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The antifungal spirocyclic guanidine alkaloid, ptilomycalin A, from marine sponge Monanchora arbuscula,
inhibits melanogenesis of Cryptococcus neoformans in vitro through inhibition of biosynthesis of laccase in

the melanin biosynthetic pathway with an ICsg of 7.3 pM.
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Cryptococcus neoformans is an encapsulated fungal pathogen
that is responsible for cryptococcosis in immunocompromised pa-
tients such as those with AIDS, organ transplant recipients and
individuals receiving chemotherapy.! Cryptococcosis is also a seri-
ous problem in immunocompetent individuals.? New variants in-
clude C. neoformans var. gattii and C. neoformans var. grubii;> the
latter is implicated in the emergent cryptococcosis in the Pacific
Northwest region of the United States, with attendant fatalities.
C. neoformans var. gattii usually infects immunocompetent hosts.*
The high mortality rates associated with disseminated cryptococ-
cosis, particular cases that penetrate the blood-brain barrier
prompted our search for new therapeutic leads.

C. neoformans possesses three important virulent properties: (1)
ability to grow at 37 °C,® (2) production of polysaccharide capsule,®
and (3) ability to produce melanin.’> Melanization in C. neoformans
occurs when exogenous catecholamines such as dopamine, L.-dopa
and other neurotransmitters, are oxidatively polymerized by lac-
case.” The abundance of these melanin precursors in the central
nervous system may explain the unique tropism of cryptococcal
cells for the brain.®

Melanin in C. neoformans is deposited in the outermost layer of
the cell wall and contributes to increased cell wall thickness.® In vi-
tro studies demonstrated that melanin protects the fungal cells
against oxygen- and nitrogen-derived oxidants produced by host
effector cells.!® Melanized Cryptococcus is less susceptible to
phagocytosis by macrophages.!! Additionally, recent evidence sug-
gests that melanin decreases the susceptibility of C. neoformans to
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antifungal agents such as amphotericin B (AMB) and caspofun-
gin.'? These reports highlight the need for new agents that may
abrogate C. neoformans resistance. Since melanin is associated with
virulence and resistance of C. neoformans against AMB and caspo-
fungin, melanin biosynthetic pathway makes a potential target
for antifungal intervention. In this report we show that the marine
natural product, ptilomycalin A (1), inhibits melanization of C. neo-
formans and is a potent inhibitor of yeast laccase.

In our continuing search for mechanism-specific antifungal
compounds from marine organisms,'®> namely inhibitors of mela-
nin biosynthesis, we screened 342 crude extracts against melan-
ized clinical isolates of C. neoformans var. grubii (MAT o, H99
serotype A) and var. gattii (MAT o, serotype B). The fungal isolates
were grown in defined minimal medium'* with -dopa as the sub-
strate for melanization (opaque, dark pigmentation of the colonies)
as described previously.'® Our initial screening of marine sponges
by halo assay'” resulted in the identification of one active hit:
the extract of Monanchora arbuscula collected from the Bahamas.'®
The crude extract induced formation of non-melanized cells at the
halo surrounding the disk after 6 days of incubation. The plate was
incubated further for two days however, no melanization was ob-
served. These results, in conjunction with bioassay-guided isola-
tion-purification!” lead to the active compound ptilomycalin A
(1, Fig. 1), identified by spectroscopic analysis (MS, NMR) and com-
parison with literature values.'® Compound 1 was first isolated,
independently, from two different sponges: Hemimycale sp. from
the Red Sea,'®® and Ptilocaulis spiculifer'®< from the Caribbean,
and subsequently from two seastars from New Caledonia.'®%1°
We show, here, that bis-spirocyclic guanidine 1 is responsible for
inhibition of melanization in C. neoformans, and, to the best of
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Figure 1. Structure of ptilomycalin A (1).

our knowledge, is one of the most potent laccase inhibitors de-
scribed to date.

The effect of 1 on the melanization of C. neoformans was ob-
served through the course of our antifungal screening by the pa-
per-disk diffusion halo assay!® using amphotericin B (AMB,
Sigma) as a reference. C. neoformans were exposed to 1 or AMB
(delivered from stock solutions in DMSO) and allowed to grow
for 6 to 8 days in the presence of 1 mM L-dopa at 30 °C. Unlike
the incubations with AMB, the halo surrounding disks containing
1 (20 pg/disk) was not clear, instead a halo of non-melanized cells
were observed (Table 1). These cells were removed and washed
thoroughly with defined minimal medium without L-dopa to re-
move traces of 1. Washed cells were inoculated into defined min-
imal medium agar with 1 mM L-dopa and incubated for 6-8 days.
The cells were viable and able to melanize, indicating that 1 inter-
feres with melanization in C. neoformans. In contrast, AMB showed
a very clear zone of inhibition, confirming its potent fungicidal
activity (Fig. 2A). C. neoformans is known to produce melanins in
the presence of other catecholamines and the pigments vary with
the chemical structure of the substrate.2°

In order to determine whether or not melanization of C. neofor-
mans is inhibited by 1 in the presence of other catecholamines such
as epinephrine or dopamine, a halo assay was carried out. Non-
melanized cells on the halo surrounding the disk containing 1 were
observed in all cases (Table 1). Furthermore, these cells were viable
and able to melanize when transferred to defined minimal medium
agar with 1 mM dopamine or epinephrine. In contrast, AMB elic-
ited a consistent clear zone.

We further tested the effect of 1 on the melanization of C. neo-
formans in a liquid medium using microtiter plate assay and com-
pared it to other antifungal agents. An overnight culture of non-
melanized C. neoformans was diluted to fresh defined minimal
medium to an optical density of about 0.010-0.020. Cells were ex-
posed to sublethal concentrations of a weak laccase inhibitor (gly-
phosate, 200 pg/mL) or antifungal compounds (AMB, 0.0625 ng/
mL; miconazole (MCZ), 0.5 pg/mL) or 1 (0.8 pg/mL) and allowed
to grow for 10days in defined minimal medium containing
1 mM catecholamine (epinephrine, dopamine or L-dopa) at 30 °C.
Melanization and pigmentation in treated cells was observed visu-
ally after 10 days of incubation and compared to that of the control

Table 1
In vitro activities of 1 and AMB against melanized C. neoformans var. grubii and var.
gattii grown in the presence of catecholamines by the halo assay

Sample? Substrate P Halo diameter, mm
C. neoformans
var. grubii var. gattii
1 L-dopa 17¢ 17¢
Dopamine 15¢ 18°¢
Epinephrine 12¢ 12°¢
AMB i-dopa 21 17
Dopamine 18 22
Epinephrine 18 18

2 Concentration per disk was at 20 pg.

b Cells were grown in the presence of 1 mM catecholamine in the minimal
medium for 6-8 days to promote melanization.

¢ Halo surrounding the disk revealed the presence of non-melanized cells.

Epinephrine

Dopamine

Figure 2. (A) Halo assay of ptilomycalin A (1) and amphotericin B (AMB) against
melanized C. neoformans var. grubii. Cells were grown in defined minimal media
with 1 mM t-dopa. (B) Microtiter plate assay showing the effect of (1 and 6) DMSO,
(2) 1 0.8 pg/mL, (3) glyphosate 200 pg/mL, (4) AMB 0.0625 pg/mL, or (5) miconaz-
ole (MCZ) 0.5 pg/mL against C. neoformans var. grubii.

(cells, DMSO). In the presence of 1, only non-melanized cells grew,
however growth of melanized cells was observed in the presence
of AMB, glyphosate or MCZ (Fig. 2B).

The cells treated with 1 remained non-melanized after 21 days,
indicating that melanization is inhibited or delayed. AMB and MCZ
elicit antifungal activity by targeting membrane bound ergos-
terol?'? and biosynthesis of 14o-demethylase,?'® respectively,2%2!
but have not been reported to inhibit melanin biosynthesis. Gly-
phosate is a broad-spectrum herbicide which inhibits the 5-eno-
Ipyruvylshikimate-3-phosphate synthase in the shikimate
pathway for the biosynthesis of the phenylalanine and tyrosine;
the precursors of melanin.??> Glyphosate has also been reported
to inhibit melanization of C. neoformans;?> however, under our
conditions, glyphosate showed no significant inhibitory activity
on either growth or melanization of C. neoformans.

A drop test assay showed that 1 delayed the melanization of C.
neoformans. A culture of C. neoformans (107 cells/mL) containing 1
concentrations of 0, 0.06, 0.2, 0.6 and 2 pM was dropped into a
plate of defined minimal medium with 1 mM L-dopa and incubated
at 30 °C until melanization occurred. The delay in melanization
was shown to be dose dependent (Table 2). With concentrations
of 1 as low as 0.06 uM, melanization was delayed compared to a
culture without 1. At 2 uM, 1 delayed melanization until 25 days.
Taken together, the results obtained by the halo, broth and drop
test assays strongly suggest that melanogenesis of C. neoformans
is inhibited by 1. Since these long-term incubations eventually lead
to melanization, we cannot rule out that 1 is degraded under these
conditions.

Melanin biosynthesis in C. neoformans is catalyzed by laccase
that is expressed and localized in the outer layer of the cell
wall.'®24 This enzyme is capable of oxidizing a wide variety of aro-
matic diphenolic and catecholamine substrates but is unable to
oxidize monophenolic substrates such as tyrosine and tyramine.'®
Laccase production is increased when cells are grown in the ab-
sence of glucose.'® As ptilomycalin A (1) was observed to inhibit
the melanization of C. neoformans, we tested its effect on laccase
activity by a colorimetric method that monitors the production

Table 2
Ptilomycalin A (1) concentration-dependence of melanization in C. neoformans var.
grubii at 30 °C

Concentration of 1 (uM) Onset of melanization at 30 ‘C)days)

0 6
0.06 9
0.20 12
0.60 20
2.00 25




6656 D. S. Dalisay et al./Bioorg. Med. Chem. 19 (2011) 6654-6657

of ‘dopachrome’, a chromophoric intermediate (/max =480 nm)
formed during the oxidation of dopa and other catecholamines.?®
Cells were grown in the presence of asparagine salts and absence
of glucose to increase laccase production. The known non-specific
laccase inhibitor, sodium azide (NaNs3), was used as a positive
control for the assay.2® Cells, which were permeabilized by expo-
sure of the whole culture to toluene-ethanol (1:4), were shown
to oxidize the laccase substrate, epinephrine, and used in the inhi-
bition assay.

Purified laccase from Trametes versicolor (Sigma) was also
examined in a cell-free assay (Fig. 3).2°-28 Ptilomycalin A (1) inhib-
its laccase activity in a dose-dependent manner (Fig. 3A; ICso of
7.3 uM for C. neoformans and 4.7 uM for laccase of T. versicolor)
when compared with NaNj3 (Table 3). Similar results were observed
with dopamine and t-dopa (ICsq of 4.9 and 5.8 nM, respectively).
These data support the hypothesis that 1 suppresses melanogene-
sis of C. neoformans by inhibiting the enzyme responsible for its
biosynthesis.

We examined the interaction of ptilomycalin A (1) and AMB
against C. neoformans by a halo assay (Table 4). Ptilomycalin A
(1) alone at 10 pg showed the presence of non-melanized cells
on the halo surrounding the disk, while AMB at 2 pug showed a clear
zone of inhibition. Interestingly, when these two agents are com-
bined in cultures, an increase in the zone of inhibition was ob-
served but non-melanized cells were absent from the halo,
indicating that 1 synergizes the fungicidal activity of AMB. Syner-
gism of these two drugs can be understood from their known
modes of action. Laccase inhibition by 1 selects for propagation
of non-melanized C. neoformans cells. The more permeable, non-
melanized cells are rendered more susceptible to the antifungal
activity of AMB, a known membrane-disrupting agent, that forms
discrete ion-permeable pores through non-covalent assembly with
molecules of the fungal sterol, ergosterol.

Earlier reports characterized several biological activities of ptil-
omycalin A (1): cancer cell cytotoxicity,'®*? antifungal activity,'"
and anti-viral properties.'®¢-f Compound 1 inhibited the DNA poly-
merase activity of HIV reverse transcriptase (60% at 10 uM).2° The
work described here reveals the first example of inhibition, by 1, of
an oxidase enzyme (laccase). Laccases are proteins characterized
by tetranuclear copper belonging to the ‘blue copper oxidase’ fam-
ily that includes ascorbate oxidase. X-ray structures of fungal lac-
cases from Cerrena maxima®®® and Trametes hirsuta reveal similar
structures; the presence of four active cores, each populated by dif-
ferent by numbers of Cu(ll) atoms ligated to His residues. Struc-
tures of inhibitor-laccase complexes have yet to appear.
Inhibition of fungal cell growth by oxidases is a well-known
MOA. For example, the widely-used antifungal ‘azole’ drugs (e.g.,
Fluconazole™, 2, Fig. 4) act by inhibition of cytochrome P450 oxi-
dases, responsible for the biosynthesis of fungal ergosterol, and
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Table 3
Inhibition of laccase from Trametes versicolor (ICsos, LUM)* by ptilomycalin A (1) and
NaNs3

Inhibitors Epinephrine Substrate®
Dopamine 1-dopa

1° 4.7(0.24) 7.30 (0.54)¢ 4.9(0.20) 5.8 (0.04)

NaNs© 263(0.04) 329(0.07)¢ 257(1.09) 279 (0.05)

9 Each value is the mean of two experiments, standard error is given in
parenthesis.

b Epinephrine conc., 100 uM; Dopamine conc., 200 uM; -dopa conc., 300 UM.

¢ Ptilomycalin A conc. ranges from (0 to 1 mM); NaNs conc. ranges from (0 to
3 mM). Inhibitors were incubated with the enzyme for 30 min prior to addition of
the substrate.

4 1Cso values of cell-based assay

Table 4
In vitro activity of ptilomycalin A (1) and AMB, alone and in combination against C.
neoformans by halo assay.

Sample Dose. per disk (1g) Halo diameter mm
C. neoformans?®
var. gattii. var. grubii
AMB 2 10.0 15.5
1 10 9.50 ° 13.5°
AMB +1 2+10 15.0 21.0

2 Cells were grown in the presence of 1 mM L-dopa for 6 days.
Y Halo surrounding the disk revealed the presence of non-melanized cells.

Figure 4. Structures of fluconazole (2) and voriconazole (3).

owe much of their useful therapeutic indices to their lower affini-
ties for the analogous mammalian enzymes.

One report®! implicates inhibition of laccase and consequent
melanin formation in C. neoformans by the potent azole antifungal
voriconazole (3, Fig. 4), but, interestingly, not by fluconazole (2).
These results may implicate the triazole group in competitive
ligand exchange at one or more laccase His-Cu cores, but second-
ary structural features also appear to be important. We propose

100 B
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Figure 3. Dose-response curves for ptilomycalin A (1) against laccase from (A) C. neoformans var. grubii (whole-cell based assay) and (B) Trametes versicolor (cell-free assay).
Enzyme activity was measured using epinephrine as the substrate. Each value is expressed as mean * SE of the two experiments.
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that, under physiological conditions, the bis-spirocyclic guanidine
group of 1 interferes with the laccase Cu-His ligand field.

Structure-activity studies of ptilomycalin A (1) at the active
Cu(I)-His cores may illuminate the molecular structural features
required for potential laccase inhibitors that may show selectivity
for fungal enzymes over their mammalian counterparts. These
investigations, which include an expanded search for additional
laccase inhibitors from marine organisms, are ongoing in our
laboratories.

In summary, ptilomycalin A (1) from the marine sponge
M. arbuscula was shown to strongly suppress melanogenesis of C.
neoformans in vitro by potent inhibition laccase, a copper-contain-
ing oxidase responsible for the biosynthesis of fungal melanin. Ptil-
omycalin A (1) acts synergistically with AMB, thus enhancing the
antifungal activity of the latter. This study is the first report
demonstrating the anti-cryptococcal activity by 1 and suggests
that bis-spirocyclic guanidines may be worthy of investigation as
antifungal agents to suppress virulence in the CNS.
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