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Reversal of Fluconazole Resistance by Sulfated Sterols from the Marine Sponge Topsentia sp.
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Bioassay-guided fractionation of the extract of Topsentia sp. led to the identification of two new sulfated sterols,
geodisterol-3-O-sulfite (1) and 29-demethylgeodisterol-3-O-sulfite (2), the active constituents reversing efflux pump-
mediated fluconazole resistance. Both compounds enhanced the activity of fluconazole in a Saccharomyces cerevisiae
strain overexpressing the Candida albicans efflux pump MDRI, as well as in a fluconazole-resistant Candida albicans
clinical isolate known to overexpress MDRI. These results provide insight into the clinical utility of combining efflux
pump inhibitors with current antifungals to combat the resistance associated with opportunistic fungal infections caused

by C. albicans.

In recent decades, the occurrence of systemic fungal infections
has been on the rise, with the most dramatic increase taking place
among immunocompromised individuals, whose populations have
increased in parallel with the AIDS pandemic, chemotherapy
treatment for cancer, and organ transplantation. Among such
populations, especially those infected with HIV, low doses of
fluconazole (FLU) are often administered prophylactically to prevent
the occurrence of opportunistic fungal infections. Such prolonged
treatment has resulted in the appearance of azole-resistant pheno-
types of Candida albicans.'*

The azoles are a class of antifungal drugs that include triazoles
like FLU and imidazoles such as ketoconazole that inhibit ergosterol
biosynthesis by competitive inhibition of the enzyme lanosterol 14a-
demethylase. To date, multiple mechanisms of FLU resistance in
C. albicans have been identified and include point mutations in
the ERGII gene that codes for lanosterol 14a-demethylase,
alteration of other genes involved in ergosterol biosynthesis (e.g.,
ERG3), and decreased intracellular accumulation of FLU via
membrane-associated efflux pumps.' ~* Of the four major classes
of efflux pumps, two have been identified in C. albicans as
belonging to either the major facilitator superfamily (MDR), which
functions as an H'-antiporter, or the ATP-binding cassette super-
family (CDR), which requires ATP for active transport of FLU
out of the fungal cell.*

As part of an ongoing effort to discover efflux pump inhibitors
to treat FLU-resistant C. albicans, we have employed a whole cell
screen similar to that used by Lee et al.” to identify natural products
that reverse efflux pump-mediated FLU resistance.® Plasmids
containing C. albicans genes that encode the efflux pumps CDR1
and MDR1 have been incorporated into Saccharomyces cerevisiae
to produce a phenotypic resistance to FLU.”~® These azole-resistant
S. cerevisiae strains (along with a null pump strain) were used to
evaluate over 10 000 crude extracts of marine organisms from the
NCI Open Repository in the presence and absence of a low
concentration of FLU. Hits are selected on the basis of lack of
inherent antifungal activity but potent growth inhibition when tested
in combination with FLU in efflux pump-containing strains (little
to no synergy with FLU in the null pump strain). The marine sponge
Topsentia sp. was thus selected for bioassay-guided fractionation
due to significant enhancement of FLU activity (>9x) in the
genetically altered S. cerevisiae strain overexpressing the C.
albicans MDRI1 efflux pump. Subsequent bioassay-guided frac-
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tionation of the extract led to the isolation and identification of
two new sulfated sterols, geodisterol-3-O-sulfite (1) and 29-
demethylgeodisterol-3-O-sulfite (2). The isolation, structure elucida-
tion, and biological activities of 1 and 2 are discussed herein.

The initial bioassay-guided fractionation of the extract of
Topsentia sp. was carried out by using a Supelco LC-18 cartridge
eluted with aqueous MeOH. The actives that demonstrated a
synergistic effect with FLU against the S. cerevisiae MDR1 strain
were located in the two fractions (60% and 80% aqueous MeOH).
Subsequent scale-up reversed-phase chromatography of the extract,
monitored by bioassay and TLC comparison with the active
fractions mentioned above, yielded compounds 1 and 2.

HRESIMS data for compound 1 contained a pseudomolecular
ion at m/z 551.2397 corresponding to a molecular formula of
CysHyNayOgS. The presence of sulfur was supported by the
intensity of the [M + 2]" peak, which was about 7.7% of the
pseudomolecular ion peak. Evidence for the sulfate group came
from the strong asymmetric S=O stretch absorption at 1226 cm ™!
in the IR spectrum of 1.'°

The 3C NMR data of 1 indicated the presence of 28 carbons
comprising five methyl, seven methylene, 10 methine, and six
quaternary carbons (CpsHsg). Thus, the remaining two hydrogens
were assigned to two hydroxy groups attached to the carbons with
resonances at 0 74.5 (CH) and 78.0 (qC). The five methyls resonated
at 0 1.04 (6H, d, J = 7.2 Hz), 1.19 (3H, s), 1.37 (3H, ), 1.39 (1H,
d, J = 7.8 Hz), and 1.63 (3H, d, J = 6.6 Hz) in the 'H NMR
spectrum. This indicated that compound 1 might possess a steroidal
skeleton as in the sulfated sterols isolated from the same Topsentia
genus.'" A distinguishing feature of the '"H NMR spectrum of 1
was the presence of the resonances at ¢ 7.02 (brs), 7.05 (d, J =
8.4 Hz), and 7.23 (d, J = 8.4 Hz) attributable to a 1,2 4-trisubstituted
aromatic system. The six aromatic carbon resonances were identified
by HMQC and HMBC at 6 119.7 (CH), 122.4 (CH), 126.8 (CH),
138.1 (C), 138.6 (C), and 151.6 (C) from the eight aromatic/olefinic
carbon resonances in the downfield region of the '*C NMR
spectrum. Naturally occurring sterols with an aromatic ring system
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Table 1. NMR Data for Compounds 1 and 2 in Methanol-d,*
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1 2
Oc, mult. Oy, mult. (J in Hz) Oc, mult. Oy, mult. (J in Hz)

1 126.8, CH 7.23, d(8.4) 126.5, CH 7.24, d (8.5

2 119.7, CH 7.05, d(8.4) 119.4, CH 7.05, d (8.5

3 151.6, qC 151.1, qC

4 122.4, CH 7.02, brs 122.2, CH 7.02, brs

5 138.6, qC 1383, qC

6 30.5, CH, 2.87, a/b 30.6, CH, 2.87, a/b

7 28.6, CH, 1.34, a 28.7, CH, 1.49, a
1.91, B 1.92, B

8 39.0, CH 1.48, 39.1,CH 1.49,

9 45.2,CH 2.22, 45.2, CH 2.23,

10 138.1, qC 137.8, qC

11 27.5, CH, 1.56, B 27.6, CH, 1.55, p
2.29, a 2.32, a

12 41.7, CH, 1.41, a 41.7, CH, 1.44, a
2.5, B 2.8, B

13 444, qC 44.4,qC

14 54.6, CH 1.12 54.6, CH 1.15,

15 37.8, CH, 1.40, a 37.8, CH, 1.40, a
2.34, b 2.35, b

16 74.5, CH 4.67 74.4, CH 4.63,

17 61.0, CH 1.39, d (7.8) 61.1,CH 1.38,

18 15.3, CH; 1.19, S 15.5, CH;, 1.19, S

20 78.0, qC 779, qC

21 26.2, CH; 1.37, S 26.4, CH; 1.34, S

22 43.9, CH, 1.70, dt(4.2,13.2)a 43.9, CH, 1.82, dt (5.0, 12.3) a
1.87, b 1.93, b

23 24.9, CH, 2.08, dt (3.6,12.6) a 30.6, CH, 2.12, a/b
2.15, dt(5.4,12.6)b

24 1475, qC 157.2, qC

25 36.1, CH 2.27 35.1,CH 2.32

26 22.7, CH; 1.04, d(7.2) 22.5, CH; 1.08, d(7.4)

27 22.6, CH; 1.04, d(7.2) 22.5, CH; 1.08, d(7.4)

28 117.0, CH 5.25, q (6.6) 106.7, CH, 4.74, brs, a

4.717, brs, b
29 13.4, CH;, 1.63, d (6.6)

“ Data obtained at 600 MHz for '"H NMR and 125 MHz for '*C NMR for 1 and at 500 MHz for 'H NMR and 125 MHz for '*C NMR for 2. For 'H
NMR, well-resolved couplings are expressed with coupling patterns and coupling constants in Hz in parentheses. For overlapped signals, only chemical
shift values are given. Some geminal protons were denoted with a- or -orientation based on NOE evidence.

from marine organisms are rare. A literature survey showed that
there was only one compound, geodisterol (3), that was isolated
from the tropical marine sponge Geodia sp. and possessed an
aromatic A ring.'? On comparison of the NMR data of 1 with those
of 3, the close resemblance indicated that 1 was an O-sulfited
derivative of 3.

Upon solvolysis with pyridine and 1,4-dioxane, 1 afforded the
known geodisterol (3).'? The placement of the single sulfate group
in 1 was determined at C-3 since the C-2, C-4, and C-10 resonances
were shifted downfield (Ad + 7.2, 7.5, and 7.6 ppm, respectively)
compared to 3, while the C-3 resonance was shifted upfield (Ad
—2.7 ppm). This is consistent with the substitution effects of a
sulfate group on the aromatic ring.'? Analysis of the 2D NMR data
including COSY, HMQC, HMBC, and NOESY of 1 assigned its
'H and *C NMR chemical shifts as shown in Table 1. Thus, the
structure of 1 was elucidated as sodium (16S,208S,24FE)-16,20-
dihydroxy-19-norstigmasta-1,3,5(10),24(28)-tetraen-3-yl sulfate (geo-
disterol-3-0O-sulfite).

The absolute configuration of C-16 in 3 was determined as S by
Mosher’s method, while the absolute configuration of C-20 was
assigned as S on the basis of the NOE correlation between Me-21
and H-12."> We have further examined the issue concerning the
C-20 configuration in 1. According to the results reported by Nes
and Varkey,'*'> free rotation around the C-17—C-20 bond in 20-
hydroxysteroids is hindered when C-20 is tetrahedral but is
unhindered when C-20 is trigonal planar. Reasons for these
observations were based on steric interactions of the hydrogens of
Me-21 and C-22 with the hydrogens of C-16 and Me-18, which in
the case of 20S-hydroxysteroids results in a predominant conforma-
tion with the C-20 hydroxy group arranged pseudoaxially in front

and parallel to Me-18, and Me-21 arranged pseudoequatorially to
the rear. Such a conformation sets up a 1,3-diaxial interaction
between the C-20 hydroxy group and Me-18, which would be
reflected in a downfield shift for the Me-18 hydrogens relative to
cholesterol.’® Indeed, such a downfield shift for the Me-18
hydrogens of 1 is observed (0 1.19 vs 0.68 in cholesterol). Along
similar lines, hindered rotation around the C-17—C-20 bond would
put Me-21 in a different chemical environment depending on the
configuration of C-20, which, for example, would be reflected in
the chemical shift of the methyl hydrogens, as well as placing Me-
21 in close spatial proximity to the equatorial C-12 hydrogen in
208-hydroxysteroids. On the basis of this observation, the config-
uration of C-20 was deduced as S by comparison of the chemical
shift for Me-21 of 1 (6 1.37) with that of similar 20S- and 20R-
hydroxysteroids. For 20S- and 20R-hydroxysteroids, Me-21 reso-
nates at ca.  1.28 and ca. 0 1.13, respectively.'> Again, an NOE
correlation between Me-21 and the equatorial H-12f3 at 6 2.25 was
observed in the NOESY spectrum of 1, indicating that such NOE
evidence is reliable for the assignment of the C-20 absolute
configuration of this compound.

The HRESIMS spectrum for 2 showed a pseudomolecular ion
at m/z 537.2252, corresponding to the molecular formula
CxH39NayO6S. As for 1, the presence of sulfur was indicated from
the intensity of the [M + 2]* ion (8%). The IR spectrum also
showed the same strong asymmetric stretch absorption of the S=0
bond at 1229 cm™! seen in 1. Analysis of the '"H NMR spectrum
of 2 showed it to have marked similarities with that of 1 except
for the distinct absence of the methyl doublet at 0 1.63 present in
the '"H NMR spectrum of 1. Instead, the presence of a 1,1-
disubstituted double bond was evident from the proton resonances
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Figure 1. Dose—response curves for FLU alone (diamond) and in combination with 13 uM 1 (circle), 13 uM 2 (triangle), or 25 uM
beauvericin (square), in the null pump (A) and CDR1 (B) and MDR1 (C) S. cerevisiae strains and for FLU alone (diamond) and in combination
with 189 uM 1 (circle), 194 uM 2 (triangle), or 5.7 uM beauvericin (square) in C. albicans isolates 1587 (FLU-susceptible) (D) and 1758

(FLU-resistant via MDR1 efflux pumps) (E).

at 0 4.74 (brs) and 4.77 (brs). Further analysis of the '*C, COSY,
HMQC, and HMBC NMR data verified the structural similarities
and difference between 1 and 2, leading to the proposed structure
of 2, i.e., lacking the C-29 methyl group in the side chain of 1.
The similarity of the 'H and *C NMR chemical shifts of the
hydrogens and carbons around the stereogenic centers of compounds
1 and 2 (Table 1) as well as their similar specific rotation values
supports the proposal that they have the same absolute configuration.
Thus, the structure of 2 was established as sodium (165,205)-16,20-
dihydroxy-19-norergosta-1,3,5(10),24(28)-tetraen-3-yl sulfate (29-
demethylgeodisterol-3-O-sulfite).

Compounds 1 and 2 were evaluated for their FLU-resistance
reversal activity using a checkerboard assay® against the null pump
and CDR1 and MDRI1 S. cerevisiae strains. Figure 1 shows the
selectivity of 1 and 2 against the MDR1 efflux pump strain, with
1 exhibiting stronger synergistic activity with FLU compared to 2.
Compound 3 was also assayed for FLU-resistance reversal activity
and was found to have no activity, showing the sulfate group to be

necessary for MDR1 inhibition and synergy with FLU (data not
shown). The fractional inhibitory concentrations (FICs), which are
used to determine the extent of synergy or antagonism in combina-
tion treatment,'® are shown in Table 2.

In addition, both compounds were evaluated for their ability to
reverse FLU resistance in two different matched FLU-susceptible
and FLU-resistant patient isolates of C. albicans. FLU-resistant C.
albicans #17 (matched FLU-susceptible isolate #1) is reported to
possess several mechanisms of FLU resistance, including CDR1
and MDRI1 overexpression, as well as overexpression of ERGII
(formerly ERG16), the gene coding for FLU’s target, lanosterol
140-demethylase.'” FLU-resistant C. albicans 1758 (matched FLU-
susceptible isolate 1587) is reported to possess overexpression of
the MDR1 efflux pump as the sole mechanism of resistance.'®
Significant synergy with FLU was observed for both 1 and 2 (FIC
= 0.2 for both compounds) only in strain 1758 (Figure 1 and Table
2). Enhancement of FLU activity was not observed with strains
#1, 17, and 1587, suggesting that inhibition of the MDR1 efflux
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Table 2. Fractional Inhibitory Concentrations (FICs)“ of Combination Treatment FLU with 1, 2, and Beauvericin

S. cerevisiae S. cerevisiae S. cerevisiae C. albicans C. albicans C. albicans C. albicans
null pump” CDR1” MDRI1” #10< #1754 15874/ 1758%#
1 1.10 1.04 0.08 1.5 1.3 1.7 0.2
2 0.75 1.34 0.15 1.7 1.8 1.6 0.2
beauvericin 3.38 0.04 2.28 0.5 0.7 0.5 2.8

“FIC [(ICsy of test compound in combination with FLU/ICs, of test compound alone) + (ICsy of FLU in combination with test compound/ICs, of
FLU alone)] < 0.5 = synergistic; 0.51—1.0 = additive; 1.1—2.0 = indifferent; > 2.0 = antagonistic. * Concentration of 1 = 13 uM, 2 = 13 uM,
beauvericin = 26 uM. ¢ FLU-susceptible isolate. ¢ FLU-resistant isolate (multiple resistant mechanisms). ¢ Concentration of 1 = 189 uM, 2 = 194 uM,
beauvericin = 5.7 uM. / FLU-susceptible isolate. ¢ FLU-resistant isolate overexpressing MDR1 efflux pump.

pump alone may not be enough to counteract FLU resistance in
strains with multiple mechanisms of resistance.

The antimicrobial and antiprotozoal activities of 1—3 were
evaluated against Candida albicans, C. glabrata, C. krusei, Cryp-
tococcus neoformans, Aspergillus fumigatus, methicillin-resistant
Staphylococcus aureus (MRSA), Mycobacterium intracellulare,
Plasmodium falciparum (D6 and W2 clones),'® and Leishmania
donovani.**>' Of the compounds tested, none exhibited any inherent
antimicrobial or antiprotozoal activities, and all were shown to be
nontoxic against Vero cells up to the highest concentration tested
[9.00 uM (1), 925 uM (2), 11.2 uM (3)].>*> The lack of
antimicrobial/cytotoxic activity exhibited by 1 and 2 coupled with
the fact that they are active only in the presence of FLU in the
MDRI S. cerevisiae and FLU-resistant C. albicans 1758 strains
further suggest that their site of action is indeed the major facilitator
efflux pump MDRI. Such specific activity provides a sound
argument for the clinical utility of efflux pump inhibitors in
combination with currently used azole antifungals to approach azole-
resistant populations of C. albicans whose sole mechanism of
resistance is overexpression of the MDR1 efflux pump.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a Rudolph Autopol IV polarimeter. The IR spectra were obtained
on a Bruker FTIR OPUS spectrometer. A Varian UV/vis spectrometer
was used to acquire UV spectra. The 1D and 2D NMR data for 1 were
acquired on a Varian Inova 600 spectrometer operating at 600 MHz
for '"H and 150 MHz for '3C. 1D and 2D NMR data for 2 were acquired
on a Bruker AVX 500 spectrometer operating at 500 MHz for 'H and
125 MHz for *C. The 'H and '*C NMR spectra for 3 were acquired
on a Bruker DRX 400 spectrometer operating at 400 MHz for 'H and
100 MHz for *C and processed using MestReLab’s MNova software
(v. 2.2). The chemical shifts are relative to the NMR solvent methanol-
dy (Oy, 3.33; O, 49.0) for 1 and 2 and to TMS for 3. The HRESIMS
data were acquired on a Bruker-Magnex BioAPEX 30es ion cyclotron
high-resolution HPLC-FT spectrometer by direct injection. A Supelco
Supeclean LC-18 cartridge (C;s reversed-phase silica gel, 10 g) was
used for initial fractionation. Vacuum liquid chromatography (VLC)
was done with reversed-phase silica gel (Bakerbond ODS, 40 um, J.T.
Baker). TLC was conducted on Si gel sheets (Si gel 60 F254, Merck,
Germany) and reversed-phase glass plates (RP-18, F254s, Merck,
Germany). General procedures for the antimicrobial and cytotoxicity
assays have been described previously.®20~22

Sponge Material. The marine sponge Topsentia sp. (Halichondri-
idae) was collected in December 1992, from Chuuk, Federated States
of Micronesia (latitude: 07°08.70" N, longitude: 151°53.15" E) by divers
using scuba. The sponge was identified by Michelle Kelly Borges. A
voucher specimen was deposited in the Smithsonian Institute, Wash-
ington, DC (voucher #OCDNO0879).

Extraction and Isolation. The extraction process was carried out
at the NCI. Briefly, the sponge was allowed to thaw to 4 °C and
extracted with H,O. The aqueous mixture was centrifuged and the pellet
freeze-dried. The pellet was then extracted overnight at room temper-
ature with CH,Cl/MeOH (1:1). The organic layer was removed,
residual solvent evaporated in vacuo, and the crude extract stored at
—20 °C in the NCI Open Repository at the Frederick Cancer Research
and Development Center (Frederick, MD). The sponge extract was
obtained through the NCI Open Repository Program.

The initial bioassay-guided fractionation was carried out by using
100 mg of the extract, which was loaded onto a Supelco LC-18 cartridge

(10 g of reversed-phase silica gel). Elution of the cartridge with H,O,
40% MeOH, 60% MeOH, 80% MeOH, MeOH, and acetone (20 mL
each) afforded six column fractions. The activity was located in the
60% and 80% MeOH fractions, both showing an ICsq of 1.0 ug/mL, in
combination with FLU at 9 ug/mL, against S. cerevisiae MDR1 (the
ICsy’s of FLU and both column fractions were 90 and >14 ug/mL,
respectively). Subsequently, the extract (1.78 g) was fractionated using
reversed-phase VLC and an isocratic solvent system of 70% MeOH to
afford 20 fractions. The fractions were monitored by TLC comparison
with the aforementioned active fractions and bioassay. Compound 1
was obtained from fraction 10 (111.4 mg, yield 6.2%) and 2 from
fractions 6 and 7 (56.7 mg, yield 3.2%) in a pure state.

Geodisterol-3-O-sulfite (1): amorphous solid; [o]*p +14.7 (¢ 0.12,
MeOH); UV (MeOH) A« (log €) 202 (4.43), 268 (3.00) nm; IR (NaCl)
Vmax 3219 (br), 2920, 1633, 1226 (s), 1054 (s), 931, 823 cm™!; NMR
(methanol-d,), see Table 1; HRESIMS m/z 551.2397 [M — H + 2Na]"
(calcd for CygHy41Na,O4S, 551.2419).

29-Demethylgeodisterol-3-0-sulfite (2): amorphous solid; [o]*p
+14.5 (¢ 0.18, MeOH); UV (MeOH) A« (log €) 202 (4.22), 266 (2.73)
nm; IR (NaCl) v, 3254 (br), 2915, 1634, 1229 (s), 1057 (s), 933,
822 cm™'; NMR (methanol-d,), see Table 1; HRESIMS m/z 537.2252
[M — H + 2Na]™ (calcd for Cp;H30Na,OgS, 537.2262).

Solvolysis of 1. Compound 1 (52.8 mg) was dissolved in 10 mL of
4:1 pyridine/1,4-dioxane under Ar and kept in an oil bath at 80 °C for
1.5 h. The solvents were removed in vacuo, and the unpurified reaction
product was crystallized from MeOH to afford compound 3 (25 mg).

Geodisterol (3): [a]*p +74.0 (¢ 0.34, CH,Cl/MeOH, 9:1) [lit.'?
[op +67 (¢ 0.31, CH,C1,/MeOH, 9:1)]; IR (NaCl) vpa 3379 (br),
2919, 1620, 926, 820 cm™!; NMR data (see Supporting Information)
are in agreement with the literature values.'”

Assay for Reversal of Azole Resistance in S. cerevisiae and C.
albicans Strains. Samples were diluted in 0.9% saline and transferred
to 96-well microplates. C. albicans and S. cerevisiae inocula were
prepared in YPD broth to afford 1 x 10* cfu/mL after addition to the
samples. FLU (Sequoia Research Products, UK), dissolved in DMSO,
was added to the FLU + inocula at a concentration of ~1/10 (S.
cerevisiae) or ~1/3 (C. albicans) the ICs, (an equivalent volume of
DMSO alone was added to duplicate inocula for FLU — data).
Beauvericin (Sigma, St. Louis, MO) was included in each experiment
as a positive control for the CDR1 strain. The microplates were read
at 630 nm using an EL-340 Biokinetics microplate reader (Bio-Tek
Instruments, Winooski, VT) prior to and after incubation at 30 °C for
40—48 h (S. cerevisiae) or 37 °C for 24 h (C. albicans). For
checkerboard assays, FLU and diluted samples were transferred to
microplates to afford one compound running vertically and FLU
horizontally (all combinations of concentrations were generated). One
row or column was reserved for each test compound and saline only.
The microbial inocula were prepared as above without FLU or DMSO
and added to microplates. The fractional inhibitory concentration (FIC)
is calculated by the formula (ICsy of test compound in combination
with FLU/ICs of test compound alone) + (ICsy of FLU in combination
with test compound/ICsy of FLU alone).
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