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ABSTRACT Cryptococcus neoformans is a pathogen that is common in immunosup-
pressed patients. It can be treated with amphotericin B and fluconazole, but the
mortality rate remains 15 to 30%. Thus, novel and more effective anticryptococcal
therapies are needed. The troponoids are based on natural products isolated from
western red cedar, and have a broad range of antimicrobial activities. Extracts of
western red cedar inhibit the growth of several fungal species, but neither western
red cedar extracts nor troponoid derivatives have been tested against C. neoformans.
We screened 56 troponoids for their ability to inhibit C. neoformans growth and to
assess whether they may be attractive candidates for development into anticrypto-
coccal drugs. We determined MICs at which the compounds inhibited 80% of cryp-
tococcal growth relative to vehicle-treated controls and identified 12 compounds
with MICs ranging from 0.2 to 15 wM. We screened compounds with MICs of =20
uM for cytotoxicity in liver hepatoma cells. Fifty percent cytotoxicity values (CCsqS)
ranged from 4 to >100 uM. The therapeutic indexes (Tl, CC;o/MIC) for most of the
troponoids were fairly low, with most being <8. However, two compounds had TI
values that were >8, including a tropone with a Tl of >300. These tropones are fun-
gicidal and are not antagonistic when used in combination with fluconazole or am-
photericin B. Inhibition by these two tropones remains unchanged under conditions
favoring cryptococcal capsule formation. These data support the hypothesis that tro-
ponoids may be a productive scaffold for the development of novel anticryptococcal
therapies.
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ryptococcus neoformans is a fungal pathogen found in immunocompromised peo-

ple that causes up to 1 million infections each year among HIV-positive patients
worldwide, resulting in up to 600,000 deaths annually (1). Much of the disease burden
occurs in sub-Saharan Africa, where deaths from cryptococcal infections may exceed
those from tuberculosis in some areas (1). Cryptococcal infections are also a major
problem among solid organ transplant patients, where up to 3% develop an invasive
fungal infection within the first year, with an overall mortality rate of 25 to 40% (2).
Transplant patients remain susceptible to C. neoformans infections for 5 years due to its
presence in the environment (3). Cryptococcal infections can be treated with ampho-
tericin B and fluconazole, but the treatment course is long and has significant toxicity.
Importantly, the mortality rate remains 15 to 30% for treated patients, even in the
context of antiviral treatments for HIV (4-6).
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FIG 1 Structures of (A) tropone, (B) tropolone, (C) a-hydroxytropolone, (D) B-thujaplicin, and (E)
B-thujaplicinol with the R-group numbering and the natural products. Numbered structures were tested
for inhibition and are found in Fig. S2 and S3 in the supplemental material.

Currently, the only new therapeutic candidate for treating cryptococcal infections in
clinical trials is sertraline, an antidepressive agent, which has been shown to increase
the rate of Cryptococcus clearance from the cerebral spinal fluid of patients with
cryptococcal meningitis (7). It is being tested as an adjunct antifungal in a phase Il
clinical trial (NCT01802385; https://clinicaltrials.gov/). Recent preclinical studies have
also identified several additional compounds or molecular scaffolds with anticrypto-
coccal activities (8-12). There are several antifungal small molecules in preclinical
development, but only two of these show efficacies against C. neoformans (13).

The tropolones (Fig. 1) have a broad range of antimicrobial activities. They are based
on natural products isolated from the heartwood of western red cedar (Thuja plicata),
whose natural function is to inhibit fungal growth. Extracts of western red cedar inhibit the
growth of a number of unrelated fungal species (14), and B-thujaplicin (Fig. 1D, compound
[Cmpd] no. 47) inhibits Candida albicans (15). To date, neither western red cedar extracts
nor chemical derivatives of B-thujaplicin have been tested for inhibiting C. neoformans.
B-Thujaplicinol (Fig. 1E, Cmpd no. 46), another natural product from T. plicata, has an
additional hydroxyl group on the tropolone ring compared with B-thujaplicin, and it can
inhibit the HIV RNase H (RNaseH) (16). More recently, B-thujaplicinol was shown to inhibit
hepatitis B virus (HBV) replication by blocking the activity of the virally encoded RNaseH (17,
18) and to inhibit herpes simplex virus replication (19, 20). The a-hydroxytropolones (aHTs)
have a broad range of beneficial effects against other diseases, including malaria,
bipolar disorder, and diabetes (21, 22). However, their use as therapeutic agents has
been limited by the lack of efficient synthetic approaches to expand their chemical
diversity for structure-activity relationship (SAR) and efficiency optimization studies that
are essential for drug development. Recently, we pioneered a novel approach to
generate poly substituted aHTs from readily available intermediate compounds (23).
Here, 56 troponoids were screened for their capacities for inhibiting C. neoformans
growth to assess whether they may be attractive candidates for the development of
anticryptococcal drugs.

RESULTS

Development of a C. neoformans growth inhibition assay. We set out to develop
an assay that enabled us to cheaply and reproducibly measure the inhibition of C.
neoformans growth using a 96-well format. We initially tested C. neoformans growth in
yeast extract-peptone-dextrose (YPD) versus YPD plus 1% dimethyl sulfoxide (DMSO) at
25°C with shaking for 24 and 48 h. The DMSO-treated cells showed a significant lag in
growth for the first 24 h but caught up with untreated cells after 48 h, resulting in more
consistent and higher levels of cell growth. We tested inhibition by B-thujaplicin and
B-thujaplicinol in YPD plus 1% DMSO at 25°C at 3.75, 15, and 60 wM and demonstrated
that they almost completely inhibited C. neoformans growth at 60 uM (see Fig. S1A in
the supplemental material). However, these conditions are unlike conditions encoun-
tered by C. neoformans in mammalian infections, where nutrients are limited, and the
pH and temperature are higher than in YPD media. The cryptococcal stress response to
low glucose and high pH and temperature may alter its susceptibility to the inhibitors.
It is also possible that the enzymes targeted by the inhibitors may render the cell
temperature sensitive when inhibited. To better mimic the growth in mammals, we
tested growth without shaking in nutrient-limited media at 35°C. We first tested the cell
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culture media, RPMI 1640 plus 0.4% glucose and 1% DMSO as defined by National
Committee for Clinical Laboratory Standards (NCCLS) for antifungal susceptibility test-
ing. However, the cells grew very poorly under these conditions. We then tested growth
in YNB (pH 7.0) with 0.2% glucose plus 1% DMSO without shaking at 35°C, which has
been identified as an appropriate substitute for C. neoformans susceptibility testing
(24), and saw more consistent cell growth over the 48-h assay. We tested B-thujaplicin
and B-thujaplicinol at 3.75, 15, and 60 uM in YNB-02 plus 1% DMSO at 35°C and
observed some inhibition at 15 and 60 uM (Fig. S1B), but did not observe the nearly
complete lack of growth at 60 uM as was observed in YPD at 25°C (Fig. STA). However,
as the nutrient-limited medium and higher temperature is more similar to mammalian
cell growth conditions. We used these conditions for all further assays.

Determination of the MIC for troponoids. Since we had only 56 troponoids (Table
1; see also Fig. S2 and S3 in the supplemental material) available to test, we determined
MICs for all of the compounds to provide an accurate measure of their inhibitory
potentials. We measured the MIC employing the limiting dilution assay and defined the
MIC as the concentration at which cells were inhibited =80% relative to vehicle-treated
cells. All values were measured at least two times in independent experiments and the
average MIC is reported.

The library consists of tropolone (no. 53), which had moderate activity (MIC, 24 uM),
and derivatives thereof. Eight of the tropolone analogs had moderate substitutions on
the tropone ring (no. 47 to 50, 52, 54, 55, and 195), and were, for the most part, at least
as good as tropolone itself, with three of these seven compounds (no. 48, 54, and 55)
having MIC values almost 3-fold lower than no. 53, and only two (no. 52 and 195)
showing decreased activity. Another 10 of the troponoids tested were variants of no. 53
with modifications to the tropolone hydroxyl (-OH), and most of these had decreased
activities, such as compounds with a change to a chlorine (no. 57), an aniline (no. 60),
and a sulfonyl ester (no. 61). The activity of several benzoylated variants (no. 51, 63, 281
to 283, and 285) seemed to be impacted by the electronics of the phenyl ring. Those
with electron-donating groups (no. 281, 283, and 285) had higher MIC values, whereas
those with electron-withdrawing groups (no. 51, 63, 282) had values more similar to
that of tropolone. By far, the most potent inhibition of C. neoformans growth was
observed when the tropolone hydroxyl (-OH) was instead a thioester (no. 284), which
led to activity 100-fold more potent than that of tropolone.

Another 37 of the molecules are aHTs (see Fig. S3 in the supplemental material),
which have a third contiguous oxygen atom on their troponoid rings. The aHT with no
substitutions (no. 172) had an MIC of 24 uM, which was consistent with tropolone (no.
54), demonstrating these are likely comparable as a starting pharmacophore. Six of the
molecules tested had substitutions at only C-4 (no. 46, 210, 260, 262, 264, and 265), and
half of these (no. 46, 210, and 265) had activities at =15 uM. Of note, B-thujaplicinol
(no. 46) and +y-thujaplicin (no. 48) share similar isopropyl appendages and had com-
parable activities. Five of the aHTs had substitutions at C-4, C-5, and C-6 (no. 56, 106 to
108 and 280), and all had MICs higher than no. 172. Most of the synthetic aHTs made
through the Murelli laboratory’s synthetic strategy (23, 25, 26) had a methyl substitu-
tion at C-5 and varied at C-4 with the tropolone directly linked to an aromatic (no. 112
to 114 and 144 to 147) or a carbonyl functional (no. 109 to 111, 118, 120, 143, 308 to
313, 315, and 319) group. Most of these molecules had MIC values higher than no. 172,
although four of the 14 carbonyl-appended compounds (no. 118, 120, 310, and 311)
and three of the seven aromatic-linked compounds (no. 114, 145, and 147) were slightly
more potent. Three additional a-methoxytropolones (no. 172, 317, and 318), synthetic
precursors to aHTs, were also tested, and these had little activity. We measured the
MICs of two of our best hits, no. 54 and no. 284, in two independent clinical strains and
confirmed that they showed very similar levels of inhibitor activity, with an MIC of 6 to
12 uM for no. 54 and an MIC of 0.16 to 0.32 uM for no. 284 (see Fig. S4 in the
supplemental material).
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TABLE 1 Troponoids tested for inhibiting growth of C. neoformans

Compound No. Name/catalog no. MICg, (M) CCyp (M) Tl
Tropones
57 2-Chlorotropone 50 57.0 1
60 Chembridge 5942159 50 >100 2
61 Chembridge 5940946 41 30.5 <1
63 Chembridge 5938894 17 100.0 6
281 Chembridge 5947055 50 100.0 2
282 Chembridge 5942369 36 96.5 3
283 Chembridge 5940028 50 74.0 1
284 Vitas-M Lab STK526992 0.25 91.0 >300
285 Sigma 378400 49 >100 2
Tropolones
47 B-Thujaplicin 21 66.5 3
48 y-Thujaplicin 8 45.0 5
49 Nootkatin 18 18.5 1
50 5-Nitrosotropolone 24 17.5 1
51 Tropolone p-nitrobenzoate 24 >100 4
52 NSC 79556 50 >100 2
53 Tropolone 24 100.0 4
54 3-Bromotropolone 7 95.0 13
55 NSC 282885 6 43 <1
195 Purpurogallin 50 92.0 2
a-Hydroxytropolones
56 Manicol 50 27.0 <1
106 CM1012-6a 41 24.5 <1
107 CM1012-6b 50 85.5 2
108 CM1012-6¢ 50 90.5 2
109 CM1012-6d 50 87.5 2
110 CM1012-6e 50 19.0 <1
111 CM1012-6f 36 26.3 1
112 CM1012-6i 49 74.0 1
113 RM-YM-1-0613 24 375 2
114 RM-YM-2-0613 1 18.6 1
118 RM-MD-2-0813 18 17.5 1
120 RM-MD-1-0713 12 215 2
143 MD-1-138 50 >100 2
144 DH-1-148 50 ND@
145 DH-1-163 15 11.0 1
146 DH-2-8 20 20.0 1
147 DH-2-4 15 13.1 1
172 7-Hydroxytropolone 24 100.0 4
210 MolMoll 19617 15 71.0 5
261 AG40 49 100 2
262 AG51 18 96.0 5
264 AG44 35 28.0 <1
267 AG59 24 17.0 <1
273 DH-4-116 50 100.0 2
274 DH-4-117 50 92.5 2
280 AG77 50 66.0 1
308 AG-I-18-P 11 24.0 2
309 AG-1-183-P 24 35.0 1
310 AG-lI-21-P 1 35.0 3
311 AG-II-3-P 15 20.0 1
312 AG-II-4-P 18 18.0 1
313 AG-II-5-P 24 46.0 2
315 AG-1-186-P 24 ND
317 AG-II-22-P 50 ND
318 AG-II-17-P 50 ND
319 AB-1-111 50 ND

aND, not determined.

Hydrolyzed compound no. 284 remains active. Compound no. 284 (Fig. S2) has
a labile thioester linkage that is likely to be hydrolyzed in vivo. This would release a
tropothione, possibly in multiple oxidation states, as well as p-benzoic acid, any of
which could potentially act as inhibitors. Tropothione was not available commercially
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FIG 2 Inhibition of KN99« cells with no. 284 or hydrolyzed products of no. 284 measured by cell densities
after 48 h at 35°C in YNB-02 plus 1% DMSO. Values are means * standard deviations from three
replicates.

for testing its inhibition of C. neoformans, but we tested p-benzoic acid and the
hydrolysis products of no. 284 in MIC assays. p-Benzoic acid up to 50 uM did not inhibit
fungal growth (data not shown), whereas the hydrolyzed products were able to inhibit
growth with an MIC of 0.78 uM (Fig. 2). We examined the hydrolysis products of no. 284
by mass spectrometry and observed the loss of the starting material, but could not
resolve the hydrolysis products (data not shown). The fact that the hydrolysis products
still inhibited the growth of C. neoformans, whereas p-benzoic acid did not, suggests
that tropothione or oxidized derivatives of tropothione are effective inhibitors of C.
neoformans growth.

Inhibition under capsule-inducing conditions. We conducted our screening in the
nutrient-limited media YNB-02 at 35°C to mimic some aspects of the growth conditions
in humans. However, it is possible the compounds may demonstrate less potency
under conditions that induce the cryptococcal yeast cells to elaborate a polysaccharide
capsule (27). We tested two of our best hits (Fig. S2, no. 284 and 54) under conditions
that induce capsule elaboration (nutrient limiting, 37°C and 5% CO,). We measured
MICs for no. 54 and no. 284 in cells grown for 48 h in either YNB-02 plus 1% DMSO or
RPMI plus 1% DMSO at 37°C with 5% CO,. We observed no growth in RPMI under these
conditions, but cells grew in YNB-02. The MIC for no. 54 was between 6 and 12 uM (Fig.
3A), while the MIC for no. 284 was between 0.16 and 0.31 uM (Fig. 3B). The untreated
cells grown in YNB-02 elaborated the capsule (Fig. 3D) compared with that of cells
grown overnight in YPD at 30°C (Fig. 3C). The MICs for no. 54 and no. 284 were only
slightly higher when cells were grown under conditions that elaborate the capsule,
suggesting the capsule induction does not block the inhibitors from entering the cells
or substantially impair their activity.

Compounds no. 54 and no. 284 are not antagonistic with fluconazole or
amphotericin B. An important consideration of any new antifungal is whether it will be
compatible with existing antifungal therapies. Therefore, we measured the MICs of
amphotericin B (AMB), fluconazole (FLC), no. 54, and no. 284 alone and in combination.
The MIC at which 80% of cells were inhibited relative to vehicle-treated cells was 3 uM
(0.9 pg/ml), 1.5 uM (1.4 pwg/ml), 12 uM, and 0.31 uM for FLC, AMB, no. 54, and no. 284,
respectively. These values remained unchanged for either no. 54 or no. 284 when used
in combination with either FLC or AMB (data not shown). This results in fractional
inhibitory concentration (FIC) values of 1 for each compound in combination with
either FLC or AMB and an FIC index of 2. Thus, there are no differences in the
interactions of either no. 54 or no. 284 combined with either FLC or AMB (28).
Importantly, neither no. 54 nor no. 284 was antagonistic when used in combination
with FLC or AMB.
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FIG 3 Inhibition of KN99« cells as measured by cell densities after 48 h at 37°C with 5% CO, in YNB-02
plus 1% DMSO for (A) no. 54 or (B) no. 284. Values are means = standard deviations from three replicates.
India ink exclusion assay of capsule production of the cells cultured in YPD (C) or in YNB-02 plus 1%
DMSO (D) at 37°C plus 5% CO,.

Tropolones are fungicidal. We evaluated compounds no. 54 and no. 284 for
fungicidal versus fungistatic activities. This was done in a qualitative assay in parallel
with FLC, which is known to be fungistatic (29) and AMB, which is known to be
fungicidal (30). The MICs were 3 uM (0.9 ug/ml), 1.5 uM (1.4 ng/ml), 12 uM, and 0.31
uM for FLC, AMB, no. 54, and no. 284, respectively. (Fig. 4A and B). Following the drug
exposure for 48 h, 30 ul of each of the remaining replicate cultures at 2, 4X, and 8X
the MIC were spotted on YPD plates and incubated at 30°C for 2 days. Significant cell
growth was observed for FLC-treated cells up to 8X the MIC (Fig. 4C), whereas no cell
growth was observed for AMB-, no. 54-, or no. 284-treated cells at 2 to 8 X the MIC (Fig.
4D to F). Based on these data, we conclude that no. 54 and no. 284 are fungicidal
against C. neoformans.

Cytotoxicity in mammalian cells. Finally, we tested the abilities of key C. neofor-
mans inhibitors to induce cytotoxicity in mammalian cells to begin evaluating the
potential use of troponoids as antifungals in humans. HepDES19 cells were chosen
because they are a derivative of the HepG2 hepatoblastoma cell line that is commonly used
for initial evaluations of potential hepatocytotoxicity (31). Cytotoxicity was measured
using an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] assay that measures mitochondrial function, because some troponoids
have been reported to reduce mitochondrial function (32) and because the MTS assay has
been the most sensitive of the assays we have employed for identifying potential adverse
effects on the functions of mammalian cells for this compound class.

HepDES19 cells were treated with medium containing various concentrations of key
Cryptococcus inhibitors and select additional compounds for comparison in a final
concentration of DMSO of 1%. Three days later, the MTS reagent was added for 90 min
prior to terminating the incubation period and the reading of the optical density at 480
nm (OD,g,). We measured 50 percent cytotoxicity values (CCgys) for 52 of the 56
compounds, and the CCs, values ranged from 4 to >100 uM (Table 1). The tropones
were relatively nontoxic, with the lowest CCy, being 30.5 uM for no. 61. Of the 10
tropolones, 3 had CC,, values of =20 uM, with no. 55 being the most toxic with a CCs,
of 4 uM. The aHTs had a range of toxicity from 11 to >100 wM. Twenty-three of the
32 aHTs tested had CCg, values of >20 uM.

A comparison of the MIC and CC,, data permitted the calculation of a therapeutic
index (TI; CCso/MIC) for the Cryptococcus inhibitors. Tl values for most of the tropolones
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1M (B). (C to F) Following inhibition, 30-ul samples of the each of four replicates at 2%, 4%, and 8X the
MIC were spotted on YPD agar and incubated for 48 h at 30°C.

were fairly low, with Tls for 30 of the 32 compounds being <8. However, promising Tl
values of >8 were found for two compounds, no. 54 and no. 284. Most notably, a Tl
of >300 was observed for no. 284, the most effective inhibitor we identified.

Therefore, substantial cytotoxicity might be induced by most of the troponoids in a
liver-derived cell line, but at least one compound, no. 284, had a high Tl value of >300 that
opens a window for its development into a potentially clinically useful cryptococcal
inhibitor.

DISCUSSION

Tropolone bioactivity is often associated with the ability to bind to and inhibit
metalloenzymes (33, 34). This binding takes place through bidentate chelation of the
metal between the tropolone carbonyl and the tropolone -OH, which is likely depro-
tonated at physiological pH and enhances coordination to the metal center (35). As
such, if the activity against C. neoformans were due to similar metalloenzyme inhibition,
modifications to this hydroxyl would be expected to result in a loss of activity. Indeed,
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most analogs modified at this group led to decreased or a complete loss of activity,
such as the change to a chloride (no. 57), aniline (no. 60), or sulfonyl ester (no. 61), as
well as several benzoylated analogs (no. 281, 283, and 285). However, benzoylated
derivatives with an electron-withdrawing appendage (no. 51, 63, and 282) maintained
activities comparable to that of tropolone (no. 53). Since electron-withdrawing groups
destabilize the carbonyl ester, it is possible that these molecules are hydrolyzing in the
assays, though further tests are needed to evaluate this hypothesis.

The most potent inhibitor was compound no. 284, which had the lowest MIC (0.2
M) and the best T of all of the compounds tested. The presence of the high-energy
thioester linkage strongly suggests that this molecule is hydrolyzed within cells or in
the growth medium. The hydrolysis of no. 284 would likely result in the release of
p-benzoic acid and tropone with a free sulfhydryl group (thiotropolone) that may react
with free cysteines in enzymes or attenuate the metal-binding abilities of the tro-
ponoid. The p-benzoic acid by itself was not effective as an inhibitor, whereas the
hydrolyzed products of no. 284 remained effective inhibitors, with an MIC of 0.75 uM.
These studies imply that the thiotropolone and/or one of its derivatives are effective
inhibitors of C. neoformans growth. Furthermore, the almost 100-fold increase in
activity between no. 284 and tropolone (no. 53) suggests an enormous benefit to the
sulfur atom, possibly due to the increased affinity of heavy metals, such as iron or zinc,
which may prefer coordination to the sulfur of thiotropolone over the oxygen of the
tropolone. Further efforts are under way to develop chemistry that would enable a
greater SAR of thiotropolones against C. neoformans.

The remaining library that was tested centered around substituted tropolones. The
tropolone with no other substitutions (no. 53) was a moderate inhibitor and was also
relatively noncytotoxic. Substitutions to the tropone ring led to a variety of effects on
these activities. For example, the electron-withdrawing substitution of Br (no. 54) at
position C-3 decreased the MIC without increasing cytotoxicity, and an isopropy! group
at position C-5 (no. 48 and vy-thujaplicin) also decreased the MIC with a moderate
increase in cytotoxicity. A similar isopropyl substitution at C-4 (no. 47) did not decrease
the MIC value relative to no. 53, suggesting the importance of the positioning of the
appendage. However, a larger and more complex appendage at C-4 containing both an
amide and a dichlorophenyl (no. 55) was similarly as potent as B-thujaplicinol, but also
substantially more cytotoxic. Another fairly common tropolone natural product, pur-
purogallin (no. 195), which has a fused polyphenol appendage, was largely ineffective
against C. neoformans.

In previous studies of tropolones and «aHTs against various fungi, the activities
between the two classes were either equivalent or the tropolones were superior growth
inhibitors (36). Against C. neoformans, tropolone and aHTs are roughly equivalent in
their inhibitory activities, as is evidenced by the comparable activities of no. 53 and 172,
as well as the comparable activities between +y-thujaplicin (no. 46) and B-thujaplicinol
(no. 48). y-Thujaplicin (no. 46) and B-thujaplicinol (no. 48) share identical potency
enhancements when a single isopropyl group is added, and thus both scaffolds are
viable starting points for future optimization. As such, 30 aHTs with diverse substitu-
tions were tested against C. neoformans. aHTs with substitutions only at position C-4
were, for the most part, better or at least equivalent in their ability to inhibit C.
neoformans growth. A smaller aliphatic or aromatic substitution (no. 46, 210, 262, and
265) showed activities that were equivalent or moderately improved compared with
that of no. 172. An electron-withdrawing (no. 261) or large hydrophobic (no. 264)
group, on the other hand, decreased inhibition. All five of the aHTs with a substitution
at only C-3 (no. 56, 106 to 108, and 280) had decreased inhibition compared with that
of no. 172. The remaining aHTs all had substitutions at position C-4 plus a methyl group
at C-5. Seven had a benzene ring at C-4 (no. 112 to 114 and 144 to 146). While the
presence of a Br or trifluoromethyl group at the para position on the benzene improved
inhibition but also increased cytotoxicity, other electron-withdrawing groups (Cl or
nitro) decreased inhibition. The substitution with a naphthalene group (no. 146 and
147) improved inhibition, but also increased cytotoxicity. The remaining 14 aHTs had
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a carbonyl at C-3, (no. 109 to 111, 118, 120, 143, 274, 308 to 313, 315, and 318). Smaller
esters (no. 109 and 274) and the carboxylate (no. 319) showed very little inhibition
(MIC, =50 uM), as was the case with smaller methyl- (no. 110) and isopropyl-ketones
(no. 143). However, the activities were restored (MIC, =36 wM) among the remaining 10
ketones, and in some instances (no. 120, 308, and 310), approached that of
B-thujaplicinol (MIC, 11 to 12 uM). Three additional a-methoxytropolones (no. 273,317,
and 318) were also tested and showed no activity. Specifically, the lack of activity of no.
318, which is a close analog of one of the more active aHTs, no. 308, suggests that the
C-7 hydroxylate may be involved in metalloenzyme binding for the aHTs.

This screen was conducted with the aim of determining if tropones or tropolones
could be a potential scaffold for developing new inhibitors of C. neoformans. The
a-hydroxytropolones are likely to inhibit at least in part through their ability to
coordinate divalent cations in metalloenzyme active sites. They are effective inhibitors
of HIV, HBV, and herpes simplex viruses, most likely via coordination of the Mg2™* ions
in the active sites of enzymes that are members of the nucleotidyl transferase super-
family (18, 20, 37). There are at least 40 proteins encoded by the C. neoformans genome
that likely belong to this class of enzymes (38), and of the various aHTs tested, nine (no.
46, 114, 120, 145, 147, 265, 308, 310, and 311) have MICs of =15 wM. Given the large
number of potential enzyme targets, it is possible that they inhibit more than one
enzyme in C. neoformans.

Tropolone itself (Fig. 1B) is bacteriostatic and bactericidal against a wide range of
bacterial species and is known to inhibit metalloproteases, with particularly high
activity against carboxypeptidase A, a Zn?2"-dependent matrix metalloprotease (35).
Tropolone and B-thujaplicin (Fig. 1D) also inhibit the Zn2*-dependent glyoxalase | of
Plasmodium falciparum at low uM concentrations (39). There are over 30 potential
Zn2"-binding proteins, including members of the carboxypeptidase and glyoxalase
protein families, in the C. neoformans genome. Thus, the tropones and tropolones
appear to be a promising scaffold to explore for anticryptococcal inhibitors, as 4 of the
19 tested have MICs of <10 uM, including no. 284 which has an MIC of <1 uM with
a Tl of >300. However, at this time, the limited number of available compounds and the
unknown targets of inhibition preclude the development of a thorough SAR.

Our best hit (no. 284) inhibited >80% of cryptococcal growth at 0.2 uM, and was
relatively nontoxic in liver cells (CCs, 71 uM), giving it a therapeutic index of >300
under these conditions. It is fungicidal and does not interact antagonistically with either
approved antifungal, namely FLC or AMB. Compound no. 284 is a tropone with a
thioester linkage. The high-energy nature of thioester bonds makes it likely that this
compound is hydrolyzed in the cells or culture medium resulting in a tropothione and
p-benzoic acid. The fact that the hydrolyzed products are still potent inhibitors of
cryptococcal growth (Fig. 2) and p-benzoic acid is not suggests strongly that the
tropothione or its oxidized derivatives are functionally active derivatives of this com-
pound. Therefore, the development of the tropothione scaffold into novel anticrypto-
coccal drugs may be possible.

MATERIALS AND METHODS

Strains and media. All inhibition assays were performed with C. neoformans var. grubii, KN99
(serotype A, MATq; kindly provided by Jennifer Lodge). Two clinical strains of C. neoformans var. grubii,
serotype A, were kindly provided by Tamara Doering and Andre Spec. Cells were passaged on YPD (1%
yeast extract, 2% yeast peptone, 2% dextrose) agar plates and grown overnight at 30°C in YPD liquid
medium prior to diluting for the limiting dilution assays to determine the MIC of inhibition. YNB-02
(0.67% yeast nitrogen base, 0.2% dextrose, pH 7.0 with 50 mM MOPS [morpholinepropanesulfonic acid])
was used for all limiting dilution inhibition assays unless otherwise noted. cRPMI is RPMI-1650 (Sigma)
with glutamine plus 0.625% fetal bovine serum.

Compound acquisition and synthesis. The compounds employed are listed in Table 1, and their
structures are in Fig. S2 and S3 in the supplemental material. Compounds no. 46 to 57 and 195 were
acquired from the National Cancer Institute (NCI) Developmental Therapeutics Program. Compounds no.
60 to 63, 281 to 285, and 305 were purchased. a-Hydroxytropolone (compound no. 172) was synthesized
in 3 steps from tropolone based on the procedure of Takeshita et al. (40). Compounds no. 106 to 120,
143 to 147, and 273 to 274 were synthesized in 5 to 7 steps from kojic acid as previously described (20,
23, 25,41, 42). Compounds no. 280, 308 to 313, 315, and 317 to 319 were synthesized using an analogous
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strategy and are described in the supplemental material. Compounds no. 261 to 264 were made from
1,4-cyclohexadiene using the Banwell aHT synthesis method (43, 44), and specifics can be found in the
supplemental material. Compounds were =95% pure by 'H NMR analysis. They were dissolved in DMSO
(Sigma) and stored at —80°C.

Inhibition of C. neoformans growth. Compounds were tested in a limiting dilution assay with a
starting optical density (at 650 nm) of 0.001 in YNB-02 plus 1% DMSO. Cells were incubated without
shaking for 48 h at 35°C and cell densities were measured at 650 nm. The MICs were determined using
compound concentrations from 0.19 to 50 uM in YNB-02 plus 1% DMSO. Each assay was done in
triplicates and all values are the averages from two or more independent assays. The data are presented
as the average cell densities as percentages of DMSO-only treated cells. MICs are reported as the minimal
concentration needed to inhibit 80% of C. neoformans growth relative to vehicle-treated controls.

Cytotoxicity in hepatoma cells. HepDES19 cells (10 cells per well) were seeded in 96-well plates
and incubated in DMEM with 10% fetal bovine serum (FBS) plus 1% penicillin and streptomycin, 1%
nonessential amino acids, and 1% glutamine. The compounds were diluted in the medium at concen-
trations ranging from 0.78 to 100 M plus 1% DMSO and added to the cells 48 h after plating, with each
of the concentrations tested in triplicates. Cells were incubated with the compounds for 72 h, and
cytotoxicity was measured using a mitochondrial metabolic assay with MTS (Promega). The data were
transformed to log[inhibitor] and fit to a 4-variable slope curve using GraphPad Prism (v6; GraphPad
Software, Inc.). The concentration at which 50% of cells were inhibited relative to vehicle-treated control
is reported as the CC,, value.

Synergy assay. The MICs of compounds no. 54 and no. 284 were measured in combination with FLC
and AMB in a checkerboard assay (45, 46). The MICs of no. 54, FLC, and AMB were measured using
compound concentrations from 0.19 to 50 uM, while the MIC of no. 284 was measured using concen-
trations from 0.04 to 10 wM. Each of the assays was performed in triplicate and all values are the averages
from two or more independent assays. The fractional inhibitory concentration index (FICl) model is
expressed as SFIC = FIC, + FIC; = MIC,./MIC, + MIC,./MIC,, where MIC,, and MIC; are the MIC values
of agents A and B used alone and MIC,, and MICg, are the MICs of agents A and B used in combination.
The interactions between FLC or AMB and the test compounds were interpreted as synergistic when
FICI was =0.5, as indifferent when FICI was between >0.5 and 4, and as antagonistic when FICI
was >4 (28, 47).

Fungicidal assay. To test for fungicidal activity, we removed aliquots of cells after 48 h of growth in
the presence of test compounds at 2X, 4%, and 8 X the respective MICs and spotted them on YPD plates.
The plates were incubated at 30°C for 2 days and checked for growth. The growth of cells treated with
test compounds was compared with that of cells treated with FLC, which is known to be fungistatic, and
with that of cells treated with AMB, which is known to be fungicidal (29, 30).

Hydrolysis of compound no. 284. To hydrolyze no. 284, 0.1 M NaOH was added to a solution of 10
mM no. 284 to a final concentration of 20 mM. The solution was mixed by vortexing until a prominent
color change (pale yellow to dark orange) was apparent. These reactions were performed in triplicates.
One aliquot of the reaction mixture was stored at room temperature, one at 35°C, and one at 40°C. After
24 h, the reaction mixtures were neutralized with HCl. MIC assays were prepared in triplicates for each
aliquot in a dilution series from 0.19 to 50 wM. Assays were incubated for 48 h at 35°C, and cell densities
were measured at 650 nm.

Growth in capsule-inducing conditions. KN99« cells were grown overnight in YPD at 30°C with
shaking. The cells were diluted to an ODg,, of 1 in YNB-02 or cRPMI, then diluted 1:100 in YNB-02 plus
1% DMSO or cRPMI plus 1% DMSO and incubated with the compounds at 37°C with 5% CO, for 48 h.
Capsules were visualized using bright-field microscopy as halos surrounding the yeast cells through India
ink exclusion.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.02574-16.

SUPPLEMENTAL FILE 1, PDF file, 4.4 MB.
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