-733,560 is achieved by superior inhibition of glucan synthesis and not by nonspecific membrane
effects or a second mode of action.

The echinocandins, pneumocandins, and papulacandins are

antifungal agents which inhibit the synthesis of 1,3-,3-D-glucan
in susceptible organisms (3, 26, 27, 35, 38-40, 42). Because the
likelihood of mechanism-based toxicity is reduced, inhibition
of the synthesis of a fungus-specific structure is an attractive
mode of action for antifungal drug candidates. In addition to
inhibition of in vitro glucan synthase activity, several observa-
tions on whole cells support the notion that these compounds
act to inhibit cell wall synthesis in intact fungi. First, osmotic
support prevents the lysis of cells treated with drug at the MICs
(13, 45). Since the intact fungal cell wall counteracts the high
turgor pressure of the protoplast, an agent which disrupts cell
wall integrity produces membrane swelling and 'ultimately
causes lysis in the absence of osmotic support. Second, suscep-
tible organisms undergo gross morphological changes after
treatment with these agents, consistent with cell wall alter-
ations (10, 13, 16, 22, 28, 33, 44). Third, whole-cell labeling
experiments which monitor macromolecular synthesis demon-
strate the preferential inhibition of cell wall synthesis (3, 13).
Lastly, Douglas et al. (21) recently showed that a mutation
responsible for pneumocandin resistance in Saccharomyces
cerevisiae cosegregates with enzyme activity resistant to inhibi-
tion by the pneumocandins.

Originally, semisynthetic derivatives of the natural products
were screened for reduced erythrocyte lysis, and this led to the
development of the echinocandin B-based analog cilofungin
(26, 27). The fatty acid side chain modification of the echino-
candin B nucleus that resulted in cilofungin did not signifi-
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cantly alter the in vitro potency of the lipopeptide against
Candida species compared with that of the natural product
(17). Newer side chain analogs of the echinocandin B nucleus,
such as LY303366 and LY307853, have improved antifungal
spectra and potencies (14, 15, 18). Unlike cilofungin, the
pneumocandin Bo analog L-693,989 was optimized for im-
proved water solubility (4). Recently, pneumocandin Bo deriv-
atives such as L-733,560, L-731,373, and L-705,589 have been
shown to be significantly more potent antifungal agents than
the corresponding natural product and have broader antifun-
gal spectra (1, 7). The aminopneumocandins have the advan-
tage of intrinsic water solubility (8). Given the potential of
these new derivatives as broad-spectrum therapies for systemic
fungal disease, we sought to demonstrate that one of these
analogs, L-733,560, like pneumocandin Bo, is a specific inhib-
itor of glucan synthesis. This report shows that L-733,560 is a

potent, specific inhibitor of fungal glucan synthesis, as deter-
mined by the standard tests for an inhibitor of cell wall
synthesis.

MATERIALS AND METHODS

Antifungal compounds. Pneumocandin AO (43), pneumo-
candin Bo (36), the semisynthetic pneumocandin L-733,560
(8), its stereoisomer L-734,735, and zaragozic acid A (6) were
provided by scientists at Merck Research Laboratories, Rah-
way, N.J. Figure 1 shows the structures of selected pneumo-

candins. All compounds were shown by high-performance
liquid chromatography (HPLC) to be >95% pure. Fluconazole
was obtained from Pfizer Central Research, Groton, Conn.,
5-fiucytosine was obtained from Hoffmann-La Roche, Nutley,
N.J., and amphotericin B was obtained from Bristol Myers-
Squibb, Princeton, N.J. Tyrocidin and tunicamycin were from
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FIG. 1. Chemical structures of 1,3-p-D-glucan synthesis inhibi-
tors.

Sigma (St. Louis, Mo.), and nikkomycin Z was from Calbio-
chem (La Jolla, Calif.).

In vitro antifungal activity. The in vitro antifungal suscep-

tibilities of Candida albicans, S. cerevisiae, and Aspergillus
fumigatus to the pneumocandins were determined (see Table
1). Yeast Nitrogen Base (Difco) with 2% glucose was used for
MIC and minimum fungicidal concentration (MFC) determi-
nations by a previously described broth microdilution assay (5).
Briefly, 104 yeast or conidia were inoculated into 0.15 ml of
medium containing twofold serial dilutions of test compound.
Growth was monitored visually after incubation for 48 h at
30°C for the MIC assay. For MFC determinations, aliquots
were taken from the microtiter dishes after 24 h at 30°C and
were inoculated onto solidified Sabouraud's medium with a

Dynatech 2000 inoculator (Dynatech, Inc.). The MFC was

defined as the well with the lowest concentration of compound
that showed fewer than four colonies. As a result of pneumo-
candin treatment, the mycelia of Aspergillus species are se-

verely altered in their growth, producing short, highly
branched filaments which appear as very compact clumps in
microtiter dilution wells (33). The morphological effect can be
scored macroscopically and quantitated as a minimum effective
concentration (MEC). For the assay for MEC determination
the same medium, inoculum, and growth conditions used for
the standard MIC determination were used, and end points
were determined visually as described by Kurtz et al. (33).

In vivo antifungal activity. An in vivo mouse model of
disseminated candidiasis which measures the efficacy of exper-

imental antifungal agents by the clearance of CFU from the
kidney (target organ kidney assay [5]) was used to evaluate
pneumocandin analogs. In brief, complement component C5-
deficient DBA/2N female mice (average weight, 19 to 21 g;

Taconic Farms, Germantown, N.Y.) were challenged intrave-
nously with 1 x 104 to 5 x 104 CFU of C. albicans MY1055.
The compounds were administered twice daily via intraperito-
neal injection at 0.001 to 0.375 mg/kg of body weight for 4 days

beginning immediately after infection (5). At day 7 after
infection, animals were euthanized, the kidneys were excised
and homogenized, and serial dilutions were plated to enumer-
ate the CFU per gram of kidneys. The analysis of variance test
of dose-response relationships with single degree of freedom
contrasts was used. The mean loglo number of yeast CFU per
organ was compared with those in the organs of sham-treated
controls by the multiple comparison procedure of Dunnett
(23). Inverse regression was used to estimate the dose which
reduced CFU-per-organ counts to 90% lower than those in
controls. All animal procedures were performed in accordance
with the highest standards for the humane handling, care, and
treatment of research animals and were approved by the
Merck Institutional Animal Care and Use Committee. The
care and use of research animals at Merck meet or exceed all
applicable local, national, and international laws and regula-
tions.

Erythrocyte lysis assay. The potentials for the compounds to
lyse erythrocytes were tested in a microtiter assay against
freshly drawn heparinized whole blood from humans or DBA/2
mice. The test compounds were dissolved in distilled water and
were tested at final concentrations of 0.20 to 400 pig/ml. The
4% erythrocyte suspension was added to each well, and the
results were determined after 2 h of incubation at room
temperature. The minimum lytic concentration was deter-
mined after visual observation as the lowest concentration of a
test compound that produced either complete (red) or partial
(pink) hemolysis, as determined by the colors of the superna-
tants of wells containing erythrocytes. Amphotericin 13 was
used as a positive control, producing a pinkish red color in the
supernatant when amphotericin B was present at 6.25 ,ug/ml,
while 5-flucytosine showed a clear supernatant at the highest
concentration tested (400 jig/ml).

Inhibition of 1,3-0-D-glucan synthase. Glucan synthase ac-
tivity was measured in microsomal membranes prepared from
A. fumigatus MF4839, C. albicans MY1055, and S. cerevisiae
W303-1A as described previously (5, 20, 33). The assay mea-
sures the synthesis of radiolabeled trichloroacetic acid (TCA)-
precipitable material from [3H]UDP-glucose. The reaction
mixtures were harvested onto glass fiber filter mats, washed
with water, blown dry, and counted. Each assay was run in
duplicate. Protein determinations were performed by the
dye-binding method (11). Activity was expressed as nanomoles
of product formed - minute-1 * milligram of crude protein-1.

In vitro enzyme assays. The inhibition of various membrane-
associated enzymes (chitin synthase [CHS], squalene synthase,
serine palmitoyltransferase) from fungal and mammalian
sources by L-733,560 was tested at L-733,560 concentrations of
up to 10 ,uM (11.7 ,ug/ml). The compound was tested at
concentrations of up to 2 ,uM in the myristoyltransferase assay,
which produces a membrane-associated product. CHS I and
squalene synthase activities were measured in microsomal
membranes prepared from S. cerevisiae W303-1A and C.
albicans MY1055 as described by Cabib et al. (12) and
Bergstrom et al. (6), respectively. The CHS I assay measures
the formation of the TCA-precipitable material formed from
[3H]UDP-N-acetylglucosamine under conditions in which
CHS I activity predominates over CHS II and III activities
(37). Squalene synthase activity was measured by the incorpo-
ration of the radiolabeled water-soluble substrate (farnesyl
pyrophosphate) into organic solvent-extractable product
(squalene). For the measurement of myristoyltransferase ac-
tivity in cell-free extracts of S. cerevisiae and C. albicans, the
formation of radiolabeled N-myristoylated peptide from
[3H]myristoyl coenzyme A (CoA) and an octapeptide substrate
(GNAAAARR-NH2) was monitored by HPLC as described
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previously (41). Serine palmitoyltransferase activity in HeLa
cells and C. albicans microsomes was quantitated by measuring
the formation of radioactive ketodihydrosphinogine from
palmitoyl CoA and radiolabeled serine (30).

Whole-cell macromolecular synthesis. The effect of L-733,560
on macromolecular synthesis in C. albicans MY1055 was
determined by whole-cell labeling experiments. Exponential-
phase yeast cells growing in CMS (1% Bacto Peptone, 0.5%
yeast extract, 1 p.M adenine, 1 ,uM leucine, 0.05% glucose, 0.8
M sorbitol) were treated with the test compounds at their
MICs. During the treatment period, the cells were radiola-
beled with 0.2 ,uCi of [8-'4C]adenine per ml, 1.0 ,uCi of
L-[4,5-3H(N)]leucine per ml, or 0.2 ,uCi of D-[1-'4C]glucose per
ml. The amount of adenine and leucine incorporated into
RNA and protein, respectively, was determined by adding 1
volume of 10% TCA to cells labeled for 30 min and collecting
the TCA-insoluble pellet on glass fiber filters (Whatman
GF/A). Adenine incorporation into DNA was determined
following a 60-min treatment period with alkaline hydrolysis as
described previously (29). Cells treated and labeled for 30 min
with glucose were precipitated with TCA, washed, and frac-
tionated into alkali-soluble and alkali-insoluble fractions by the
procedures described by Bowers et al. (9). The alkali-insoluble
residue was extracted with 0.5 N acetic acid at 90°C for 2 h, and
the residue was washed with water. The acetic acid extract,
which consists of either glycogen or 3-(1,6)-glucan, contained
less than 10% of the total counts in the alkali-insoluble pellet.
The acetic acid extract was not characterized further. The
pellet remaining after acetic acid extraction was treated with
either at-amylase (A-2643; Sigma) or laminarinase (L-9259;
Sigma) for 24 h at 30°C in 0.05 M acetate buffer (pH 5.4). The
radioactivity associated with the alkali-insoluble, acetic acid-
insoluble pellet from control and L-733,560-treated cells was
quantitatively solubilized by laminarinase digestion, but the
pellet was resistant to ot-amylase. Mannoprotein was recovered
from the alkali-soluble fraction by precipitation with Fehling's
reagent as described by Baguley et al. (3). No radioactive
material was detected in the alkali-soluble polysaccharide
extract, which was recovered as an ethanol precipitate of the
alkali-soluble extract.

Lipid bilayer experiments. Artificial lipid bilayers were
formed by painting a solution of egg yolk lecithin (60%
phosphatidylcholine) at 50 mg/ml across a small hole separat-
ing two aqueous compartments. An electrochemical gradient
was established across the bilayer either by applying a voltage
to one side or by elevating the ion concentrations on one side.
The currents across the bilayer were measured by conventional
voltage clamp techniques. The lipids readily formed bilayers of
100 to 200 pF. Experiments were done either with 150 mM
NaCl-10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid; pH 7.2) on both sides of the bilayer or with
150 mM NaCl-10 mM HEPES (pH 7.2) on one side and 25
mM NaCl-10 mM HEPES (pH 7.2) on the other side to
determine the ion selectivities of the currents induced by
pneumocandins. Control measurements of membrane currents
were done for about 1 h before drug application to ensure that
the bilayer was stable. Because no currents were observed in
the control, the currents observed after the addition of the
drugs were attributed to the effects of the drugs.

Preparation of liposomes. L-oL-Phosphatidylcholine (P-5394;
Sigma) liposomes were prepared in 50 mM potassium phos-
phate (pH 7.4) at a concentration of 50 mg of lipid per ml. The
suspension of lipids and buffer was sonicated until clarity under
N2 in a water bath sonicator. Liposomes were frozen in liquid
N2 in the presence of 10 mM RbCl and were stored at -70°C.
An aliquot of thawed liposomes was sonicated until clarity in a

TABLE 1. Comparison of MICs and IC50s of L-733,560 and
pneumocandin Bo for glucan synthase in three fungi

C. albicans S. cerevisiae A. fumigatus
MY1055 W303-1A MF4839

Compound
MIC IC50 MIC IC50 MEC IC50

(lxg/ml) 04gml) (lg/ml) GLg/ml) (,ug/ml) (,ug/ml)
Pneumocandin Bo 1.0 0.070 8.0 >10.6 0.71 0.067
L-733,560 0.15 0.001 0.25 1.3 0.05 0.027

water bath sonicator. Then, valinomycin was added at a final
concentration of 20 ,uM; this was followed by the addition of
0.5 mCi of 86RbCl per ml. 86Rb+ efflux was performed in the
following manner. An aliquot (2 RI) of liposomes was diluted
200-fold into 50 mM sodium phosphate (pH 7.4) in the
presence or absence of other compounds. The suspension was
immediately mixed on a vortex mixer and was incubated at
room temperature. At a given time, 3.5 ml of ice-cold sodium
phosphate (pH 7.4) was added, the sample was immediately
filtered (0.22-p.m-pore-size GSWP 02500 filter; Millipore), and
the filter was washed once with the same cold buffer. The
radioactivity retained on the filters was determined by liquid
scintillation spectrometry.

RESULTS

In vitro antifungal activity and inhibition of glucan synthase
by L-733,560. A direct comparison of the antifungal activities
of L-733,560 and pneumocandin Bo against C. albicans, S.
cerevisiae, and A. fumigatus showed that L-733,560 is 15-, 32-,
and 12-fold more potent than pneumocandin Bo, respectively,
as determined by measuring the MIC and the MEC (Table 1).
In view of the known activities of the pneumocandins against
the glucan synthases of C. albicans and A. fumigatus, the
possibility that the semisynthetic analog is a more potent
inhibitor of the enzyme was tested. Table 1 shows that the 50%
inhibitory concentration (IC50) of L-733,560 is 70-fold lower
than that of pneumocandin Bo for C. albicans, at least 8-fold
lower for S. cerevisiae, and -2-fold lower forA. fumigatus. The
analog is not nearly as potent against the S. cerevisiae enzyme
as it is against the glucan synthase activity from the pathogens.
The enhanced potency of L-733,560 against the Aspergillus
enzyme was much smaller than that against the other fungi.
Inhibition of the S. cerevisiae enzyme by pneumocandin Bo was
barely detectable, and IC50 determinations may have been
complicated by the insolubility or micelle formation of the
compound at the high concentrations required. For C. albicans
MY1055 and A. fumigatus MF4839, the IC50s of L-733,560
against the crude enzyme preparation were 15- and 2-fold
lower, respectively, than the MIC or MEC for the whole cell.
Thus, the enhanced inhibition of glucan synthase is sufficient to
account for the growth-inhibitory effects seen in drug-treated
cells of these organisms. In contrast, the MIC for S. cerevisiae
was fivefold lower than the observed IC50 for the in vitro
enzyme preparation.

L-733,560 does not inhibit other membrane-bound enzymes.
The increased potency of L-733,560 against the in vitro glucan
synthase activities from the yeasts raised the possibility that the
analog has the ability to inhibit membrane-associated enzymes
in a general fashion. To test this hypothesis, inhibition of
fungal membrane-associated activities, CHS I, serine palmi-
toyltransferase, and squalene synthase was tested (Table 2).
There was no detectable inhibition of the CHS at concentra-
tions as high as 10 p.M (11.7 p.g/ml), which is 10,000-fold higher
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TABLE 2. Effects of L-733,560 and pneumocandin Bo on selected
yeast and mammalian in vitro enzyme activities

Highest

Assay Membrane concn (p.M Sassociated [,ug/m1]) Inhibition
tested

CHS I (S. cerevisiae) Yes 10 (11.7) 0
CHS I (C. albicans) Yes 10 (11.7) 0
Serine palmitoyltransferase Yes 10 (11.7) 0

(C. albicans)
Serine palmitoyltransferase Yes 1 (1.2) 0
(HeLa cells)

Squalene synthase Yes 10 (11.7) 12
(S. cerevisiae)

Myristoyltransferase No 2 (2.3) 41
(S. cerevisiae)

than the IC50 for C. albicans glucan synthase and 10-fold
higher than that for the S. cerevisiae enzyme (Table 1). Under
the conditions used, nikkomycin Z, a known competitive
inhibitor of CHS, has an IC50 of 0.6 ,uM. L-733,560 at 10 ,uM
was a very poor inhibitor of S. cerevisiae squalene synthase and
a very weak inhibitor of the soluble myristoyltransferase activ-
ity. Zaragozic acid A has an IC50 of 0.3 nM for the yeast
squalene synthase in this assay. The weak inhibition of the
myristoyltransferase activity was 100-fold less than the inhibi-
tion of the glucan synthase activity of S. cerevisiae.

Stereoisomer of L-733,560 is not a potent glucan synthase
inhibitor. Polycationic compounds have the potential to inter-
act with anionic sites on cell membranes and may thus affect
the activities of membrane-associated enzymes (34). Exog-
enously supplied polyamines have been reported to activate
Ca2"-dependent glucan synthase activity from soybeans in
vitro (31, 32). Spermine and spermidine treatments result in
the production of abnormal septa and elongated, malformed
cell walls in S. cerevisiae (34). The fact that L-733,560 has been
modified by the addition of two charged amines suggests that
perhaps the increased potency of L-733,560 is due to a
structurally nonspecific membrane-perturbing effect. Thus, it is
noteworthy that L-734,735, a stereoisomer of L-733,560, unex-
pectedly inhibits glucan synthase only weakly (Table 3).
L-734,735 was 26-fold less potent than L-733,560 in inhibiting
the in vitro enzyme. The MFCs and efficacies of L-733,560 and
L-734,735 in the animal model of candidiasis mirrored the
difference in IC50 for the glucan synthase of C. albicans.
Neither compound was significantly lytic for human erythro-
cytes at concentrations (200 to 400 ,ug/ml) many times the
concentration needed to kill C. albicans in vitro (Table 3).

Effect of L-733,560 on currents in lipid bilayers and 86Rb+
fluxes from liposomes. To test if L-733,560 has an enhanced

TABLE 3. Biological properties of L-733,560 and its
stereoisomer L-734,735

Compound MLC IC50 MFC TOKA EDseCompound (p.gIml)a (p.g/ml)b (p.g/ml)C (Mgfkg)d

L-733,560 400 0.001 0.15 0.03
L-734,735 200 0.028 2.0 >0.38

a MLC, minimum lytic concentration for erythrocytes.b Glucan synthase of C. albicans MY1055.
C. albicans MY1055 was used.
dTOKA EDse, target organ kidney assay for estimation of the dose that

reduced the CFU-per-organ counts to 90% lower than those in controls. C.
albicans MY1055 was used.

membrane-perturbing effect compared with pneumocandin Bo,
both compounds were assayed for their abilities to induce
currents in lipid bilayers and affect 86Rb+ fluxes from lipo-
somes. Lipid bilayers that had high resistances (>1010 fQ) and
that were stable under control conditions for more than 1 h
were formed. The membrane potential of the lipid bilayer was
pulsed from 0 to -40 mV, and pneumocandin Bo or L-733,560
was added to the solution on one side of the membrane. The
addition of 10 ,ug of pneumocandin Bo per ml had no discern-
ible effect, while the addition of 20 ,ug of pneumocandin Bo per
ml caused the appearance of small irregular currents during
steps to -40 mV, and the addition of 50 ,ug of pneumocandin
Bo per ml caused the appearance of larger irregular currents
and often broke the bilayer. L-733,560 at 10 ,ug/ml induced
currents equal to or greater than those observed with 20 ,ug of
pneumocandin Bo per ml, while L-733,560 at 20 p,g/ml caused
larger irregular currents, and 50 ,ug of L-733,560 per ml caused
large leaky currents and typically broke the bilayer. L-734,735,
a stereoisomer of L-733,560 which is a less potent enzyme
inhibitor and antifungal agent than L-733,560, was as effective
as L-733,560 in causing leaks in bilayer experiments. Experi-
ments were done with an asymmetric gradient of NaCl (150
mM on one side and 25 mM on the other side) in order to
assess the ionic selectivities of the currents induced by these
compounds. Under these conditions, at 0 mV the currents
flowed from the side with 150 mM NaCl to the side with 25
mM NaCl, demonstrating that the current was predominantly
carried by cations rather than anions.
When liposomes equilibrated with 86Rb+ are diluted into

sodium phosphate in the presence of valinomycin, efflux of the
cation occurs very slowly (i.e., after 20 min more than 95% is
still retained by the liposomes). This phenomenon is due to the
formation of a membrane potential, which is negative inside,
that is maintained for long periods of time because of the
impermeability of the liposomes to counterions (25). The
addition of carbonyl cyanide m-chlorophenylhydrazone, which
increases the permeability of the membrane to protons and
results in the dissipation of the membrane potential, causes a
marked increase in the rate of 86Rb+ efflux (half-life of 1 min).
Moreover, even more rapid rates of efflux (half-lives of < 1
min) are observed when potassium is added because of the
electroneutral exchange of 86Rb+ with potassium via valino-
mycin or when nigericin is added because of the electroneutral
exchange of Rb+ with protons. These results demonstrate that
the liposomes are highly impermeable to the ions present in
the reaction mixture. Therefore, any agent that causes an
increase in membrane permeability should enhance the rates
of 86Rb+ fluxes. When Rb+ efflux is monitored in the presence
of either pneumocandin Bo or L-733,560 at 50 ,uM, the rate of
disappearance of the cation from the liposomes is identical to
that seen under control conditions. Thus, under these experi-
mental conditions, neither compound appears to affect the
permeabilities of the liposome membranes. Other experiments
in which the liposomes were either pretreated with 50 jiM
L-733,560 or diluted in the presence of up to 150 jiM
L-733,560 gave identical results. As another test of the reliabil-
ity of the assay for detecting membrane-disruptive agents,
different compounds were included in the dilution buffer at 20
jig/ml; these included cetyltrimethylammonium bromide, poly-
myxin, tyrocidin, gramicidin S, amphotericin B, moenomycin,
vancomycin, and tunicamycin. Of all of these compounds, only
tyrocidin, gramicidin S, and amphotericin B caused a marked
increase in the rates of 86Rb+ efflux, suggesting that these
compounds can alter the permeabilities of the liposomes.

Preferential inhibition of glucan synthesis in whole cells. In
order to show that the potent in vitro enzyme inhibition
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TABLE 4. Effects of inhibitors on precursor incorporation into macromolecules of C. albicans MY1055

% Control incorporation
Macromolecule L-733,560 L-733,560 Amphotericin B Tyrocidin Tunicamycin

(0.10 jig/ml [0.09 puM]) (29 pig/ml [25 ,uM]) (2.5 jg/ml) (25 pg/ml) (25 .g/ml)

Protein 100 55 52 29 184
DNA 80 28 15 <0.1 82
RNA 84 17 34 0.9 67
P-1,3-Glucan 46 18 43 2.1 74
Glycoprotein 94 29 35 1.7 29

observed with L-733,560 correlates with the specific inhibition
of glucan biosynthesis in whole cells, the effects of inhibitors on
precursor incorporation into macromolecules were deter-
mined. The synthesis of protein, DNA, RNA, glucan, and
glycoprotein by C. albicans MY1055 cells treated with ampho-
tericin B (a membrane perturbant), tyrocidin (a membrane
lytic agent), tunicamycin (inhibitor of glycoprotein synthesis),
and L-733,560 at their MICs was determined and compared
with synthesis in untreated cultures (Table 4). L-733,560
preferentially inhibited glucan synthesis. The inhibition pattern
is unlike that of the membrane-active agents amphotericin B
and tyrocidin or like that of tunicamycin, which showed specific
inhibition of glycoprotein synthesis. At 250 times the MIC,
L-733,560 no longer specifically inhibited glucan synthesis.

Protection by osmotically supported media. One of the
characteristics of the known glucan synthase inhibitors (echi-
nocandins, papulacandins, and pneumocandins) is the protec-
tion against cell lysis by osmotic stabilization (13, 45). The
effects of pneumocandin Bo and L-733,560 on the viability of C.
albicans MY1055 and C. albicans MY1208 after 12 h of drug
treatment with and without 1.0 M sorbitol are given in Table 5.
In osmotically supported Yeast Nitrogen Base glucose me-
dium, a significant portion of the yeast cells survived drug
treatment which caused a 1,000-fold decrease in the CFUs in
medium without osmotic support. The degree of protection
afforded by 1.0 M sorbitol is similar for pneumocandin Bo and
L-733,560, consistent with the model that interference with cell
wall integrity is the mode of action of both compounds. This
observation was confirmed in an experiment designed to
determine the optimal concentration of drug for whole-cell
labeling of macromolecules. In that experiment, rich medium
with a reduced level of glucose (see Materials and Methods)
was used. The concentration of L-733,560 was varied from 1
times the MFC (0.1 ,ug/ml) to 250 times the MFC (25 ,ug/ml),
and the reversibility of the fungicidal effects on viability was
determined after 16 h of drug treatment. Protection by sorbitol

was most evident at the MFC (0.1 ,ug/ml), with greater than 2
log units of reversal (data not shown). Cell death was not
prevented by the presence of sorbitol in the medium at very
high concentrations (25 jig/ml) of L-733,560 (data not shown).

Morphological alterations induced by L-733,560. Previous
studies showed that pneumocandin Bo causes the hyphae ofA.
fumigatus to grow abnormally, with highly branched tips,
swollen germ tubes, and many distended, balloon-like cells
(33). Figure 2 shows that L-733,560 has similar morphological
effects on A. fi4migatus cells. The gross appearance of the
hyphae made during treatment is the same whether pneumo-
candin Bo or its semisynthetic analog is used. L-733,560
induces the effect at lower concentrations, consistent with the
MEC ranking above.

DISCUSSION

The data in this report support the hypothesis that the new
semisynthetic derivatives of pneumocandin Bo, with increased
potencies and spectra of activity compared with those of the
natural product (2, 8), achieve their enhanced antifungal
activities by their superior inhibition of glucan synthesis and
not by nonspecific membrane effects or a second mode of
action. As expected for an inhibitor of cell wall synthesis,
L-733,560 conferred susceptibility to lysis in the absence of
osmotic support. Inhibition of glucan synthase was demon-
strated at the in vitro enzyme level (Table 1) and in whole-cell
labeling studies (Table 4). The IC50s were low enough to
account for the MICs of both the natural product and the
semisynthetic analog for A. fumigatus and C. albicans. The
ratios of MIC-MEC/IC50 for the natural product were quite
similar for A. fumigatus and C. albicans: 11- and 14-fold,
respectively (Table 1). We would expect that if the inhibition of
the enzyme were the sole limiting factor in antifungal activity,
the ratio of enzyme inhibition to whole-cell activity would
remain the same with the more potent analog. In fact, the ratio

TABLE 5. Viabilities of Candida strains treated with antifungal agents with and without sorbitol

CFU/ml in
Strain and compound Concn (,ug/ml) Fold protection

Medium alone Medium + sorbitol

C. albicans MY1208
Dimethyl sulfoxide control 7.5 x 105 1.0 X 106 1
Pneumocandin Bo 4.0 3.3 x 102 1.2 x 104 36
L-733,560 0.3 4.1 x 102 6.5 x 103 16
Amphotericin B 2.0 7.0 x 101 1.5 x 102 2

C. albicans MY1055
Dimethyl sulfoxide control 3.0 x 104 7.7 x 104
Pneumocandin Bo 4.0 1.0 X 102 1.1 x 103 11
L-733,560 0.3 0.6 x 102 1.6 x 103 26
Amphotericin B 2.0 2.1 X 102 0.4 x 102 <1
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FIG. 2. Light micrograph of drug-induced morphology changes in
A. fumigatus MF4839. (A) Control; (B) treatment with 2 ,ug of
L-733,560 per ml. Magnification, X284.

for the semisynthetic analog was down to 2-fold for A. fumiga-
tus and increased to 150-fold for C. albicans (Table 1). These
results suggest that another factor such as net charge may also
be important in determining the in vitro activity of the
pneumocandin class of compounds. A better comparison can

be made with the L-733,560 and its stereoisomer (Table 3). In
this case, in which both compounds would be expected to have
the identical charge, the ratio for C. albicans is 76-fold, which
is much closer to the 150-fold seen for L-733,560 and within
the 2-fold accuracy of the MIC determination.
The IC50s of the pneumocandins for the S. cerevisiae crude

microsomal enzyme, however, appear to be too high to account
for the MIC for this organism (Table 1). Nonetheless, the more
potent compound, L-733,560, was a more potent inhibitor of
the S. cerevisiae enzyme, suggesting that at least some of the
enhanced anti-S. cerevisiae activity might be due to the inhibi-
tion of glucan synthesis. Characterization of the enzyme activ-
ity from an S. cerevisiae wild-type strain and a mutant resistant

to L-733,560 provides genetic evidence that glucan synthesis is
the target in this yeast (21). Enzymatic activities from both
strains were inhibited by L-733,560 in a dose-dependent fash-
ion, but much higher concentrations were required to achieve
50% inhibition with crude microsomes from the mutant (IC50
of 50 ,uM for mutant versus 1 ,uM for the wild type [21]). The
50-fold differential in IC50 matches the 50-fold difference in
MIC (8 ,ug/ml for the mutant versus 0.25 ,ug/ml for the wild
type). The relatively poor inhibition of in vitro enzyme activity
by pneumocandin Bo may reflect the crude state of the enzyme
preparation rather than the actual inhibition of the activity in
vivo. In fact, most investigators have reported difficulty in
demonstrating that this yeast enzyme is susceptible to echino-
candin-like compounds, despite obvious fungicidal activity
against the whole organism (19, 24). On the other hand,
Yamaguchi et al. (44) reported on the inhibition (70%) of S.
cerevisiae enzyme activity with aculeacin A at 1 ,ug/ml. They
could not achieve a complete inhibition and, in fact, saw
reduced levels of inhibition at higher concentrations which
they attributed to the formation of insoluble micelles. We also
observed a lack of complete inhibition with the S. cerevisiae
enzyme when the sparingly soluble natural product pneumo-
candin Bo was used. These different observations are similar to
observations of echinocandin enzyme inhibition with C. albi-
cans membrane preparations (28, 35). Here, too, the IC50 of
the enzyme did not account for the growth inhibition of the
yeast. A more accurate assessment of the in vitro inhibition
awaits purification and characterization of the enzyme.
Enzyme inhibition by L-733,560 appears to be specific for

glucan synthase; the compound did not affect other fungal
membrane-bound enzymes such as CHS I or squalene syn-
thase, although an exhaustive survey of potential enzymes
might demonstrate the inhibition of some enzymes. In fact,
some weak inhibition of myristoyltransferase activity was seen
(Table 2), but at concentrations that were much too high to
account for the inhibition of growth of whole cells. The effects
on myristoylation were not specific to the more potent pneu-
mocandin analogs. Pneumocandin Bo produced nearly the
same level of inhibition of the enzyme as the semisynthetic
compound at 2 ,uM (data not shown). In addition, attempts to
show the membrane-perturbing effects of L-733,560 in lipid
bilayers or by the production of 6Rb flux in liposomes failed to
show appreciable differences among L-733,560, its isomer, and
pneumocandin Bo. The abilities of these compounds to cause
currents in bilayer experiments at high concentrations (50 ,uM)
may explain the inability of osmotic support to prevent cell lysis
at similar drug concentrations.

In summary, the present study demonstrates that L-733,560
is a potent, specific inhibitor of fungal glucan synthesis. The
enhanced whole-cell activity of this pneumocandin derivative
against C. albicans and A. fumigatus can be attributed to the
increased level of inhibition of the glucan synthase. Further-
more, L-733,560 and its relatively inactive stereoisomer
L-734,735 show promise for elucidating the interactions of
pneumocandins with an essential cell wall biosynthetic process
in a genetically tractable organism, S. cerevisiae, as well as the
clinically important pathogens.
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