AAC

Journals.ASM.org
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6-Nonadecynoic acid (6-NDA), a plant-derived acetylenic acid, exhibits strong inhibitory activity against the human fungal
pathogens Candida albicans, Aspergillus fumigatus, and Trichophyton mentagrophytes. In the present study, transcriptional
profiling coupled with mutant and biochemical analyses were conducted using the model yeast Saccharomyces cerevisiae to in-
vestigate its mechanism of action. 6-NDA elicited a transcriptome response indicative of fatty acid stress, altering the expression
of genes that are required for yeast growth in the presence of oleate. Mutants of S. cerevisiae lacking transcription factors that
regulate fatty acid B-oxidation showed increased sensitivity to 6-NDA. Fatty acid profile analysis indicated that 6-NDA inhibited
the formation of fatty acids longer than 14 carbons in length. In addition, the growth inhibitory effect of 6-NDA was rescued in
the presence of exogenously supplied oleate. To investigate the response of a pathogenic fungal species to 6-NDA, transcriptional
profiling and biochemical analyses were also conducted in C. albicans. The transcriptional response and fatty acid profile of C.
albicans were comparable to those obtained in S. cerevisiae, and the rescue of growth inhibition with exogenous oleate was also
observed in C. albicans. In a fluconazole-resistant clinical isolate of C. albicans, a fungicidal effect was produced when flucona-
zole was combined with 6-NDA. In hyphal growth assays, 6-NDA inhibited the formation of long hyphal filaments in C. albi-
cans. Collectively, our results indicate that the antifungal activity of 6-NDA is mediated by a disruption in fatty acid homeostasis

and that 6-NDA has potential utility in the treatment of superficial Candida infections.

Acetylenic acids, a class of fatty acids containing one or more
triple bond, are widely distributed in nature and are found in
plants, fungi, microbes, and marine organisms (reviewed in refer-
ence 3). They have been reported to possess a diversity of pharma-
cological properties, including antibacterial, antifungal, antipara-
sitic, and antitumor activities (reviewed in references 6 and 44).
We have previously described the antifungal properties of 6-acety-
lenic acids (triple bond at C-6) that were isolated from the plants
Pentagonia gigantifolia and Sommera sabiceoides (21, 22). Among
these, 6-nonadecyonic acid (6-NDA), with a chain length of C,,
(see the structure shown in Fig. 1A) was the most active, exhibiting
strong inhibitory activity against the human fungal pathogens
Candida albicans, Aspergillus fumigatus, and Trichophyton menta-
grophytes. The MIC values for 6-NDA against these organisms
were >100-fold lower than those for undecylenic acid (UDA), a
related compound currently used as a topical antifungal agent to
treat dermatomycosis and oral thrush (22). 6-NDA also displayed
potent activity against patient isolates of C. albicans that are resis-
tant to the widely used antifungal drug fluconazole (21, 22). In
addition, 6-NDA demonstrated low in vitro toxicity in mamma-
lian cell lines and also did not produce any obvious toxic effects in
mice (22). Thus, 6-NDA is of particular interest as a therapeutic
agent, especially as a potential topical antifungal drug candidate
for the management of oral candidiasis and dermatomycosis.
Previous studies have indicated that various mechanisms con-
tribute to the biological activities of acetylenic acids, including the
inhibition of (i) fatty acid elongation, (ii) fatty acid synthesis, (iii)
fatty acid degradation, (iv) synthesis of eicosanoids (oxygenated
derivatives of C,, fatty acids), and (v) DNA synthesis (2, 26, 33, 48,
55). For example, rats fed with 2-hexadecynoic acid (2-HA) over-
accumulated palmitate (C,4,) and palmitoleate (C,q.,) and
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showed a corresponding decrease in stearate (C,4,,) and oleate
(Cyg.1) (56). Further studies confirmed that 2-HA inhibited the
elongation of fatty acids longer than palmitate in rat liver micro-
somes (55). 2-HA has also been shown to inhibit fatty acid bio-
synthesis in the malaria parasite Plasmodium falciparum (48). In-
terestingly, it disrupts not only fatty acid synthesis but also fatty
acid degradation in Mycobacterium smegmatis (26). An acetylenic
acid with 4 triple bonds, 5,8,11,14-eicosatetraynoic acid, was
shown to affect eicosanoid and DNA synthesis in a mammalian
cell line (33). Berry et al. (2) have reported that 9-octadecynoic
acid binds to DNA and weakly inhibits DNA polymerase activity.
Thus, the precise mechanism of action of acetylenic acids is still
not clear, and none of the previous work has involved fungal sys-
tems. Fungus-specific studies would be particularly useful since
fatty acid biosynthesis and degradation in fungi have a few unique
features that are different from animal cells; for example, (i) in
yeast, two genes instead of one encode the multifunctional type I
fatty acid synthase and (ii) fatty acid degradation in yeast cells
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FIG 1 Structure of 6-NDA and its in vitro antifungal activity compared to
amphotericin B. (A) Structure of 6-NDA; (B) dose response curve for 6-NDA;
(C) dose response curve for amphotericin B. In panels A and B, broth microdi-
lution assays were performed against the fungal pathogens C. albicans, A. fu-
migatus, and T. mentagrophytes according to CLSI guidelines (9). The “%
Growth” values were calculated from the means from two replicate experi-
ments.

occurs in the peroxisomes, while the majority of fatty acid break-
down occurs in the mitochondria in mammalian cells (reviewed
in references 36 and 49). Thus, further characterization of the
mechanism of action of the acetylenic acid compound 6-NDA will
not only facilitate its development as an antifungal agent but may
also allow the identification of novel fungal target pathways for
drug development.

In the present study, we have conducted transcriptional profil-
ing experiments followed by genetic and biochemical analyses to
gain insight into the mechanism behind the antifungal activity of
6-NDA. Using Saccharomyces cerevisiae as a model organism, we
show that 6-NDA elicits a transcriptome response similar to that
obtained when yeast cells are grown in the presence of oleic acid
(oleate), causing a significant upregulation of genes involved in
peroxisomal functions, especially those required for fatty acid
B-oxidation. Mutants of S. cerevisiae lacking transcription factors
known to play a role in fatty acid B-oxidation showed increased
sensitivity to 6-NDA compared to wild-type cells. Fatty acid
profile analysis of S. cerevisiae cells exposed to 6-NDA indi-
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cated a significant decrease in the levels of palmitate (Cq.),
stearate (C,g.,), and oleate (C,5.,) and a corresponding increase
in laurate (C,,,,), myristate (C,,.,), and myristoleate (C,,.;)
levels. In addition, exogenously supplied oleate rescued the
inhibitory effect of 6-NDA in S. cerevisiae cells. The human
fungal pathogen C. albicans also produced a similar response to
6-NDA, showing a fatty acid profile comparable to that seen in S.
cerevisiae and exhibiting reduced sensitivity to 6-NDA upon oleate
treatment. In a clinical isolate of C. albicans that is fluconazole
resistant, 6-NDA produced a fungicidal effect in combination
with fluconazole. Collectively, our results indicate that 6-NDA
disrupts fatty acid homeostasis in fungal cells.

MATERIALS AND METHODS

Strains and media. Synthetic dextrose (SD) medium, containing 2% dex-
trose and 0.67% yeast nitrogen base without amino acids, was used to
grow wild-type S. cerevisiae S288C and C. albicans SC5314 strains. The
medium was buffered with 0.165 M 3-(N-morpholino)propanesulfonic
acid (MOPS), and the pH was adjusted with NaOH to 7.0 for S. cerevisiae
and to 4.5 for C. albicans to maintain yeast morphology. YPD medium
(1% yeast extract, 2% peptone, 2% dextrose) at pH 7.0, buffered with
MOPS, was used for growing S. cerevisiae deletion mutants obtained from
Open Biosystems (Huntsville, AL). The azole-resistant clinical isolate of
C. albicans (isolate 17, kindly provided by Theodore C. White) was grown
in RPMI 1640 medium, pH 6.0, containing 0.2% dextrose, 0.03% glu-
tamine, and buffered with MOPS. The same medium, adjusted to pH 7.0,
was used to grow C. albicans ATCC 90028, A. fumigatus ATCC 9090, and
T. mentagrophytes ATCC 9533, with the inclusion of 5% alamarBlue for
the latter two strains. Dimethyl sulfoxide (DMSO) and oleate were ob-
tained from Sigma (St. Louis, MO). Fluconazole was obtained from Se-
quoia Research Products (Pangbourne, United Kingdom). 6-NDA was
isolated from the plant S. sabiceoides as described previously (22). All stock
solutions were prepared in DMSO.

IC,, determinations for microarray experiments. S. cerevisiae strain
$288C and C. albicans strain SC5314 were used in the microarray experi-
ments, and all procedures, including 50% inhibitory concentration (ICs)
determinations, were performed as previously described (1). All experi-
ments were conducted at 30°C for S. cerevisiae and 37°C for C. albicans.
For IC;,, determinations in small-scale cultures, broth microdilution as-
says were performed according to the Clinical and Laboratory Standards
Institute (CLSI) protocols (9), with the modification that inoculum size
was 2 X 10° CFU/ml. This cell density, which is ~200X greater than the
standard protocol, was used in order to mimic the microarray culture
conditions.

For determination of ICs,s in large-scale cultures, an overnight cul-
ture was used to inoculate 50 ml of SD medium to an optical density at 600
nm (ODyy,) of 0.1 (~2 X 10° CFU/ml). Multiple cultures were started in
order to test 4 to 5 different drug concentrations. The cultures were grown
until an ODyg, of 0.2 was reached, at which point 6-NDA was added at 2-
to 4-fold serial dilutions into each culture. Two rounds of experiments
were conducted, with a broad range of 6-NDA concentrations tested in
the first round and a narrow range tested in duplicates in the second
round. The cultures were grown to late exponential phase (17 h for S.
cerevisiaeand 9 h for C. albicans), and a final ODy,, was measured using an
Ultrospec 2000 spectrophotometer (Amersham Biosciences, Piscataway,
NJ). The IC5,s were determined to be 2.2 ug/ml for S. cerevisiae and 4
wg/ml for C. albicans.

Cell culture and drug exposure for microarray experiments. Over-
night cultures of S. cerevisiae S288C or C. albicans SC5314 were used to
inoculate 50 ml of SD medium to an ODyy, of 0.1. For S. cerevisiae, four
independent 50-ml cultures were grown for each experiment, 2 for treated
and 2 for untreated samples; thus, each treatment consisted of 2 biological
replicates. For C. albicans, each treatment consisted of 3 biological repli-
cates. The cultures were allowed to recover from stationary phase until an
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0Dy, of 0.2 was reached. 6-NDA was added to each culture at a concen-
tration equivalent to the IC5, (2.2 pg/ml for S. cerevisiae and 4 pg/ml for
C. albicans). Control cultures were simultaneously treated with 0.25%
DMSO. The cultures were allowed to grow until an ODg, of 0.5 was
reached (~4 h for S. cerevisiae and ~1.5 h for C. albicans). Cells were
harvested by centrifugation, flash frozen in liquid nitrogen, and stored at
—80°C.

Microarray hybridization and data analysis. RNA isolation was per-
formed as described previously (1). For S. cerevisiae, target preparation
and hybridization to the Affymetrix GeneChip Yeast Genome 2.0 array
were performed according to the Affymetrix GeneChip expression anal-
ysis protocol (Affymetrix, Santa Clara, CA) as described previously (1).
RNA from each biological replicate sample was hybridized to 2 indepen-
dent arrays, resulting in 4 hybridizations for each treatment. Image anal-
ysis, scaling, and probe set-level data analysis was performed using the
default parameters in GeneChip operating software version 1.1 (Af-
fymetrix). For C. albicans, microarrays were constructed from a 70-mer
oligonucleotide set (Qiagen, Valencia, CA) which was printed on glass
slides (Microarrays Inc., Huntsville, AL). Target preparation and hybrid-
ization was performed at the Microarray Core Laboratory of the Univer-
sity of Texas Health Science Center at Houston according to the methods
described by Nantel et al. (29). The C. albicans experiment was performed
with 3 biological replicate samples and hybridized as dye-swap pairs, re-
sulting in 6 hybridizations for each treatment. Arrays were scanned using
the Axon GenePix 4100A scanner (Molecular Devices, Sunnyvale, CA),
and image analysis was performed using the Axon GenePix Pro software
(Molecular Devices).

Differentially expressed genes were identified using BRB-ArrayTools
software developed by Richard Simon and Amy Peng Lam (http://linus
.nci.nih.gov/BRB-ArrayTools.html). For S. cerevisiae, data from CHP files
generated in GCOS software (background-corrected and normalized sig-
nal values after probe set-level data analysis) were used. For C. albicans,
data generated in GenePix Pro software (background-corrected signal
intensities) were used and normalized using the Lowess algorithm avail-
able in BRB-ArrayTools. For both data sets, signal values were log trans-
formed and filtered using BRB-ArrayTools default parameters to remove
probe sets or spots with very low signal values, missing signal values, and
similar signal values across all the arrays in a given experiment. Differen-
tially expressed genes were identified by performing a two-class compar-
ison between untreated and treated classes using the default statistical
parameters available in BRB-ArrayTools, and genes with P values of
=0.001 were considered to be significant.

Gene annotations were obtained from Saccharomyces Genome Data-
base (SGD) or Candida Genome Database (CGD). Gene Ontology (GO)
Term Mapper tool (http://go.princeton.edu/cgi-bin/GOTermMapper)
was used to distribute the genes into GO-based biological process catego-
ries, and overrepresented GO terms were identified using binomial distri-
bution probability. Hierarchical cluster analysis was performed using
Gene Cluster 3.0 (11) using the Pearson correlation similarity metric (un-
centered for both genes and arrays) with the average linkage clustering
method, and the data were visualized with Java Tree View (40). For com-
parison, the oleate profile (45) was obtained from the Yeast Functional
Genomics Database (YFGdb; http://yfgdb.princeton.edu/).

The transcriptional profiling data described in this article are accessi-
ble through accession no. GSE35604 at NCBI’s Gene Expression Omnibus
(GEO; http://www.ncbi.nlm.nih.gov/geo/).

Sensitivity assays. Sensitivities to 6-NDA of C. albicans ATCC 90028,
A. fumigatus ATCC 90906, and T. mentagrophytes ATCC 9533 were as-
sayed as described previously (22). To determine if oleate altered 6-NDA’s
antifungal activity, broth microdilution assays were performed as follows.
An overnight culture started from a single colony of S. cerevisiae S288C or
C. albicans SC5314 was diluted in SD medium (identical to the medium
used in the microarray experiments) after comparison to the 0.5 McFar-
land standard to afford a final inoculum of 1 X 10* CFU/ml. After dilu-
tion, 180 pl of the inoculum was added to a microplate containing 10 pl of
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6-NDA and 10 pl of oleate. The concentration of oleate used was 1.56
pg/ml for S. cerevisiae and 25 pwg/ml for C. albicans. At these oleate con-
centrations, the growth of S. cerevisiae and C. albicans was not inhibited, as
determined in pilot checkerboard assays. The microplates were read at
600 nm prior to and after incubation using a BioTek Powerwave XS mi-
croplate reader (BioTek Instruments, Winooski, VT). For S. cerevisiae, the
temperature of incubation was 30°C, and the time of incubation was 48 h.
For C. albicans, the temperature of incubation was 37°C, and the time of
incubation was 24 h.

In order to determine if 6-NDA altered the sensitivity of a C. albicans
clinical isolate to fluconazole, checkerboard assays were performed ac-
cording to strict CLSI guidelines (9). Colonies of C. albicans clinical isolate
17 (52), grown on Sabouraud dextrose agar, were resuspended in 0.9%
saline and then diluted in RPMI 1640 medium after comparison to the 0.5
McFarland standard to afford a final inoculum of 1.5 X 10> CFU/ml. After
dilution, 180 wl of the inoculum was added to a microplate containing 10
plof 6-NDA and 10 pl of fluconazole at various concentrations. Flucona-
zole dilutions were placed in consecutive rows of the microplate, and
6-NDA dilutions were placed in consecutive columns. Appropriate con-
trols included solvent control, medium control, a row of only fluconazole
dilutions, and a column of only 6-NDA dilutions. The microplate was
read at 630 nm prior to and after incubation at 35°C for 48 h using a
BioTek Powerwave XS microplate reader. To monitor viability of the cells
after drug treatment, the microplate was carefully shaken on a Microplate
Genie mixer (Scientific Industries, Bohemia, NY), and a representative
aliquot of 2 l from each well was spotted on a fresh YPD agar plate, which
was then incubated at 35°C for 24 h.

To determine the sensitivity of a collection of 166 S. cerevisiae tran-
scription factor deletion mutants against 6-NDA, an agar-based screen
was conducted. Single colonies of each mutant were streaked on YPD-7
(MOPS buffered, pH 7.0) agar plates containing either DMSO or 4.5
pg/ml 6-NDA. At this concentration, 6-NDA caused partial growth inhi-
bition of the parental strain BY4742 on YPD-7 agar plates. It should be
noted that YPD-7 medium was used for the screen to maintain experi-
mental consistency since all experiments with S. cerevisiae were conducted
at pH 7.0. Seven mutants and the parental strain BY4742 were streaked on
each screening plate using sterile toothpicks. Plates were incubated at
30°C for 3 days. Strains were identified that showed a marked difference in
growth compared with the parental strain on agar plates with 6-NDA but
not on plates with DMSO. To confirm the strains identified, agar-based
drop-test assays were performed. Overnight cultures at an ODg, of 3.0
were used to prepare 1:5 serial dilutions in YPD-7 medium, which were
spotted in 3-pl amounts on YPD-7 agar plates with or without 4.5 g/ml
6-NDA. Plates were incubated for 2 days at 30°C.

Fatty acid analysis. Overnight cultures of S. cerevisiae S288C or C.
albicans SC5314 were grown in SD broth and used to inoculate fresh
medium (10 ml) at an ODg, of 0.1. After one doubling, either 6-NDA
(IC5,) or DMSO (0.25%) was added to the cultures. The cells were allowed
to grow for ~4.5 doublings (~15 h for S. cerevisiae and ~6 h for C.
albicans) after treatment (based on DMSO controls, final ODg, of ~4.0)
and harvested by centrifugation. The cells were washed 3 times with sterile
distilled water, and cell pellets were flash frozen in liquid nitrogen. The
experimental conditions, including media, temperature, aeration, and
concentration of 6-NDA, were identical to the conditions used in the
microarray experiments. Three independent experiments were per-
formed on independently grown cultures. The cell pellets were processed
for gas chromatographic analysis of fatty acid methyl esters (GC-FAME)
by Microbial ID, Inc. (Newark, DE) using their established procedures
(www.microbialid.com).

Hyphal growth assay. To examine the effect of 6-NDA on hyphal
growth of C. albicans, cells of strain SC5314 were grown overnight in YPD
broth, washed with sterile water, and diluted in RPMI 1640 medium (pH
7.0) to afford a final inoculum of 1 X 10* CFU/ml. After dilution, 190 .l
of the inoculum was added to a microplate containing 10 pl of 6-NDA at
various concentrations (0.195 to 50 wg/ml). After incubation for 6 h at
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37°C, cells were visualized by phase-contrast microscopy using an Olym-
pus IX50 inverted microscope (Olympus America Inc., Center Valley, PA)
with a 20X objective. Images were obtained with a Nikon DS-Ril camera
driven by NIS-Elements AR 3.2 software (Nikon Instruments, Inc., Mel-
ville, NY).

RESULTS AND DISCUSSION

Transcriptional response to 6-NDA in S. cerevisiae. In broth
microdilution assays, 6-NDA displayed potent antifungal activity,
comparable to that of the clinically used drug amphotericin B,
against the fungal pathogens C. albicans, A. fumigatus, and T. men-
tagrophytes (Fig. 1). It showed the strongest activity against T.
mentagrophytes, with an I1Cs, of 0.16 pg/ml, which was approxi-
mately 3-fold lower than that obtained with amphotericin B (0.49
pg/ml). While 6-NDA showed similar potency as amphotericin B
against C. albicans (1C5, of 0.28 pg/ml for both), its IC,, against A.
fumigatus (0.34 pg/ml) was approximately 2.5-fold lower than
that of amphotericin B (0.86 pg/ml). To determine the cellular
effects of 6-NDA in fungal cells, we made use of S. cerevisiae, a
well-established model organism that has been successfully uti-
lized in identifying the molecular pathways targeted by antifungal
and therapeutic compounds (34, 47). A transcriptional profiling
study was conducted in S. cerevisiae cells (strain S288C) that were
exposed for a period of approximately one doubling time (~4 h)
to 2.2 pg/ml of 6-NDA, a concentration resulting in 50% growth
inhibition. Genes exhibiting significant differential expression be-
tween 6-NDA-treated and solvent-treated cells (P value of
=0.001, fold change of =2) were identified as described in Mate-
rials and Methods. A total of 815 6-NDA-responding genes were
identified, with 538 showing increased expression and 277 show-
ing decreased expression (see Table S1 in the supplemental mate-
rial).

Hierarchical cluster analysis (Fig. 2) revealed significant paral-
lels between the global transcriptional response to 6-NDA and the
previously described transcriptional response shown by S. cerevi-
siae cells grown in the presence of oleate as a sole carbon source
(45). Among the 538 genes induced by 6-NDA, 153 of these were
also induced by 0.12% oleate (in at least two of the three oleate
exposures shown in Fig. 2). Similarly, of the 277 genes repressed
by 6-NDA, 44 were also repressed by 0.12% oleate. Of particular
significance is a set of 30 genes present within a cluster of 57 genes
strongly induced by oleate and 6-NDA (shown in red text in Fig. 2)
that are involved in peroxisome function and biogenesis (45).
Within this set of 30 genes are present 8 genes (marked by asterisks
in Fig. 2) that are known to be regulated by the transcription
factors Oafl and Pip2 (based on the YEASTRACT database) (50)
and that activate the expression of genes required for fatty acid
B-oxidation and peroxisomal function (16, 39). A similar induc-
tion in peroxisomal genes was observed by Koerkamp et al. (17)
when yeast cells were grown on oleate for shorter periods of time
within a 90-min time course. Thus, exposure of yeast cells to
6-NDA causes an induction in the expression of peroxisomal
genes, many of which are required for fatty acid B-oxidation, as is
seen when yeast cells are grown in the presence of oleate.

The transcriptional responses to 6-NDA were further analyzed
by organization into Gene Ontology (GO)-based functional cate-
gories using the GO Term Mapper tool (http://go.princeton.edu
/cgi-bin/GOTermMapper), as shown in Table 1. Several overrep-
resented functional categories (P = 0.05) for both 6-NDA-
upregulated and -downregulated genes are of particular interest
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with respect to how yeast cells respond to fatty acid-mediated
stress. For example, the enrichment of 6-NDA-responding genes
within the functional categories “transport” and “lipid metabo-
lism” is suggestive of membrane dysfunction. Within the lipid
metabolism category are present the previously mentioned fatty
acid B-oxidation genes (Fig. 2) and also genes involved in phos-
pholipid (INOI, INO2, OPI10, SCS3) and sphingolipid metabo-
lism (IPT1, SURI, YSR3), indicative of damage to endomem-
branes such as the endoplasmic reticulum (ER) and Golgi, where
these lipids are known to be synthesized. Given that membrane
disruption can influence the cell wall, this would explain the in-
duction of cell wall organization genes and the downregulation of
conjugation genes in response to 6-NDA (Table 1). As expected,
“response to stress” represented an additional major functional
category for genes induced in response to 6-NDA toxicity (Table
1). In particular, several genes involved in oxidative stress re-
sponse were induced by 6-NDA (CTTI1, GADI, GPX1, GRXI,
PRX1, SRX1, TRX3, TSA2), a result that is in agreement with the
induction of oxidative stress by oleate in yeast cells (17). This
induction has been attributed to a redox imbalance in the cells due
to a transient uncoupling of the respiratory chain by oleate (17).
Additionally, the induction of several autophagy-related genes by
6-NDA (ATG1,ATG5, ATG8, ATG20, ATG29) in the “response to
stress” category is significant, given the role of autophagy in the
repair of damaged cell membranes (18). Taken together, our re-
sults show that there are significant similarities between 6-NDA
and oleate transcriptional profiles and that the majority of the
transcriptional responses to 6-NDA are due to fatty acid-mediated
stress.

Effect of 6-NDA on S. cerevisiae mutants. To further validate
the transcriptional profiling data and to identify key molecular
pathways that are required for 6-NDA sensitivity, we analyzed 166
yeast mutants carrying deletions in selected transcription factors
(TFs) for their susceptibility to 6-NDA. We selected 135 genes
encoding TFs from a list of 203 DNA-binding transcriptional reg-
ulators described by Harbison et al. (14) in a study that mapped
the DNA sequences bound by these regulators. An additional 31
genes annotated as TFs in the SGD database were also selected due
to their role in regulating some of the significant cellular pathways
that responded to 6-NDA in our transcriptional profiling study. A
complete list of the 166 selected genes is shown in Table S2 in the
supplemental material. Since the 166 mutants were generated in
the BY4742 parent strain, we conducted a transcriptional profiling
study to determine whether this strain responds to 6-NDA in a
manner similar to that of the S288C strain. We did indeed find a
great deal of similarity between the 6-NDA profiles of the two
strains. Of the 460 genes upregulated in the BY4742 strain, 316
were also upregulated in the S288C strain, and of the 128 genes
downregulated in the BY4742 strain, 64 were also downregulated
in the S288C strain (see Table S3 in the supplemental material). In
particular, genes involved in fatty acid 3-oxidation were induced
by 6-NDA in both strains (see Fig. S1 in the supplemental mate-
rial). Several additional genes were similarly up- or downregu-
lated in the two strains in various functional categories, including
response to stress, carbohydrate metabolism, cell wall organiza-
tion, lipid metabolism, and cell cycle (see Fig. S1).

Of the 166 mutants analyzed, 11 mutants showed a strong in-
crease in 6-NDA sensitivity and 3 mutants showed a significant
decrease in 6-NDA sensitivity compared to the BY4742 parent
strain (Fig. 3). All 14 mutants were analyzed by PCR and con-

aac.asm.org 2897


http://aac.asm.org

Xu et al.

(logyscale)
-3.0 2.0 1.0 0.0 1.0 20 3.0

TES1 *
YOR273C
YMR316W
YJL048C
YPK2
YER130C
SPS19 =
YFLO3OW
FRE1
SNZ1
DFG5
PDR5
HSP42
YKROO3W
PBI2
HSP82
RPN4
YMROOSW
usvi
YHLOO2W
YSC84
YDL027C
YDL206W
PEX18 =*
YGRO52W
YDL110C
OM45
NYV1
ZTA1
CPR6
ARA1
SDS23
RBK1
INO1
YJL020C
YDL214C
YGL242C
ATH1
GPX1
OCH1
YEL020C
NPL4
YDR223W
DOT5
YCRO10C
YKRO11C
YPL110C
YPL277C
POT1 *
YHR140W
OYE3
YNL134C
PDR15
FOX2
FAA2
CAT2
PXA2

Oleate — 6h
Oleate — 9h
6-NDA — 4h

* * * %

Oleate — 26h

FIG 2 Gene expression response to 6-NDA. Data are shown for a subset of 6-NDA-responding genes that are also responsive to oleate treatment (in at least two
of the three oleate treatments shown). The oleate profile (described in reference 45) was obtained from the Yeast Functional Genomics Database. Hierarchical
cluster analysis was performed using Gene Cluster 3.0, and the data were visualized with Java Tree View. A cluster of 57 6-NDA-induced genes that are also
induced by oleate treatment is shown in expanded form to indicate their identities. Genes known to be involved in peroxisome function and biogenesis (described
in reference 45) are highlighted in red text. Genes known to be regulated by the fatty acid B-oxidation pathway-activating transcription factors Oafl and Pip2
(based on the YEASTRACT database) are marked with asterisks.
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TABLE 1 Functional distribution of 6-NDA-responding genes in S. cerevisiae

6-NDA data set
frequency (%)

Genome

GO term” frequency (%) P value

Genes annotated to the GO term”

Upregulated genes

Response to stress 17.29 11.04 4.53E—06

Carbohydrate metabolism ~ 7.71 5.40 5.52E—03

Cell wall organization 4.01 1.38E—04

Lipid metabolism 3.93 1.76E—02

Downregulated genes

Transport 26.74 20.97 4.12E-03

Translation 19.78 16.39 2.04E—02

Amino acid metabolism 15.75 4.99 2.3E—11

Cell cycle 12.82 10.40 3.22E—-02

Conjugation 5.86 1.93 7.2E—-05

ATGI, ATG20, ATG29, ATG5, ATGS, CTT1, DAKI1, DDR2, DDR48, GADI,
GPX1, GREI, GRE3, GRX1, HIM1, HOR2, HSP104, HSP12, HSP26,
HSP42, HSP78, HSP82, IMP2’, MAG1, ORM2, POL4, PRX1, PTP2,
RAD28, REV3, RPH1, RPN4, RTA1, SRX1, SSA1, SSA4, SSE2, STE11,
TDPI, TPS1, TPS2, TRX3, TSA2, UBC5, UBI4, XBP1, ZTA1

AMSI, ARAIL, ATHI, CAX4, DAK1, ERR3, GCY1, GDEI, GND2, GRE3,
GSC2, HOR2, KTR2, MNT4, NTH1, OCH1, PCK1, PFK26, PYK2, RBK1,
RMDs5, SGA1, SOR2, TKL2, TPS1, TPS2, UBCS, VID28, VID30, YPI1

ADY3, CDA1, CHSI1, CRHI, CRR1, CWPI, DFG5, DIT1, DIT2, ECM27,
ECM4, ECMS, FLCI, FLC2, FMP45, GAS4, GIP1, GSC2, HPF1, HRDI,
MPC54, OSW2, PIR3, PST1, RCR1, SED1, SPR28, SPR3, SPS100, SPS22,
SVS1, YPK2, YPS3

ATFI, CAT2, FAA2, FOX2, GDEI, INO1, INO2, IPT1, ISCI1, IZH2, IZH4,
MGA2, OPI10, PLBI1, PLB3, POT1, ROG1, SCS3, SPO1, SPS19, SURI,
TESI, TGL2, YDCI, YSR3

AGPI, AQRI1,ATO3, ATR1, AUSI, CAN1, DAL5, DIP5, DUR3, FCY2,
FET3, FIR1, FUII, GAP1, GNP1, HXT4, LYP1, MCH4, MEP1, MEP2,
MEP3, MMP1, MUPI, MUP3, OPT1, OPT2, PDR12, QDR2, SAM3,
SEOI, SSU1, SUL2, VHTI1, ZRCI, ZRT1, ZRT2

AGPI1, ARG3, CPA2, HOM3, MAK16, MET13, MET14, MET2, MET3,
MET32, MUPI, RLI1, RPL18B, RPL22B, RPM2, SAM3, SER33

AATI, ACO1, ACO2, ARG3, ARG5,6, ARGS, ASN1, CPA2, DURI,2,
ECM17, GAP1, GCV2, GDH1, GLT1, HIS6, HOM3, LEU9, MET1,
MET10, MET13, MET14, MET16, MET2, MET22, MET28, MET3,
MET32, MET8, MHT1, SER33, SSU1

AMNI, BUD9Y, CDC47, CLB1, CLB6, CSM2, DAD3, DSE1, DSE3, EG12,
FARI, FKHI1, HOF1, KAR4, KAR9, KCC4, MCM3, MCM®6, NIS1, NNFI,
PAP2, PDS1, RMD6, SDA1, SGO1, SPO16, SPS4, SUN4, TRF5, UME6

AGAI, AGA2, DSEI, FARI, FIGI, FIG2, FUS1, FUS3, KAR4, MF(ALPHA)2,
MFA1I, PRM1, PRM2, SAGI, S§T2, STE2

“ Data (538 upregulated genes and 277 downregulated genes) were organized into GO-based biological process categories using the GO Term Mapper tool (http://go.princeton.edu
/cgi-bin/GOTermMapper). Significantly overrepresented categories (P = 0.05) with a 6-NDA data set frequency of =5% are listed.
b Within each GO category, a subset of genes are shown that are relevant to the overall biological response to 6-NDA.

firmed to contain deletions in the appropriate genes (see Fig. S2 in
the supplemental material). The strong hypersensitivity of the
oafIA and pip2A strains to 6-NDA (Fig. 3) is consistent with our
transcriptional profiling data where we observed an induction of
several Oafl- and Pip2-regulated peroxisomal genes in response
to 6-NDA treatment (see Fig. 2). This result is in agreement with a
previous study (23), which showed that growth of the oafIA mu-
tant as well as several peroxisomal mutants was strongly inhibited
on medium that contained 0.1% oleate as the carbon source com-
pared to growth on medium containing 3% glycerol as the carbon
source.

Three additional mutants that showed increased sensitivity to
oleate in the Lockshon et al. (23) study also showed increased
sensitivity to 6-NDA (Fig. 3). First, hypersensitivity to 6-NDA and
oleate (23) was observed in the mutant lacking Rpn4 (Fig. 3), a TF
that interacts with Snfl, an AMP-activated protein kinase that
regulates glucose-repressed genes as well as genes required for
various cellular processes, including peroxisome biogenesis. We
also observed 6-NDA hypersensitivity in the mutant lacking Sip3
(Fig. 3), another Snfl-interacting protein. Second, the mutant de-
ficient in Skn7, which plays a role in oxidative stress response and
osmoregulation, also showed hypersensitivity to 6-NDA (Fig. 3)
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and oleate (23). Similarly, increased 6-NDA sensitivity was seen in
the mutant strain with a deletion in Yap3 (Fig. 3), another TF
involved in osmoregulation. Third, increased sensitivity to
6-NDA and oleate (23) was seen in the mutant deficient in Pprl
(Fig. 3),a TF involved in the regulation of pyrimidine metabolism.
In contrast, the mutant lacking Hir2, a TF that regulates histone
gene transcription, showed decreased sensitivity to both 6-NDA
(Fig. 3) and oleate (23). Our analysis also showed that deletions in
two additional TFs, Hirl and Hir3, involved in histone gene tran-
scription resulted in decreased sensitivity to 6-NDA (Fig. 3). In
addition to the above-mentioned mutants, we also detected in-
creased 6-NDA sensitivity in mutants lacking Ndt80 and Pogl
(Fig. 3), TFs involved in regulating cell cycle-related genes, many
of which showed altered expression in the presence of 6-NDA (see
Table 1). Finally, we observed strong hypersensitivity to 6-NDA in
mutants with deletions in Ger2 and Sok2 (Fig. 3), TFs that regulate
glycolytic genes and cAMP-protein kinase A signal transduction,
respectively. Given that glycolytic genes are downregulated in re-
sponse to oleate (17) and that the cAMP protein kinase A pathway
is required for nutrient sensing in yeast (58), it is possible that
Ger2 and Sok2 play important regulatory functions in fatty acid
utilization. Taken together, these results further confirm that the
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Oaf1: Oleate-induced transcription factor

Pip2: Oleate-induced transcription factor

Rpn4: Snf1-interacting protein

Sip3: Snf1-interacting protein

Skn7: Osmoregulation/oxidative stress response

Yap3: Osmoregulation

Ppr1: Regulation of pyrimidine metabolism
Ndt80: Regulation of cell cycle

Pog1: Regulation of cell cycle

Gcr2: Activation of glycolytic genes

Sok2: cAMP-protein kinase A signal transduction
Hir1: Regulation of histone gene transcription

. . ‘ % Hir2: Regulation of histone gene transcription

Hir3: Regulation of histone gene transcription

FIG 3 Effect of 6-NDA on S. cerevisiae transcription factor mutants. The parent strain (BY4742) and mutant strains harboring deletions in 14 different
transcription factors genes were grown as described in Materials and Methods. Dilutions (5-fold) were prepared from each culture, inoculated onto YPD agar
(MOPS buffered, pH 7.0), and incubated for 2 days at 30°C. Mutants known to have altered sensitivity to oleate (described in reference 23) are marked with
asterisks. —6-NDA, medium containing solvent (DMSO); +6-NDA, medium containing 6-NDA at 4.5 pg/ml.

molecular pathways involved in mediating sensitivity to 6-NDA
are also required for oleate sensitivity and that the majority of
these pathways are required for tolerating the consequences of
fatty acid-imposed cellular stress.

Effect of 6-NDA on the fatty acid profile of S. cerevisiae. Pre-
vious studies have shown that acetylenic acids such as 2-HA in-
hibit fatty acid synthesis or elongation in prokaryotic as well as
eukaryotic cells (26, 48, 55). To determine if 6-NDA similarly
affects fatty acid metabolism in yeast cells, we investigated the
effect of 6-NDA on the fatty acid profile of S. cerevisiae. Treatment
with 6-NDA resulted in a significant decrease in the levels of
palmitate (C,g.), stearate (C,s.), and oleate (C,g.,) and a corre-
sponding increase in the levels of laurate (C, ,.,), myristate (C,,.,),
and myristoleate (C,,.,) in wild-type S. cerevisiae cells (Fig. 4A and
B). The amounts of palmitate, stearate, and oleate decreased by
38%, 44%, and 39%, respectively, and the amount of laurate, my-
ristate, and myristoleate increased by 90%, 36%, and 482%, re-
spectively, in 6-NDA-treated cells relative to DMSO-treated cells.
These results are comparable to a previous study in which rats fed
with 2-HA overaccumulated palmitate and palmitoleate and
showed a corresponding decrease in the levels of stearate and
oleate (56). Follow-up biochemical studies demonstrated that
2-HA inhibited the elongation of fatty acids longer than palmitate
in rat liver microsomes (55). Collectively, the results shown in Fig.
4A and B suggest that 6-NDA could similarly inhibit the elonga-
tion of fatty acids longer than myristate in yeast cells, although the
slight increase in palmitoleate (C,4.,) levels observed would ap-
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pear to be somewhat counter to this notion. Palmitoleate, how-
ever, comprises the majority of unsaturated fatty acids found
within cellular membranes of several yeast strains (including
§288C) and likely plays a critical role in adaptation to stress (10,
13, 24). Therefore, the possibility cannot be discounted that reg-
ulatory pathways exist for the maintenance of adequate palmi-
toleate levels during stress exposure, thus compensating for the
inhibitory effects of 6-NDA.

It is worth noting that unlike mammalian cells which synthe-
size palmitate in the cytoplasm during de novo fatty acid synthesis
and further elongate palmitate to stearate using elongases in the
endoplasmic reticulum (ER), yeast cells can synthesize both
palmitate and stearate in the cytoplasm via fatty acid synthase,
which has the ability to elongate C,, and C,, fatty acids (reviewed
in reference 49). Thus, it is possible that 6-NDA could target the
elongation function of fatty acid synthase. Interestingly, S. cerevi-
siae can also elongate medium-chain fatty acids using the ER-
localized enzyme Elo1, which is responsible for the specific elon-
gation of myristate to palmitate (51). Therefore, another
possibility is that 6-NDA might inhibit the function of the Elo1l
enzyme. This potential inhibitory effect on two different enzymes
is reminiscent of the mechanism of action of the fatty acid syn-
thase inhibitor cerulenin and its analogs. While the primary target
of cerulenin is fatty acid synthase, analogs of cerulenin that con-
tain 16 or 18 carbon atoms are also capable of inhibiting ER-
localized plant elongases (41). The activity of the analogs is depen-
dent upon their differential partitioning between the cytoplasm
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FIG 4 Effect of 6-NDA on fatty acid homeostasis in S. cerevisiae. (A) Cells of S. cerevisiae strain S288C were grown under experimental conditions identical to
those used for microarray analysis. Cells were treated with either DMSO (0.25%) or 6-NDA (2.2 pg/ml) for ~15 h, and their fatty acid profile was determined
by GC-FAME analysis. Three independent experiments were performed on independently grown cultures. Gas chromatograms from one representative
experiment are shown. (B) Percent total fatty acid values shown are the means from the three experiments = standard deviations. The chain length and level of
desaturation of the fatty acids detected are shown on the x axis. The differences in fatty acid levels between DMSO-treated and 6-NDA-treated samples were
statistically significant (P value of <0.05) based on an independent two-tailed ¢ test, with equal variance. (C) Broth microdilution assays were performed in
triplicate using S. cerevisiae strain S288C grown in the presence of various concentrations of 6-NDA, with 1.56 pg/ml oleate (+oleate) or without oleate

(—oleate). Percent growth is shown as the mean * standard error of the mean.

and internal membranes, and a similar partitioning of 6-NDA in
S. cerevisiae cells could allow it to inhibit fatty acid elongation via
the cytoplasmic fatty acid synthase and/or an ER-localized elon-
gase.

Given that 6-NDA caused a significant increase in the levels of
laurate, myristate, and myristoleate (90%, 36%, and 482% in-
crease, respectively), it is possible that this overaccumulation of
C,, and C,, fatty acids could also play a potential role in the in-
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duction of fatty acid B-oxidation genes in our transcriptional pro-
filing analysis (see Table 1 and Fig. 2). Similarly, this excessive
buildup of C,, and C, , fatty acids could also contribute, in part, to
the 6-NDA hypersensitivity of mutants lacking TFs that regulate
fatty acid B-oxidation (see Fig. 3). Interestingly, short- and
medium-chain fatty acids that are prematurely released from fatty
acid synthase are directed toward the peroxisomal -oxidation
pathway in S. cerevisiae (25).
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Since 6-NDA treatment resulted in a 39% decrease in the levels
of oleate, one of the most abundant fatty acids in yeast cells, we
were also interested in determining whether exogenously supplied
oleate would restore growth in 6-NDA-inhibited cells. To address
this question, checkerboard assays were first performed using cells
exposed to a range of 6-NDA (0.078 to 5 pg/ml) and oleate (0.039
to 100 pg/ml) concentrations to determine whether conditions
could be identified for the rescue of yeast cells. Significant resto-
ration of growth by oleate was indicated in these preliminary tests,
with maximal rescue effects occurring at 1.56 pg/ml oleate, and
oleate was not found to be inhibitory at concentrations of =3.12
pg/ml. We therefore performed broth microdilution assays using
oleate at a concentration of 1.56 pg/ml to analyze the effect of
oleate on 6-NDA activity in more detail. As shown in Fig. 4C,
growth inhibition by 6-NDA was significantly reversed in the
presence of oleate at this concentration. For example, yeast cells
treated with 5 pwg/ml of 6-NDA exhibited 9% growth compared to
DMSO-treated cells; however, the presence of oleate restored their
growth to 76% (Fig. 4C). It is worth noting that the growth effects
against S. cerevisiae of the fatty acid synthase inhibitor cerulenin
can be overcome by the addition of fatty acids such as oleate to the
medium (reviewed in reference 49). Similarly, yeast mutants lack-
ing either of the two subunits of fatty acid synthase, Fasl or Fas2,
are inviable on standard media but can be rescued by supplemen-
tation with long-chain fatty acids such as oleate (reviewed in ref-
erence 49). Taken together, the results shown in Fig. 4 indicate
that 6-NDA prevents the formation of long-chain fatty acids (>14
carbons) and disrupts fatty acid homeostasis in yeast cells.

Effect of 6-NDA on the fatty acid profile of C. albicans. To
extend our work from a model organism such as S. cerevisiae to a
fungal pathogen, we also conducted biochemical and genomic
studies in C. albicans, which is the most frequently encountered
Candida species in opportunistic infections in immunocompro-
mised hosts as well as in hospital-acquired bloodstream infections
(20, 27, 54). First, to determine how 6-NDA affects fatty acid me-
tabolism in C. albicans, we examined the effect of 6-NDA on its
fatty acid profile. Treatment of C. albicans cells with 6-NDA re-
sulted in a significant decrease in the levels of stearate (C,g.,) and
oleate (C,g.,) and a corresponding increase in the levels of palmi-
tate (C,4.0) and palmitoleate (C,.;) (Fig. 5A and B). The amounts
of stearate and oleate decreased by 26% and 23%, respectively, and
the amounts of palmitate and palmitoleate increased by 22% and
49%, respectively, in 6-NDA-treated cells relative to those of
DMSO-treated cells. This result is in agreement with previous
studies in which 2-HA caused a decrease in stearate and oleate
levels in rats and also led to a simultaneous overaccumulation of
palmitate and palmitoleate (55, 56). Thus, similar to the effects of
2-HA in mammalian cells, 6-NDA may inhibit elongation of fatty
acidslonger than palmitate in C. albicans. However, as was also the
case in S. cerevisiae with palmitoleate (C,¢,,) increasing slightly
following 6-NDA exposure (Fig. 4B), a small increase in the level
of linoleate (C,4.,) was actually observed (Fig. 5B), counter to
what would be predicted if 6-NDA were to inhibit the formation
of fatty acids longer than palmitate in C. albicans. As discussed
above, this increase in linoleate could be attributed to compensa-
tory mechanisms counteracting the effects of 6-NDA, which could
be associated with, for example, the maintenance of optimal
membrane fluidity under unfavorable environmental conditions.
Prior studies with C. albicans have shown that cells grown at 25°C
(a condition that decreases membrane fluidity) contain a larger
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proportion of linoleate in their total lipids than cells grown at 37°C
(4), thus linoleate may play a particularly critical role in adaptive
responses in C. albicans.

The results shown in Fig. 5B further suggest that unlike S.
cerevisiae, fatty acid synthesis in C. albicans is more similar to
mammalian systems, with palmitate being the end product of de
novo fatty acid synthesis and further elongation taking place in the
ER. Interestingly, conditional shutoff strains of C. albicans for the
genes encoding fatty acid synthase subunits Fasl and Fas2 are
inviable under standard growth conditions (57). The growth of
these strains is restored only by palmitate and not by stearate,
suggesting that the C. albicans fatty acid synthase is responsible for
the synthesis of palmitate, and further conversion of palmitate to
stearate is catalyzed by other enzymes (57).

Since 6-NDA exposure resulted in a 23% decrease in the levels
of oleate in C. albicans cells, we also examined if exogenous oleate
would rescue the growth inhibitory effects of 6-NDA. As described
above for S. cerevisiae (Fig. 4C), checkerboard assays were first
performed to determine appropriate oleate concentrations that
could produce a rescue effect in C. albicans. Significant restoration
of growth by oleate was also indicated for C. albicans, with maxi-
mal rescue occurring at 25 pg/ml oleate. Furthermore, exogenous
oleate was not found to be inhibitory to the growth of C. albicans
at any of the concentrations tested (up to 100 pg/ml). Broth mi-
crodilution assays were therefore performed using oleate ata con-
centration of 25 pg/ml to analyze the effect of oleate on 6-NDA
activity in C. albicans. Similar to our observations in S. cerevisiae,
growth inhibition by 6-NDA was significantly reversed in the
presence of oleate in C. albicans cells (Fig. 5C). For example, C.
albicans cells treated with 5 pg/ml of 6-NDA exhibited 0.6%
growth compared to DMSO-treated cells; however, the presence
of oleate restored their growth to 62% (Fig. 5C). Taken together,
the results shown in Fig. 5 indicate that 6-NDA prevents the for-
mation of long-chain fatty acids (>16 carbons) and disrupts fatty
acid homeostasis in C. albicans cells. It is important to note that
the observed rescue effect by exogenously provided oleate in C.
albicans does imply that 6-NDA may not be suitable for treating
systemic infections involving this pathogen, given that the lipid-
rich environment in the host may suppress 6-NDA’s antifungal
activity in vivo. 6-NDA may, however, have considerable efficacy
for the treatment of superficial Candida infections, such as oral
thrush and vaginitis, and its potential clinical applications along
these lines merit further investigation.

Interestingly, the optimal concentration of oleate required for
rescuing 6-NDA activity in C. albicans was substantially higher
than that required in S. cerevisiae (Fig. 4C and 5C), suggesting that
S. cerevisiae is more sensitive to external oleate than C. albicans. It
is possible that specific aspects of fatty acid synthesis and utiliza-
tion in the two organisms could contribute to this effect. For
example, in S. cerevisiae, the addition of exogenous fatty acids
such as oleate reduces the enzyme activity of acetyl coenzyme A
(acetyl-CoA) carboxylase, which catalyzes the first step in fatty
acid biosynthesis (15). Oleate also represses the transcription of
OLE]I, which codes for A-9 desaturase, the enzyme responsible for
the synthesis of monounsaturated fatty acids in S. cerevisiae (8).
Thus, these effects of oleate on fatty acid homeostasis may explain
why S. cerevisiae cells cannot tolerate high levels of external oleate.
The reduced oleate sensitivity of C. albicans could be due to the
fact that this organism can utilize diverse lipids as carbon sources,
including saturated and unsaturated fatty acids, complex lipids

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

Antifungal Mechanism of an Acetylenic Acid

A DMSO s 6-NDA
257 257
= X = N
£ ; £ = L2
o o
2 2
2 o 2 °
s ° =2 = o =2
c © c ©
2 - = =
«n B o (2 -
10 . s 10 o °
< ¥ e
. o L . N 1
5 5
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Retention Time (min) Retention Time (min)
B =~
O DMSO
I 6-NDA
40 1
=]
Q
<
> 30 1
=]
©
[
© 20 A
-
(e]
[t
(d
O\ 10 E
14:0 16:1 16:0 18:2  18:1 18:0
C 100
80 E
[
=
s 60 .
o
(’5 ? T T T
2 40 1
20 E
—o— -Oleate
—e— +Oleate
0 I—— ]
0 1 2 3 4 5 6

6-NDA Conc. (ug/ml)

FIG 5 Effect of 6-NDA on fatty acid homeostasis in C. albicans. (A) Cells of C. albicans strain SC5314 were grown under experimental conditions identical to
those used for microarray analysis. Cells were treated with either DMSO (0.25%) or 6-NDA (4 g/ml) for ~6 h, and their fatty acid profile was determined by
GC-FAME analysis. Three independent experiments were performed on independently grown cultures. Gas chromatograms from one representative experiment
are shown. (B) Percent total fatty acid values shown are means of the three experiments = standard deviations. The chain length and level of desaturation of the
fatty acids detected are shown on the x axis. The differences in fatty acid levels between DMSO-treated and 6-NDA-treated samples were statistically significant
(P value of <0.05) based on an independent two-tailed ¢ test, with equal variance. (C) Broth microdilution assays were performed in triplicate using C. albicans
strain SC5314 grown in the presence of various concentrations of 6-NDA, with 25 g/ml oleate (+oleate) or without oleate (—oleate). Percent growth is shown

as the mean =* standard error of the mean.

such as olive oil, and polyethoxylene sorbate (Tween) compounds
(38). Given that C. albicans frequently encounters carbon-poor
conditions in the host, it has developed strategies to efficiently
utilize alternative carbon sources for its survival, which could ex-
plain, at least in part, its relative insensitivity to exogenous oleate
(37).

Transcriptional response to 6-NDA in C. albicans. To further
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explore the cellular effects of 6-NDA in C. albicans, we performed
a transcriptional profiling study in this organism. As described
above for the S. cerevisiae study, C. albicans cells were treated with
a concentration of 6-NDA that resulted in 50% growth inhibition
(4 pg/ml) for a period of approximately one doubling time (~1.5
h). Genes that exhibited significant differential expression be-
tween cells treated with 6-NDA and those treated with solvent (P
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TABLE 2 Functional distribution of 6-NDA-responding genes in C. albicans

6-NDA data set Genome
GO term” frequency (%) frequency (%) P value Genes annotated to the GO term®
Upregulated genes
Response to stress 10.48 8.59 4.57E—02 CAT1I, CDR1, DDR48, GAL10, HAC1, NCE103, RPN4, RTA3, SOD2,
SOD4, SNQ2, SVFI, orf19.2175, 0rf19.2458, orf19.251
Carbohydrate metabolism 8.87 4.58 1.57E—02 ADH2, AMS1, CWHS, GAL10, GCA1, INO1, MNNI, PCK1, UTR2,
0rf19.3994, 01f19.753
Lipid metabolism 6.45 4.21 2.11E—02 AURI, CWHS, GIT1, INOI, LAG1, MIT1, PLBI1, SEC14, 0rf19.6007,
orf19.7441
Downregulated genes
Amino acid metabolism 22.44 3.77 1.19E—27 AATI, ARG4, ARGS, AROI, ARO3, ARO4, AROS, ASN1, GCV2,
GCV3, HIS1, HIS4, HIS5, HIS7, HOM2, HOM3, HOM6, ILV1,
ILV2,ILV3, ILV6, LEU4, LEU42, LYSI1, LYS2, LYS4, MET13,
MET2, MET6, MIS11, PRO1, PRO2, SAM4, SER1, SER33, STR2,
THRI, TRP2, TRP3, TRP4, TRP5, URA2, VAS1
Translation 20.08 6.71 1.43E—12 RPL10A, RPL11, RPL13, RPL14, RPL15A, RPL16A, RPL18, RPL19A,
RPL2, RPL20B, RPL21A, RPL24A, RPL25, RPL27A, RPL28, RPL3,
RPL32, RPL37B, RPL43A, RPL4B, RPL5, RPL9B, RPP1A, RPP2A,
RPP2B, RPS13, RPS14B, RPS15, RPS17B, RPS19A, RPS21,
RPS22A, RPS23A, RPS24, RPS27, RPS28B, RPS3, RPS7A
Chromosome organization 6.69 4.93 4.65E—02 HHFI1, HHF22, HHO1, HHT2, HHT21, HTA1, HTA2, HTB1, NAT4,
orf19.1052
Lipid metabolism 4.72 421 4.71E—02 ACS1, ATF1, ERGI, ERG3, ERG5, ERG6, ERGY, ERG11, ERG13,

ERG251, FET3, HMO1, YMCI, 0rf19.85, orf19.4581

@ Data (139 upregulated genes and 271 downregulated genes) were organized into GO-based biological process categories using the GO Term Mapper tool (http://go.princeton.edu
/cgi-bin/GOTermMapper). Significantly overrepresented categories (P = 0.05) with a 6-NDA data set frequency of =4.5% are listed.
b Within each GO category, a subset of genes are shown that are relevant to the overall biological response to 6-NDA.

value of =0.001, fold change of =2) were identified as described in
Materials and Methods. A total of 410 genes showed expression
changes in response to 6-NDA, with 139 showing increased ex-
pression and 271 showing decreased expression (see Table S4 in
the supplemental material). The transcriptional changes to
6-NDA were analyzed by organizing the responding genes into
GO-based functional categories using the GO Term Mapper tool
(http://go.princeton.edu/cgi-bin/GOTermMapper), as shown in
Table 2.

As was observed with S. cerevisiae, several genes in the lipid
metabolism functional category were induced by 6-NDA in C.
albicans, most likely due to 6-NDA’s disruptive effect on fatty acid
homeostasis (Table 2). Within the lipid metabolism category,
genes involved in phospholipid and sphingolipid biosynthesis
were induced, indicating damage to endomembranes such as ER
and Golgi. However, unlike the response observed in S. cerevisiae,
genes involved in fatty acid 3-oxidation were not induced in re-
sponse to 6-NDA in C. albicans cells. This raises the question of
whether this induction may require a longer exposure to fatty acid
stressin C. albicans since cells were exposed to 6-NDA for only one
doubling time for the transcriptional profiling experiments. To
examine this possibility, we treated C. albicans cells with 6-NDA at
the IC;, for one doubling time (ODg, 0of 0.4), two doubling times
(ODygqq 0f 0.8), and four doubling times (ODg, of 3.2), and RNA
isolated from these samples was subjected to quantitative real-
time reverse transcription (RT)-PCR (see Methods in the supple-
mental material for further details). The genes analyzed consisted
of five genes involved in fatty acid B-oxidation (FAA2, POXI,
FOX2, POT1I, and TESI) and one gene involved in sphingolipid
biosynthesis (LAGI), included as a positive control since it was
5.3-fold induced by 6-NDA in the one doubling microarray ex-
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periment (see Table 2 and Table S4 in the supplemental material).
The primer sequences of the genes analyzed are shown in Table S5
in the supplemental material. While the LAGI gene did show sig-
nificant induction at the first two time points, none of the (3-oxi-
dation genes tested were significantly induced at any of the time
points tested (see Fig. S3 in the supplemental material). It is pos-
sible that differences in the regulatory networks required for fatty
acid metabolism between C. albicans and S. cerevisiae may account
for the discrepancy in the B-oxidation gene response to 6-NDA in
the two organisms. Transcription factors required for regulating
fatty acid metabolism in S. cerevisiae (Oafl, Pip2, Adrl, and Cat8)
are either absent or have divergent functions in C. albicans. For
example, Oafl and Pip2 are missing, and Adrl and Cat8 do not
affect the expression of key B-oxidation genes in C. albicans (38).
Another possibility is that the large overaccumulation of C,, and
C,, fatty acids (see Fig. 4B) likely makes a significant contribution
to the induction of B-oxidation genes in 6-NDA-exposed S. cerevi-
siae cells. In contrast, 6-NDA treatment in C. albicans cells caused
a small increase in the levels of C, 4 fatty acids (see Fig. 5B), which
is perhaps not sufficient for induction of the 3-oxidation pathway
in this organism.

Genes involved in amino acid metabolism and translation were
downregulated in response to 6-NDA in C. albicans (Table 2).
Several genes in these two functional categories were also down-
regulated by 6-NDA in S. cerevisiae (Table 1). Interestingly, genes
in these functional categories are simultaneously downregulated
in C. albicans cells in response to ER stress mediated by tunicamy-
cin and dithiothreitol (53). Thus, this response is consistent with
the inhibitory effect of 6-NDA on fatty acid homeostasis and con-
sequently on endomembranes such as the ER. Finally, 6-NDA
treatment resulted in the downregulation of 8 genes involved in
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FIG 6 Effect of 6-NDA on fluconazole activity in a clinical isolate of C. albi-
cans. (A) A checkerboard assay was performed to evaluate the combined effects
of 6-NDA and fluconazole in a fluconazole-resistant clinical isolate (isolate 17)
of C. albicans (described in reference 52). Cells were grown in the presence of
3-fold serially diluted concentrations of 6-NDA and fluconazole for 48 h at
35°C, and OD readings were measured on a microplate reader. (B) To assess
viability, 2-pl aliquots from each well were spotted on a fresh YPD agar plate,
which was incubated for 24 h at 35°C.

ergosterol biosynthesis in C. albicans (Table 2, lipid metabolism
category). Three ergosterol biosynthetic genes (ERG3, ERG4, and
ERGS5) were also downregulated in response to 6-NDA in S. cerevi-
siae (see Table S1 in the supplemental material). Given that ergos-
terol biosynthesis occurs in the ER, it is possible that this pathway
is affected due to 6-NDA-mediated ER damage. It is also possible
that the disruption in fatty acid homeostasis caused by 6-NDA
could have an effect on sterol homeostasis given that acetyl-CoA is
used as a common precursor in both pathways.

Effect of 6-NDA on fluconazole activity. Since 6-NDA af-
fected the expression of ergosterol biosynthetic genes in C. albi-
cans, we were also interested in determining if 6-NDA could im-
prove the activity of the fungistatic drug fluconazole, which
inhibits ergosterol biosynthesis. A broth microdilution checker-
board assay was performed according to CLSI guidelines (9) using
a fluconazole-resistant clinical isolate (isolate 17) of C. albicans
(52). The presence of 6-NDA improved fluconazole activity in
cells of this clinical isolate; for example, the cells exhibited >80%
growth in the presence of 200 ug/ml fluconazole, and the addition
of a subinhibitory dose of 6-NDA (1.48 wg/ml) resulted in no
visible growth (Fig. 6A). More importantly, when aliquots of these
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cells were spotted on a fresh YPD agar plate to assess whether the
cells were viable, cells with no visible growth at high fluconazole
concentrations (200 wg/ml and 66.66 pg/ml) in the presence of
6-NDA exhibited no growth after 24 h of incubation on the solid
medium (Fig. 6B). Thus, the combination of 6-NDA and flucona-
zole exhibited fungicidal activity in this clinical isolate of C. albi-
cans.

It is worth noting that the 6-NDA-mediated improvement in
fluconazole activity was observed only in the fluconazole-resistant
clinical isolate of C. albicans and was not observed in the matched
fluconazole-susceptible clinical isolate (isolate 1), nor was it ob-
served in the wild-type C. albicans strain SC5314 (data not
shown). Thus, the mechanism behind this improvement in flu-
conazole activity by 6-NDA is probably not related to a general
membrane stress that would be exerted due to a disruption in fatty
acid homeostasis. This effect is also most likely not due to an
alteration in ergosterol levels because of the downregulation of
ergosterol biosynthetic genes by 6-NDA. Instead, it could be re-
lated to the fact that one of the key molecular factors responsible
for fluconazole resistance in clinical isolate 17 is the overexpres-
sion of Cdrl, a member of the ABC transporter family of efflux
pumps that is involved in the efflux of azole drugs from C. albicans
cells (52). Interestingly, Cdrl is sensitive to changes in the mem-
brane environment (35, 46). For example, Cdr1 function was in-
hibited when it was expressed in yeast cells with defects in ergos-
terol biosynthesis (46). In addition, Cdrl localization to the
plasma membrane was disrupted when it was expressed in yeast
cells defective either in the ergosterol or in the sphingolipid bio-
synthesis pathway (35). A similar disruption in Cdrl function or
localization may occur in the presence of 6-NDA causing the re-
sistant clinical isolate to become susceptible to fluconazole.

Effect of 6-NDA on C. albicans hyphal growth. C. albicans has
the capacity to exist in both yeast and filamentous forms, and the
morphogenetic switch from yeast to hyphae is a major virulence
factor, important for both tissue adhesion and invasion (reviewed
in reference 5). Since fatty acids have been previously shown to
inhibit hyphal formation in C. albicans (reviewed in reference 42),
we conducted experiments to determine whether 6-NDA has any
effect on C. albicans hyphal growth. C. albicans cells were grown in
RPMI 1640 medium (pH 7.0) at 37°C for 6 h in the presence of
various concentrations of 6-NDA (0.195 to 50 pg/ml). At all con-
centrations tested, 6-NDA treatment resulted in the formation of
short hyphal filaments, whereas long filaments were seen in sol-
vent control samples. Even at the lowest test concentration of
0.195 pg/ml, a strong inhibition of long hyphae formation was
observed (Fig. 7). Unlike other fatty acids such as butyric, capric,
lauric, palmitoleic, oleic, linoleic, and undecylenic acids (reviewed
in reference 42), 6-NDA did not appear to inhibit yeast-to-hypha
transition under the experimental conditions used in our study,
since short hyphal filaments were visible in the majority of cells in
each of the 6-NDA-treated samples. Thus, it is possible that
6-NDA inhibits hyphal elongation as has been observed for con-
jugated linoleic acid and caprylic acid (28, 43). Since inhibitors of
hyphal growth such as farnesol and nisin Z have been shown to
give a protective effect in mucosal candidiasis (reviewed in refer-
ence 42), the hyphal inhibitory activity of 6-NDA would be useful
in clearing superficial Candida infections. In addition, given the
importance of hyphal development in C. albicans biofilm forma-
tion for the colonization of medical devices (32), and given that
Candida biofilms are highly resistant to most antifungal agents
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FIG 7 Effect of 6-NDA on C. albicans hyphal growth. Cells of C. albicans strain
SC5314 were grown in microplates in RPMI 1640 medium (pH 7.0) for 6 hat 37°C
in the absence or presence of various concentrations of 6-NDA (0.195 to 50 g/
ml). While long hyphal filaments were visible in the DMSO-treated samples, only
short filaments were visible in all of the 6-NDA-treated samples. Digital images
were captured with a 20X objective. —6-NDA, medium containing solvent
(DMSO); +6-NDA, medium containing 6-NDA at 0.195 pg/ml.

(reviewed in reference 12), 6-NDA may also have potential utility
in the treatment of device-related Candida infections.
Conclusions. Using a combination of genomic, genetic, and
biochemical approaches, we have shown that 6-NDA, a plant-
derived acetylenic acid, mediates its antifungal activity by interfer-
ing with fatty acid homeostasis, a molecular pathway distinct from
that targeted by antifungal drugs currently in clinical use. Given
the requirement for the accurate regulation of intracellular fatty
acid levels for fungal cell viability and pathogenesis (7, 19, 30, 31,
57,59), fatty acid homeostasis represents a promising target path-
way for antifungal drug development. The acetylenic acid 6-NDA
could therefore serve as a valuable tool for the further character-
ization of this cellular process as an antifungal target, as well as a
novel pharmacological probe for exploring fatty acid homeostasis
in fungal cells and gaining insight into its regulation. Our work
also shows that 6-NDA abolishes azole resistance in a clinical iso-
late of the leading human fungal pathogen, C. albicans, causing a
fungicidal effect in combination with fluconazole in this isolate. In
addition, 6-NDA inhibited C. albicans hyphal growth, thus there is
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potential utility for this compound in the treatment of mucosal as
well as device-related Candida infections.
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