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Sampangine, a plant-derived alkaloid found in the Annonaceae family, exhibits strong inhibitory activity
against the opportunistic fungal pathogens Candida albicans, Cryptococcus neoformans, and Aspergillus fumiga-
tus. In the present study, transcriptional profiling experiments coupled with analyses of mutants were per-
formed in an effort to elucidate its mechanism of action. Using Saccharomyces cerevisiae as a model organism,
we show that sampangine produces a transcriptional response indicative of hypoxia, altering the expression of
genes known to respond to low-oxygen conditions. Several additional lines of evidence obtained suggest that
these responses could involve effects on heme. First, the hem1� mutant lacking the first enzyme in the heme
biosynthetic pathway showed increased sensitivity to sampangine, and exogenously supplied hemin partially
rescued the inhibitory activity of sampangine in wild-type cells. In addition, heterozygous mutants with
deletions in genes involved in five out of eight steps in the heme biosynthetic pathway showed increased
susceptibility to sampangine. Furthermore, spectral analyses of pyridine extracts indicated significant accu-
mulation of free porphyrins in sampangine-treated cells. Transcriptional profiling experiments were also
performed with C. albicans to investigate the response of a pathogenic fungal species to sampangine. Taking
into account the known differences in the physiological responses of C. albicans and S. cerevisiae to low oxygen,
significant correlations were observed between the two transcription profiles, suggestive of heme-related
defects. Our results indicate that the antifungal activity of the plant alkaloid sampangine is due, at least in
part, to perturbations in the biosynthesis or metabolism of heme.

The azaoxoaporphine alkaloid sampangine (Table 1) be-
longs to the aporphine family of alkaloids, which have been
reported to show antibacterial, antifungal, antiviral, antipara-
sitic, and antitumor activities (e.g., 11, 12, 23, 27, 28, 49, 63).
The production of sampangine is associated with species within
the plant family Annonaceae (custard-apple family), including
Duguetia hadrantha and Cananga odorata (51, 57, 60). Like
other aporphine alkaloids, sampangine is of particular interest
as a potential therapeutic agent, as it exhibits strong inhibitory
activity against the human fungal pathogens Candida albicans,
Cryptococcus neoformans, and Aspergillus fumigatus (51, 57). It
also displays activity against the bacterium Mycobacterium tu-
berculosis and the malaria parasite Plasmodium falciparum and
has activity against human cancer cells, including malignant
melanoma cells and HL-60 leukemia cells (32, 33, 51, 57).

For both antimicrobial and antitumor properties, little is
known concerning sampangine’s molecular mechanism of ac-
tion. Kluza et al. (33) have reported that sampangine induces
apoptosis in human HL-60 leukemia cells via the generation of
reactive oxygen species. This has been attributed to the imi-

noquinone moiety in its structure (Table 1) that is also present
in the closely related marine alkaloid ascididemin, which was
similarly reported to generate reactive oxygen species, leading
to DNA damage in tumor cells (48). However, transcriptional
profiling experiments conducted with ascididemin in M. tuber-
culosis indicated that the profile generated by this compound
clustered with the profiles of known iron-scavenging agents,
and subsequent experiments confirmed that ascididemin inhib-
ited M. tuberculosis growth through iron depletion (9). In the
case of ascididemin, oxidative stress and DNA damage are
therefore likely to represent secondary effects of the inhibitor
caused by depletion of cellular iron. Thus, whether the oxida-
tive stress associated with the antitumor properties of sam-
pangine reflects its primary mechanism of action remains to be
determined.

Further characterization of the biological activities of sam-
pangine will be useful not only in facilitating its pharmacolog-
ical development but also in understanding its importance in
the producing plant species, where it is likely to play a role in
chemical defense. In the present study, we have conducted
transcriptional profiling experiments followed by analyses of
mutants in an effort to gain insight into its mechanism of
action. Using Saccharomyces cerevisiae as a model, we show
that sampangine produces a transcriptional response sugges-
tive of hypoxia, causing significant changes in the expression of
genes known to respond to low-oxygen conditions. Interest-
ingly, as previously observed with human HL-60 leukemia cell
lines (33), sampangine also induced an oxidative stress re-
sponse in S. cerevisiae cells. Further experiments revealed that
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these effects are likely due to an alteration in heme metabo-
lism. Results obtained using the important human fungal
pathogen C. albicans were consistent with those obtained using
S. cerevisiae when known differences in the physiological re-
sponses of these two fungal species to low-oxygen conditions
were taken into account. Collectively, our results suggest that
heme plays an integral role in the antifungal activity of sam-
pangine.

MATERIALS AND METHODS

Strains and media. S. cerevisiae and C. albicans strains used in this study are
listed in Table 2. Synthetic dextrose (SD) medium, containing 0.67% yeast
nitrogen base without amino acids and 2% dextrose, 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. Synthetic complete (SC) medium, consisting of SD medium
supplemented with complete supplement mixture (Qbiogene, Inc., Carlsbad,
CA) was used for growing S. cerevisiae deletion mutants obtained from Open
Biosystems (Huntsville, AL). For C. albicans, all mutant strains and their iso-
genic wild-type strains were grown in YPD medium (1% yeast extract, 2%
peptone, 2% dextrose) supplemented with uridine (YPD � Uri medium) at 80
�g/ml. The hem1� strains of S. cerevisiae (yMH339) and C. albicans (KRC1)
were maintained in YPD medium or YPD � Uri medium supplemented with 200
�g/ml (S. cerevisiae) or 50 �g/ml (C. albicans) of �-aminolevulinate (ALA;
YPD � ALA or YPD � Uri � ALA).

All reagents, including ketoconazole, ergosterol, hemin, ALA, and dimethyl
sulfoxide (DMSO), were obtained from Sigma (St. Louis, MO). Stock solutions
of ketoconazole and sampangine were made in DMSO. Ergosterol stock solution
was prepared in Tween 80/ethanol (1:1 [vol/vol]). A 6.5 mg/ml stock solution of
hemin was prepared by dissolving in 0.1 M NaOH at 37°C, followed by the
addition of 1 M TrisHCl, pH 7.5, to a final concentration of 0.1 M and an
adjustment of the final pH to 7.0 with HCl.

IC50 determinations for microarray experiments. In all microarray experi-
ments, S. cerevisiae strain S288C and C. albicans strain SC5314 were used. All
experiments were conducted at 30°C for S. cerevisiae and 37°C for C. albicans.
For 50% inhibitory concentration (IC50) determinations in small-scale cultures,
broth microdilution assays were performed according to Clinical and Laboratory
Standards Institute (CLSI, formerly NCCLS) protocols (52), with the modifica-
tion that the inoculum size was 2 � 106 CFU/ml. This cell density, which is �200

times greater than the standard protocol, was used in order to mimic microarray
culture conditions.

For determination of IC50 values in large-scale cultures, an overnight culture
(started from a single colony) in late exponential phase was used to inoculate 50
ml of SD medium to an optical density at 600 nm (OD600) of 0.1 (cell count of
�2 � 106 CFU/ml). Multiple cultures were started for each drug in order to test
four to five different drug concentrations. The cultures were incubated in an
environmental shaker (200 rpm) and allowed to recover from stationary phase
until an OD600 of 0.2 was reached. Sampangine was then added at two- to
fourfold serial dilutions into each culture. Two rounds of experiments were
conducted, with a broad range of sampangine concentrations tested in the first
round and a narrow range tested in duplicate experiments in the second round.
The cultures were grown to late exponential phase (17 h for S. cerevisiae and 9 h
for C. albicans), and a final OD600 was measured using an Ultrospec 2000
spectrophotometer (Amersham Biosciences, Piscataway, NJ). The IC50 values
were determined to be 1.17 �g/ml for S. cerevisiae and 6.13 �g/ml for C. albicans
(data not shown).

Cell culture and drug exposure for microarray experiments. A single colony of
S. cerevisiae or C. albicans was inoculated into 25 ml of SD medium and grown
overnight in an environmental shaker (200 rpm) until late exponential phase.
The culture was used to inoculate 50 ml of SD medium to an OD600 of 0.1. Six
independent 50-ml cultures were grown for each experiment, three for treated
and three for untreated samples. The cultures were allowed to recover from
stationary phase until an OD600 of 0.2 was reached. Sampangine was then added
to each culture at a concentration equivalent to the IC50 value (1.17 �g/ml for S.
cerevisiae and 6.13 �g/ml for C. albicans). Control cultures were simultaneously
treated with 0.25% dimethyl sulfoxide (DMSO). The cultures were allowed to
grow until an OD600 of 0.5 was reached (�3 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.

RNA preparation. Total RNA was isolated using a Qiagen RNeasy Midi kit
(Qiagen, Valencia, CA) according to the manufacturer’s instructions, with the
following modifications: frozen cells were ground into a powder with a mortar
and pestle in liquid nitrogen to facilitate cell disruption. The cell powder was

TABLE 2. S. cerevisiae and C. albicans strains used in this study

Strain Description Source or
reference

S. cerevisiae strains
S288C MAT� SUC2 mal mel gal2

CUP1 flo1 flo8-1
ATCC

JK93d�a MAT� his4 HMLa leu2-3,112
rme1 trp1 ura3-52

J. Heitman

BY4743 MATa/� his3�1 leu2�0
met15�0 ura3�0 lys2�0

Open Biosystems

BY4741 MATa his3�1 leu2�0 met15�0
ura3�0

Open Biosystems

yMH339b MATa ura3�0 his3�200 leu2�0
lys2-128 HAP1
hem1�::kanMX

Unpublished
data

HEM1/hem1� HEM1/hem1� in BY4743 Open Biosystems
HEM2/hem2� HEM2/hem2� in BY4743 Open Biosystems
HEM3/hem3� HEM3/hem3� in BY4743 Open Biosystems
HEM4/hem4� HEM4/hem4� in BY4743 Open Biosystems
HEM12/hem12� HEM12/hem12� in BY4743 Open Biosystems
HEM13/hem13� HEM13/hem13� in BY4743 Open Biosystems
HEM14/hem14� HEM14/hem14� in BY4743 Open Biosystems
HEM15/hem15� HEM15/hem15� in BY4743 Open Biosystems
yap1�/yap1� yap1�/yap1� in BY4743 Open Biosystems
sod2�/sod2� sod2�/sod2� in BY4743 Open Biosystems
cin5�/cin5� cin5�/cin5� in BY4743 Open Biosystems
TXSc001 pRS426 in JK93d� This study
TXSc025 pRS426-CIN5 in JK93d� This study

C. albicans strains
SC5314a URA3/URA3 21
BWP17a ura3::	imm434/ura3::	imm

434 his1::hisG/his1::hisG
arg4::hisG/arg4::hisG

74

KRC1c hem1�::URA3/hem1�::ARG4 in
BWP17

5

a Received from Joseph Heitman (Duke University).
b Received from Mark Hickman (Harvard University).
c Received from Martin Bard (Indiana University).

TABLE 1. Structure of sampangine and the in vitro antifungal
activity of sampangine compared to that of amphotericin Ba

Species
Sampangine Amphotericin B

IC50 MIC IC50 MIC

C. albicans 0.2 3.1 0.3 0.6
C. glabrata 1.0 3.1 0.3 3.1
C. kruseii 2.0 6.2 0.6 6.2
A. fumigatus 0.8 6.2 0.6 1.2
C. neoformans 
0.05 0.05 0.3 0.6

a Broth microdilution assays were performed according to CLSI guidelines
(52, 53). The media used were RPMI for A. fumigatus and Candida spp. and
Sabouraud dextrose for C. neoformans. The temperature of incubation was 37°C
for Candida spp. and 30°C for C. neoformans and A. fumigatus. Numbers are in
micrograms/milliliter and are average values from duplicate experiments. The
strains used were C. albicans ATCC 90028, C. glabrata ATCC 90030, C. kruseii
ATCC 6258, A. fumigatus ATCC 90906, and C. neoformans ATCC 90113.
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resuspended in 4 ml of lysis buffer provided in the kit and homogenized for 2 min
at 30-s intervals at 25,000 rpm using a PT3100 polytron (Brinkmann Instruments,
Westbury, NY). The RNA concentration and purity were determined spectro-
photometrically by measuring the absorbance at 230, 260, 280, and 320 nm. The
purity and integrity of the RNA were confirmed by agarose gel electrophoresis.

Microarray analysis: sample preparation, hybridization, and data analysis.
For S. cerevisiae, target preparation was performed according to the GeneChip
expression analysis protocol (Affymetrix, Santa Clara, CA). A One-Cycle target
labeling and control reagent kit (Affymetrix) was used for first-strand and sec-
ond-strand cDNA synthesis, biotin-labeled cRNA synthesis, cRNA fragmenta-
tion, and hybridization. Ten micrograms of total RNA was used for first-strand
cDNA synthesis. The quantity of cRNA generated was determined spectropho-
tometrically, and the quality of the cRNA and fragmented cRNA was analyzed
on an agarose gel. Fifteen micrograms of fragmented cRNA was hybridized to a
GeneChip yeast genome S98 array (Affymetrix) in a GeneChip hybridization
oven 640. Washing and staining with streptavidin phycoerythrin were performed
using a GeneChip fluidics station 450, and scanning was performed using a
GeneChip scanner 3000. Image analysis, scaling, and probe set-level data analysis
were performed using the default parameters of GeneChip Operating Software
version 1.1 (GCOS; Affymetrix). The report file generated by the software was
used to assess the quality of each experiment, to ensure that the scaling factor
was similar across the arrays, and to ensure that the values obtained from
housekeeping controls as well as the spike-in controls were within the recom-
mended limits.

For C. albicans, target preparation was performed according to the aminoallyl
labeling protocol of The Institute for Genomic Research (http://www.tigr.com).
First-strand synthesis was performed with 15 �g of total RNA. The cDNA was
coupled with Cy3 dye or Cy5 dye, and the labeled target was quantitated by using
a spectrophotometer. Equal amounts (�500 ng of cDNA [each]) of the Cy3- and
Cy5-labeled target samples were hybridized to C. albicans glass arrays. The arrays
consisted of �6,400 70-mer oligonucleotides (Qiagen) that were printed on glass
slides (Microarrays, Inc., Nashville, TN). Arrays were hybridized and washed
according to the protocol outlined in the Corning UltraGAPS coated slides
instruction manual. Arrays were scanned using a ScanArray 5000 scanner
(PerkinElmer, Wellesley, MA), and image analysis was performed using Quant-
Array version 3.0 software (PerkinElmer). The quality of each experiment was
assessed using the Scatter Plot feature of QuantArray (Cy5 signal intensity
plotted against Cy3 signal intensity of all spots) to ensure that the majority of
spots were evenly distributed close to the 1:1 identity line.

Differentially expressed genes were identified using BRB Array Tools version
3.2.3 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
with GCOS software (background-corrected and normalized signal values after
probe set-level data analysis) were uploaded into BRB Array Tools. For C.
albicans, data generated using QuantArray software (background-corrected sig-
nal intensities) were uploaded and were normalized using the Lowess algorithm
available in BRB Array Tools. For both data sets, signal values were log trans-
formed and filtered using the default parameters available 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. Differentially expressed genes
were identified by performing a two-class comparison between untreated and
treated classes using the default statistical parameters available in BRB Array
Tools, and genes with a P value of �0.001 were considered to be significant.
Gene annotations were obtained from the Saccharomyces Genome Database
(SGD) or the Candida Genome Database (CGD). The Gene Ontology (GO)
Term Finder and GO Slim Mapper tools in SGD or CGD was used to distribute
the genes into GO-based categories, and overrepresented GO terms were iden-
tified for each data set.

Sensitivity assays with S. cerevisiae and C. albicans strains. Broth microdilu-
tion assays were performed according to CLSI guidelines (52). An overnight
culture started from a single colony was diluted in the appropriate medium after
comparison to the 0.5 McFarland standard to afford a final inoculum of �1 � 104

CFU/ml. After dilution, 190 �l of the inoculum was added to a 96-well flat-
bottom microplate (Corning, Inc., Corning, NY) containing 10 �l of sampangine
at various concentrations. Sampangine was prepared as a stock solution of 400
�g/ml in DMSO, which was twofold serially diluted in DMSO, followed by a
fivefold dilution in the appropriate medium. The starting concentration of sam-
pangine in the final assay was 4 �g/ml. The microplates were read at 600 nm prior
to and after incubation using a BioTek Powerwave XS microplate reader
(BioTek Instruments, Inc., 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.

To test whether ergosterol or hemin could alter the sensitivity to sampangine,

broth microdilution assays were performed as described above except that 180 �l
of the inoculum was added to a microplate containing 10 �l of sampangine and
10 �l of either ergosterol or hemin. The concentrations of ergosterol and hemin
used were 10 �g/ml and 32.5 �g/ml, respectively. The growth of S. cerevisiae and
C. albicans cells was not inhibited at these concentrations, as determined by pilot
checkerboard assays.

To determine the sensitivities of various mutant strains to sampangine, agar-
based drop test assays were performed. Overnight cultures at an OD600 of 3.0
were used to prepare 1:5 serial dilutions in the appropriate media, and they were
spotted in 3-�l amounts onto agar plates. Plates were incubated for 2 to 3 days
at the required temperature. For testing the S. cerevisiae deletion mutants ob-
tained from Open Biosystems (Table 2), overnight cultures from single colonies
of the mutants and the wild-type strain BY4743 were grown in SC broth (plus 200
�g/ml G418 for the mutants only), diluted to an OD600 of 3.0, and used in drop
test assays on SC agar plates containing DMSO or 1.25 �g/ml or 2.0 �g/ml of
sampangine.

For testing the hem1� mutant of S. cerevisiae, overnight cultures of hem1�
mutant and the parent strain (BY4741) were grown in YPD � ALA broth (200
�g/ml) and YPD broth, respectively. The cultures were washed three times in
sterile distilled water, and cells from the mutant strain were resuspended in
YPD � ALA broth (8 �g/ml), while cells from the parent strain were resus-
pended in YPD broth. The cells were allowed to grow with shaking for �5 h. The
cells were diluted to an OD600 of 3.0 and used in drop test assays on YPD � ALA
(8 �g/ml) agar plates containing either DMSO or 1.25 �g/ml of sampangine.
Plates were incubated for 2 days at 30°C. The hem1�/� strain of C. albicans was
tested in a similar manner, except the medium used was YPD � Uri, the
concentration of ALA used for overnight cultures was 50 �g/ml, and the con-
centration of sampangine used was 5 �g/ml.

Pyridine spectrum analysis. Pyridine spectral analysis was performed accord-
ing to the methods described by Falk (16). Overnight cultures of S. cerevisiae or
C. albicans grown in SD broth were used to inoculate fresh cultures at an OD600

of 0.1. After one doubling, sampangine was added to each culture at a concen-
tration equivalent to the IC50 value (1.17 �g/ml for S. cerevisiae and 6.13 �g/ml
for C. albicans). Control cultures were simultaneously treated with 0.25%
DMSO. The cultures were allowed to grow for �4 doublings. Equal numbers of
cells from the corresponding treated and untreated cultures were harvested by
centrifugation and washed once with sterile distilled water. The cell pellets were
resuspended in alkaline pyridine (pyridine:0.1N NaOH, 2:1 [vol/vol]), and incu-
bated for 10 min in the dark. Cell lysates were cleared by centrifugation and
analyzed spectrophotometrically. Two independent experiments were performed
with independently grown cultures.

Detection of carbonylated proteins. An OxyBlot protein oxidation detection
kit from Millipore (Billerica, MA) was used to detect carbonylated proteins. The
kit provides reagents for the immunodetection of carbonyl groups introduced
into proteins that have undergone oxidative modification. Carbonylated proteins
were successfully detected with the kit in a trial experiment performed with S.
cerevisiae cells that were exposed to 1 mM H2O2 in early log phase for 3 h (data
not shown). To detect oxidative stress due to sampangine, an overnight culture
of S. cerevisiae was grown in SD broth (MOPS buffered; pH 7.0) and used to
inoculate fresh medium at an OD600 of 0.1. After one doubling, either sampang-
ine (1.17 �g/ml) or DMSO (0.25%) was added to the cultures. The cells were
allowed to grow and were harvested by centrifugation at one doubling (2.5 h) and
two doublings (5 h) after treatment. Five-milliliter aliquots of cells were washed
two times with sterile distilled water, and the pellets were stored at �80°C. The
experimental conditions, including media, temperature, aeration, and concen-
tration of sampangine, were identical to the conditions used in the transcript
profiling experiments. Two independent experiments were performed with inde-
pendently grown cultures.

Protein extracts were prepared by treating the cell pellets with 50 �l of Y-PER
reagent (Pierce Biotechnology, Inc., Rockford, IL) containing 1% (vol/vol) beta-
mercaptoethanol and 10 mM phenylmethanesulfonyl fluoride, according to the
manufacturer’s instructions. The protein concentration was determined using the
Bradford assay. Twenty micrograms of protein from each extract was derivatized
with 2,4-dinitrophenylhydrazine (DNPH) in the presence of 6% sodium dodecyl
sulfate (SDS), according to the instructions in the OxyBlot kit manual. Identical
negative control reactions were performed for each extract to generate nonderi-
vatized samples. The samples were separated by SDS-polyacrylamide gel elec-
trophoresis followed by Western blotting. The blotted membrane was incubated
with primary antibody (1:145 dilution), specific to the DNP moiety, followed by
incubation with horseradish peroxidase-conjugated secondary antibody (1:275
dilution). Chemiluminescent detection was performed with reagents from an
ECL Western blotting system (Amersham Biosciences). To ensure equal loading
and intact proteins, a polyacrylamide gel was run with an aliquot of the derivat-

VOL. 7, 2008 MECHANISM OF ANTIFUNGAL ACTIVITY OF SAMPANGINE 389



ized and nonderivatized samples and stained with GelCode Blue stain reagent
(Pierce Biotechnology).

Multicopy library screening. S. cerevisiae strain JK93d� was transformed with
a multicopy genomic DNA library received from J. Heitman (Duke University),
which was constructed in the 2� vector pRS426. Transformants were selected on
SC-Ura (SC minus Ura) agar plates. A total of � 1 � 106 colonies were obtained
and pooled in SC-Ura broth. Glycerol stocks (15% [vol/vol] final glycerol con-
centration) were prepared from aliquots of the pooled material and stored at
�80°C. The preparation of glycerol stocks from pooled transformants eliminates
the need to perform a high-efficiency yeast transformation for each screening. To
screen the library against sampangine, a glycerol stock was thawed on ice, diluted
to a density of 1 � 106 cells/ml, and plated on 10 SC-Ura agar plates (150 by 15
mm in size) with 0.3 ml of diluted cells per plate. After 2 days of incubation at
30°C, the transformants were pooled and diluted to a density of 1 � 106 cells/ml,
and 0.3 ml of cells was plated onto each of 10 SC-Ura agar plates (150 by 15 mm
in size) containing 4 �g/ml sampangine. At this concentration of sampangine,
yeast cells carrying vector alone (strain TXSc001) plated at a similar cell density
showed no growth up to 5 days. A total of 50 transformants that survived on
sampangine plates were obtained after 5 days of incubation at 30°C. Plasmid
DNA was isolated from the transformants using a QIAPrep Spin MiniPrep kit
(Qiagen) with the modification that cell lysis was performed with P1 buffer in the
presence of acid-washed glass beads (Sigma) in a bead mill (Retsch, Inc., New-
town, PA). The plasmids were transformed into Escherichia coli DH5� cells,
amplified, and purified using standard protocols. The plasmid DNA was digested
to check for the presence of inserts and to identify duplicate clones. Twelve
clones had no inserts or showed indications of missing restriction sites and
rearrangements. Of the remaining 38 clones, 14 different restriction patterns
were obtained upon digestion with EcoRI. Clones representing each pattern
were partially sequenced using T7 and T3 primers, and the genes present in
them were identified using SGD. All 14 clones contained the CIN5 gene present
in genomic fragments of various lengths. Clones carrying only the full-length
CIN5 open reading frame were retransformed into JK93d� cells, and their
resistance to sampangine was confirmed in drop test agar assays, as described
above. One of the confirmed S. cerevisiae strains carrying pRS426-CIN5 was
designated TXSc025.

Profiling data accession number. The transcriptional profiling data described
in this article have been deposited in NCBI’s Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO series acces-
sion no. GSE10104.

RESULTS

Transcriptome response to sampangine in S. cerevisiae.
Sampangine displays potent antifungal activity, comparable to
that of the widely used drug amphotericin B, against the fungal
pathogens C. albicans, Candida glabrata, Candida kruseii, C.
neoformans, and A. fumigatus (Table 1). In order to understand
the cellular effects of sampangine in fungal cells, we made use
of S. cerevisiae, an established model organism that has been
extensively used for elucidating the molecular targets of anti-
fungal and therapeutic compounds (reviewed in references 56
and 64). A transcriptional profiling study was conducted using
S. cerevisiae cells that were treated with a concentration of
sampangine that resulted in 50% growth inhibition (1.17 �g/
ml). Genes that were significantly differentially expressed be-
tween the treated and untreated cells (P value, �0.001) were
identified as described in Materials and Methods. A total of
204 genes showed expression changes in response to sampang-
ine, with 129 genes showing increased expression and 75 genes
showing decreased expression. Data for a few selected genes
are shown in Fig. 1 to highlight the overall biological response
to sampangine.

The global transcriptional response to sampangine revealed
several similarities to that shown by S. cerevisiae cells grown
under anaerobic conditions in previous studies (8, 36, 40, 41,
58, 65, 67). In these studies, the most consistent gene expres-
sion responses to anaerobiosis appeared to be the downregu-

lation of genes required for mitochondrial respiration and en-
ergy metabolism regulated by the transcription factors Hap1p
and Hap2/3/4/5p, the upregulation of genes required for sterol
homeostasis and cell wall function under the regulation of the
transcription factor Upc2p, and the upregulation of genes reg-
ulated by the transcription factor Rox1p. All of these transcrip-
tion factors are known to regulate gene expression in response
to altered heme and/or cellular oxygen levels. Many of the
genes responding to sampangine are also regulated by these
transcription factors (Table 3).

Several genes that were repressed by sampangine treatment
are regulated by the heme-dependent transcription factors
Hap1p and/or Hap2/3/4/5p (Fig. 1 and Table 3). The majority
of these genes are activated by these transcription factors un-
der aerobic growth conditions (reviewed in references 35, 78,
and 80), and repressed under anaerobic conditions (8, 36, 40,
41, 58, 65, 67). The downregulation of these “aerobic” genes
during anaerobiosis is consistent with the fact that many of
them encode cytochromes, cytochrome-related oxidoreducta-
ses, and NADH-dependent dehydrogenases that play impor-
tant roles in mitochondrial electron transport and respiration.
Thus, sampangine treatment appears to block the Hap1p- and
Hap2/3/4/5p-dependent expression of genes normally induced
under the aerobic conditions employed in the present work. It
should be noted that the HAP1 gene in the S. cerevisiae S288C
strain used in this study is interrupted by a Ty1 element in the
3� end of its open reading frame (data not shown), resulting in
a hypomorphic allele that is partially functional under anaer-
obic conditions, thus retaining some activity in this strain (19).

Sampangine treatment also resulted in the induction of sev-
eral genes known to be regulated by the transcription factor
Upc2p (Fig. 1 and Table 3). All of these genes were previously
shown to be induced under anaerobic conditions in various
microarray studies with S. cerevisiae (8, 36, 40, 41, 58, 65, 67).
Interestingly, two of the Upc2p-induced genes listed in Table
3, AUS1 and DAN1, are involved in the uptake of extracellular
sterol (73). Two additional sampangine-induced genes not
known to be regulatory targets of Upc2p, SUT1, and SUT2
(listed under “Sterol Transport” in Fig. 1), are also involved in
sterol uptake (2, 54). The gene SUT1 was also reported to be
upregulated under low-oxygen conditions by both Tai et al.
(65) and Ter Linde et al. (67). An increased expression level of
sterol uptake genes in S. cerevisiae under anaerobic conditions
is associated with the phenomenon of “aerobic sterol exclu-
sion” (45). Under aerobic conditions, S. cerevisiae cells fulfill
their sterol requirements via de novo synthesis of ergosterol,
while under anaerobic conditions, sterol biosynthesis is com-
promised and the cells are dependent upon sterol uptake for
survival. Interestingly, sterol uptake can occur aerobically in
heme-deficient mutants (e.g., 22, 43), indicating a close rela-
tionship between oxygen, heme, and sterol homeostasis in S.
cerevisiae.

Rox1p is a heme-dependent repressor of anaerobic genes
(reviewed in references 35, 78, and 80), and several Rox1p-
regulated anaerobic genes were induced in the presence of
sampangine (Fig. 1 and Table 3). All of these genes have also
been previously reported to be induced under anaerobic con-
ditions in S. cerevisiae (8, 36, 40, 41, 58, 65, 67). The genes
ARE1 (sterol metabolism; 71), HEM13 (heme biosynthesis;
31), and ATF1 (synthesis of unsaturated fatty acids; 17) all
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encode proteins that play important roles in heme-dependent
pathways.

Treatment with sampangine resulted in the downregulation
of numerous genes involved in iron transport and homeostasis
(Fig. 1 and Table 3) that are known to be regulated by the
iron-sensing transcription factor Aft1p (reviewed in reference
30). Interestingly, Lai et al. (40) have reported the downregu-
lation of genes required for iron homeostasis (FRE1, UTR1,
FTR1, and FET3) in S. cerevisiae in response to anaerobiosis.
Crisp et al. (13) have also shown that the inhibition of heme
biosynthesis results in decreased transcription of iron uptake
genes in S. cerevisiae. This interplay between iron, heme, and

oxygen can be attributed to the fact that many iron-containing
proteins play important roles in oxygen-dependent reactions
involving heme, such as heme biosynthesis, sterol metabolism,
lipid desaturation, and mitochondrial respiration (reviewed in
reference 30).

Overall, the transcriptional response seen for S. cerevisiae
cells following exposure to sampangine in the present work is
highly reminiscent of that observed for S. cerevisiae cells grown
under conditions of reduced oxygen availability. One notable
distinction is that sampangine treatment resulted in the induc-
tion of genes involved in responses to oxidative stress, which
are typically observed to be downregulated under low-oxygen

FIG. 1. Distribution of genes responding to sampangine in S. cerevisiae. Data are shown for a subset of genes that were significantly induced
or repressed (P value, �0.001) in three biological replicate samples. Data were organized into various biological processes using GO Term Finder
and GO Slim Mapper tools in SGD. GO terms shown are those that were considered significantly overrepresented by the analyses. The terms “cell
wall organization” and “other processes” were included separately to highlight additional genes that are relevant to the overall biological response
to sampangine. For simplicity, not all “child terms” within a “parent term” are shown. Numbers in parentheses represent average change in gene
expression. Positive values indicate induction, and negative values indicate repression. A complete list of all significant genes can be found in Table
S1 in the supplemental material.
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conditions in S. cerevisiae (e.g., 41). Oxidative stress-related
genes induced by sampangine included SRX1, AAD4, GPX2,
AAD6, GTT2, CCP1, TSA2, CTA1, and PRX1 (Fig. 1). These
genes encode various peroxidases, catalases, and oxidoreduc-
tases that play a role in defense responses to oxidative stress.
However, this result is consistent with a previous report doc-
umenting the production of reactive oxygen species in human
cancer cells following exposure to sampangine (33). The oxi-
dative stress response to sampangine is discussed in more de-
tail below (see Discussion).

Role of heme in the activity of sampangine against S. cer-
evisiae. Anaerobic responses in S. cerevisiae are regulated at the
level of gene expression, and heme plays a pivotal role in this
regulation (reviewed in reference 35). When oxygen levels
decrease, heme synthesis declines, and transcription factors
such as Hap1p, Hap2/3/4/5p, Rox1p, and Upc2p are directly
affected, resulting in the induction of anaerobic genes and the
downregulation of aerobic genes. Given the important role
played by heme in the regulation of oxygen-responsive genes,
we were therefore also interested in determining whether the
inhibitory effects of sampangine involved perturbations in
heme metabolism.

To examine the potential involvement of heme, we first
tested the susceptibility to sampangine of a hem1� mutant of S.
cerevisiae, which has a deletion in the gene encoding the en-
zyme ALA synthase that catalyzes the first step in the heme
biosynthetic pathway (70). The hem1� mutant showed dramat-
ically increased sensitivity to sampangine compared to the cor-
responding wild-type strain (Fig. 2A). Since this mutant re-
quires ALA for survival, we included ALA in the medium;
however, in order test the effect of heme deficiency on sam-
pangine sensitivity, a low concentration of ALA was used (8
�g/ml). We also tested whether the presence of exogenous
heme would alter the sensitivity to sampangine in wild-type S.
cerevisiae cells. The presence of exogenously supplied heme in
the form of hemin increased the IC50 for sampangine from 0.2
�g/ml to 0.6 �g/ml and the MIC from 0.5 �g/ml to 2.0 �g/ml
(Fig. 2B).

Intriguingly, we also observed that wild-type S. cerevisiae
cells grown on agar plates in the presence of high concentra-
tions of sampangine accumulated a red pigmentation after 3
days of growth (Fig. 2C). This result is suggestive of a possible
disruption in heme biosynthesis, resulting in the accumulation
of heme biosynthetic precursors, such as porphyrins, in the
cells. For example, a similar phenotype has been observed for
the pop1 mutants of Saccharomycopsis lipolytica, which pro-
duce red-pigmented colonies due to the accumulation of pro-
toporphyrin IX, the immediate precursor of heme in the heme
biosynthetic pathway (7). In addition, mutants of S. cerevisiae
with partial defects in heme biosynthesis also accumulate por-
phyrins and exhibit red fluorescence under UV light (34, 69).
To further investigate the nature of the pigment accumulating
in S. cerevisiae cells exposed to sampangine, we compared the
absorption spectra of alkaline pyridine extracts prepared from
wild-type cells treated with sampangine to those treated with
DMSO solvent alone. Compared with solvent-treated cells, the
sampangine-treated cells exhibited increased absorbance, with
a maximum at approximately 400 nm (Fig. 2D), characteristic
of the Soret peak of free porphyrins (16). These results suggest
that sampangine exposure in S. cerevisiae might result in the
accumulation of heme biosynthetic intermediates, arising ei-
ther through the inhibition of a heme biosynthetic enzyme or
through the inhibition of secondary processes that regulate the
pathway.

An additional indicator of potential heme involvement is the
observation that S. cerevisiae cells grown under aerobic condi-
tions become dependent upon exogenous sterol for survival
under conditions of heme deficiency (e.g., see references 22
and 43). Therefore, we determined whether the presence of
exogenous sterol would alter the sensitivity of S. cerevisiae to
sampangine. The IC50 of sampangine increased from 0.2 �g/ml
to 0.55 �g/ml, and the MIC increased from 0.5 to 2.0 �g/ml, in
the presence of ergosterol (Fig. 2E), indicating that ergosterol
reduced the susceptibility of S. cerevisiae cells to sampangine.
This result indicates that, just like heme biosynthetic mutants,

TABLE 3. Distribution of sampangine-responding genes in S. cerevisiae based on their potential regulation by known transcription factors

Regulator Target genes Biological process References

Hap1p, Hap2/3/4/5p COX4, COX5A, COX6, COX12, COX13, COX15,
QCR2, QCR7, QCR9, QCR10, CYC1, DLD1,
RIP1, PET10, NDE1, NDI1

Respiration and electron
transport

35, 66,a 68,
78, 80

Upc2p DAN1, DAN2, DAN4, TIR1, TIR3, TIR4 Cell wall organization 1, 66,a 73
DAN1, AUS1 Sterol transport
HES1, UPC2 Lipid metabolism
PAU1, PAU3, PAU4, PAU6, PAU7 Other processes

Rox1p ATF1, ARE1 Lipid metabolism 1, 35, 36,
DAN1, TIR1, TIR3 Cell wall organization 66,a 68
ANB1, HEM13, AAC3 Other processes

Aft1p FRE1, FRE4, FRE5, FET3, FTR1, FIT2, FIT3,
ARN1, ARN2, ENB1, SIT1

Iron ion transport 30, 62, 66,a

76, 77
ARN2, SIT1, TIS11, HMX1, CCC2, YLR126C Iron ion homeostasis

a Describes the YEASTRACT database, which is a curated repository of more than 27,800 regulatory associations between transcription factors and target genes in
S. cerevisiae. Target genes listed above fall into the category of “documented association” in the database, based on experimental evidence of at least one of the
following: (i) change in expression of target gene due to a deletion (or mutation) in the gene encoding the transcription factor and (ii) binding of the transcription factor
to the promoter region of the target gene.
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wild-type S. cerevisiae cells treated with sampangine have the
ability to import exogenous sterol under aerobic conditions.

To further explore the effect of sampangine on heme me-
tabolism, heterozygous mutants of S. cerevisiae carrying dele-
tions in genes involved in each step of the heme biosynthetic
pathway were also analyzed. This haploinsufficiency approach
has been successfully used in several studies to determine the
molecular targets of various clinically relevant drugs (e.g., see
references 4, 20, and 46). As can be seen in Fig. 3, mutants with
heterozygous deletions in the HEM2 and HEM4 genes, in-
volved in the second and fourth steps in the heme biosynthetic
pathway, showed a distinct increase in susceptibility to sam-
pangine compared to the wild-type strain, and smaller but
clearly discernible increases in sensitivity were also observed
for mutants with heterozygous deletions in the HEM1, HEM13,
and HEM14 genes. These results provide further evidence that
the inhibitory activity of sampangine against S. cerevisiae is
likely associated with effects on heme biosynthesis or heme-
requiring pathways.

Sampangine induces oxidative stress in S. cerevisiae. As
mentioned above, in addition to the induction of anaerobic
genes, sampangine treatment also resulted in the upregulation
of a variety of genes associated with responses to oxidative
stress. The latter observation is consistent with previous re-
ports documenting the occurrence of oxidative stress in human
cancer cells following exposure to this compound (33). To
confirm if similar effects occur in S. cerevisiae cells, we moni-
tored protein carbonylation levels after exposure to sampang-
ine. Oxidative stress results in the formation of carbonyl groups
on proteins due to the oxidation of specific amino acids, which
can be detected by derivatization to DNP-hydrazone followed
by Western analysis using a DNP-specific antibody (42). Using
the same experimental conditions as were used in the tran-
scriptional profiling experiments, S. cerevisiae cells were ex-
posed to sampangine (1.17 �g/ml) for one doubling (2.5 h) and
two doublings (5 h). As a control, cells were also treated with
DMSO solvent alone. As can be seen in Fig. 4A, sampangine-
treated cells contained increased levels of carbonylated protein
compared with control treatments, demonstrating the occur-
rence of oxidative stress. In addition, the signals were stronger
at 5 h, indicating that the amount of protein carbonylation in
response to sampangine increased over time.

We also made use of S. cerevisiae mutants carrying deletions
in genes playing critical roles in cellular responses to oxidative
stress, which exhibit hypersensitivity to chemical agents pro-
moting the formation of reactive oxygen species. Mutants with
deletions in YAP1, which encodes a transcription factor re-
quired for oxidative stress tolerance, as well as SOD2 encoding

FIG. 2. Role of heme in the activity of sampangine in S. cerevisiae.
(A) Dilutions (fivefold) of wild-type (BY4741) and hem1� (yMH339)
strains grown as described in Materials and Methods were inoculated
onto YPD � ALA (8 �g/ml) agar medium and incubated for 2 days at
30°C. �SMP, medium containing solvent (DMSO); �SMP, medium
containing sampangine at 1.25 �g/ml. (B) Results shown are from
broth microdilution assays performed in triplicate using S. cerevisiae
strain S288C in the presence of various concentrations (Conc.) of
sampangine with 32.5 �g/ml hemin (�hemin) or without hemin (�he-
min). Percent growth is shown as the mean � standard error of the

mean (SEM). (C) S. cerevisiae S288C colonies grown on YPD agar
were streaked on SD agar medium containing various concentrations
of sampangine and incubated for 3 days at 30°C. The 0 represents
medium containing solvent (DMSO). (D) Absorption spectra of alka-
line pyridine extracts prepared from S. cerevisiae S288C cells treated
with sampangine (solid line) or with DMSO solvent (dashed line). (E)
Results are shown from broth microdilution assays performed in trip-
licate with S. cerevisiae strain S288C in the presence of various con-
centrations of sampangine with 10 �g/ml ergosterol (�Ergo) or with-
out ergosterol (�Ergo). Percent growth is shown as the mean � SEM.

VOL. 7, 2008 MECHANISM OF ANTIFUNGAL ACTIVITY OF SAMPANGINE 393



superoxide dismutase, showed increased sensitivity to sam-
pangine compared to the corresponding wild-type parent strain
(Fig. 4B). Taken together, the results shown in Fig. 4 indicate
that sampangine exposure induces oxidative stress in S. cerevi-
siae cells, as previously observed for human cancer cells; thus,
the generation of oxidative stress potentially represents a com-
mon consequence of exposure to this compound in diverse
biological systems.

Overexpression of CIN5 confers resistance to sampangine in
S. cerevisiae. To further explore the cellular responses to sam-
pangine in S. cerevisiae, an overexpression screening was per-
formed using a genomic DNA library constructed in the 2�
vector pRS426. Thirty-eight insert-containing sampangine-re-
sistant transformants were obtained from a primary screening
of approximately one million library clones, and all resistant
clones were subsequently identified as containing the CIN5
gene within their genomic inserts. One representative clone,
designated TXSc025, exhibiting reduced sensitivity to sam-
pangine relative to the empty vector-containing clone, is shown
in Fig. 5A. The corresponding deletion mutant of CIN5 was
similarly compared to wild-type S. cerevisiae cells, and it exhib-
ited mild hypersensitivity to the compound (Fig. 5B).

Cin5p, also known as Yap4p, belongs to the Yap1p family of
transcription factors and has been shown to be induced under
various stress conditions, such as osmotic, heat, metal, and
oxidative stresses (55). The overexpression of Cin5p has also
been shown to confer resistance to DNA-damaging agents,
such as cisplatin and methyl methanesulfonate (18), and to the
antimalarial drug quinidine (14); however, the specific mech-

anism by which CIN5 overexpression confers resistance to var-
ious toxins is unclear at present. Interestingly, CIN5 was itself
found to be upregulated in response to sampangine (see Table
S1 in the supplemental material), suggesting that this transcrip-
tion factor could also be required for long-term adaptation to
the effects of heme deficiency that are implicated in sampang-
ine’s activity in the present study.

Transcriptome response to sampangine in C. albicans. The
most frequently encountered Candida species in opportunistic
fungal infections of immunocompromised hosts is C. albicans,
also considered to be the fourth-most-common cause of hos-
pital-acquired bloodstream infections, with a mortality rate of
approximately 40% (50, 75). While S. cerevisiae is an excellent
model organism, it is nonpathogenic and does not provide
information on possible fungal pathogenesis-related responses
to sampangine, which could prove useful for its potential phar-
macological development. Furthermore, sampangine displays
potent activity against C. albicans (Table 1); therefore, tran-
scriptional profiling studies were pursued for this organism as
well.

As described above for the S. cerevisiae transcriptional pro-
filing studies, experiments were conducted using C. albicans
cells treated with a concentration of sampangine that results in
50% growth inhibition (6.13 �g/ml). Genes that were signifi-
cantly differentially expressed between the treated and un-
treated cells (P value, �0.001) were identified as described in
Materials and Methods. A total of 191 genes showed expres-
sion changes in response to sampangine, with 157 genes show-
ing increased expression and 34 genes showing decreased ex-

FIG. 3. Effect of sampangine on the growth of heterozygous mutants harboring deletions in heme biosynthetic genes. Wild-type (BY4743),
HEM1/hem1�, HEM2/hem2�, HEM3/hem3�, HEM4/hem4�, HEM12/hem12�, HEM13/hem13�, HEM14/hem14�, and HEM15/hem15� strains
were grown as described in Materials and Methods. Dilutions (fivefold) were prepared from each culture, inoculated onto SC agar medium, and
incubated for 3 days at 30°C. �SMP, medium containing solvent (DMSO); �SMP, medium containing sampangine at 2.0 �g/ml.
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pression. Data for a few selected genes are shown in Fig. 6 to
highlight the overall biological response to sampangine.

The majority of genes upregulated by sampangine in C.
albicans are involved in mitochondrial functions related to
sulfur metabolism, heme metabolism, respiration, electron
transport, mitochondrial protein synthesis, mitochondrial or-
ganization and biogenesis, and protein targeting to the mito-
chondrion (Fig. 6). While these results suggest fundamental
differences in the overall transcriptome responses of S. cerevi-
siae and C. albicans to sampangine (as discussed further be-
low), striking similarities were also observed. First, genes in-
volved in ergosterol biosynthesis were downregulated in both
organisms: ERG5, ERG20, ERG28, and CYB5 in S. cerevisiae
(Fig. 1) and ERG6 and ERG25 in C. albicans (see Table S2 in
the supplemental material). Second, as seen for S. cerevisiae,
several genes involved in iron homeostasis were downregulated
in C. albicans; these included FTH1, RBT5, SIT1, and HMX1
(see Table S2 in the supplemental material). Third, the heme
biosynthetic gene HEM13 was upregulated in both organisms
(Fig. 1 and 6). A few additional genes involved in heme me-
tabolism were upregulated in C. albicans (COX10, COX15,

YAH1, MET1), homologs of which in S. cerevisiae are known to
be involved in heme A and siroheme biosynthesis (6, 25).
Furthermore, the induction of several additional genes in C.
albicans could potentially be accounted for by perturbations in
heme metabolism. For example, the induction of genes in-
volved in sulfur metabolism could be related to the fact that
some of the early steps in methionine biosynthesis are cata-
lyzed by heme-containing enzymes, such as those encoded by
MET10 and ECM17 (Fig. 6) (47). A few additional heme-
related genes that were induced include genes that are in-
volved in the import of cytochrome precursors into the mito-
chondria (e.g., TOM22 and TOM40, listed under “Protein
Targeting to Mitochondrion” in Fig. 6) (72) and in the attach-
ment of heme to cytochrome c (e.g., CYC3, listed under “Res-
piration and Electron Transport” in Fig. 6) (15). Thus, signif-
icant parallels appear to exist between the transcriptome
responses to sampangine in C. albicans and in S. cerevisiae,
suggesting that sampangine exposure could similarly affect
heme-related pathways in the two organisms.

Role of heme in the activity of sampangine against C. albi-
cans. As described above for S. cerevisiae, additional experi-

FIG. 4. Role of oxidative stress in the activity of sampangine in S. cerevisiae. (A) S. cerevisiae S288C cells in early exponential phase were grown
in the presence or absence of sampangine (SMP) for the indicated amount of time. Cells were harvested, protein extracts were prepared, and 20
�g of protein from each extract was derivatized with DNPH. The derivatized proteins were separated by SDS-polyacrylamide gel electrophoresis,
blotted to polyvinylidene difluoride membrane, and detected with anti-DNP antibody. A stained protein gel on which aliquots of the same samples
were separated is shown on the right. (B) Dilutions (fivefold) of wild-type (BY4743), yap1�/�, and sod2�/� strains grown as described in Materials
and Methods were inoculated onto SC agar medium and incubated for 2 days at 30°C. �SMP, medium containing solvent (DMSO); �SMP,
medium containing sampangine at 1.25 �g/ml.
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ments were performed to further examine the possibility that
heme-related effects were also involved in sampangine’s activ-
ity against C. albicans. First, as seen for S. cerevisiae (Fig. 2A),
a hem1�/� mutant of C. albicans showed increased sensitivity
to sampangine (Fig. 7A). As in the S. cerevisiae experiment,
ALA was added to the medium at a low concentration (8
�g/ml) in order to test the effect of heme deficiency on sam-
pangine sensitivity. Second, we tested whether the presence of
exogenous heme would alter the sensitivity to sampangine in C.
albicans cells. The presence of exogenously supplied heme in
the form of hemin increased the IC50 of sampangine from
0.025 �g/ml to 0.2 �g/ml (Fig. 7B). Third, as observed for S.
cerevisiae (Fig. 2C), when C. albicans cells were grown on agar
plates in the presence of high concentrations of sampangine
for 3 days, the cells accumulated a reddish pigmentation, sug-
gesting that there was an accumulation of porphyrin interme-
diates (Fig. 7C). This accumulation was further confirmed by a
comparative analysis of pyridine spectra from sampangine-
treated and untreated C. albicans cells. Sampangine-treated
cells revealed an absorption peak at �400 nm, indicative of
free porphyrins (Fig. 7D).

We also tested the effect of ergosterol on the susceptibility of
C. albicans to sampangine. In contrast to S. cerevisiae (Fig. 2E),
ergosterol did not alter the sensitivity of C. albicans cells to
sampangine (Fig. 7E). This result is in agreement with the fact
that heme mutants of S. cerevisiae rely on exogenous sterol for
growth (22, 43), while a hem1� mutant of C. albicans cannot
grow on exogenously supplied sterol (5).

DISCUSSION

Using a combination of genomic and genetic approaches, we
have shown that heme plays an important role in the antifungal
activity of the plant alkaloid sampangine. This conclusion is
based on several lines of evidence obtained from the present
work. (i) The transcriptome response of S. cerevisiae to sam-
pangine is indicative of a hypoxia-like response, which is
known to be mediated by heme through the transcription fac-
tors Hap1p, Hap2/3/4/5p, Rox1p, and Upc2p. (ii) Ergosterol

reduced the susceptibility of S. cerevisiae to sampangine, sug-
gesting that exposure to sampangine mimics heme deficiency,
a condition which allows the uptake of exogenous sterol. (iii) A
hem1� mutant of both S. cerevisiae and C. albicans exhibited
increased sensitivity to sampangine, and exogenous heme pro-
vided as hemin reduced the sensitivity to sampangine in both
organisms. (iv) Upon prolonged exposure to high concentra-
tions of sampangine, both organisms produced red pigmenta-
tion which can be attributed to increased levels of heme bio-
synthetic precursors (free porphyrins) in the cells, based on
spectrophotometric analysis of alkaline pyridine extracts. (v) S.
cerevisiae mutants with heterozygous deletions in genes in-
volved in five out of eight steps in the heme biosynthetic path-
way showed increased sensitivity to sampangine.

While our results strongly suggest that the antifungal activity
of sampangine most likely involves a disruption in heme me-
tabolism or function, the exact mechanism behind this effect is
unclear at this time. One possibility is that sampangine directly
inhibits the activity of one of the enzymes in the heme biosyn-
thetic pathway. However, it is unlikely that sampangine inhibits
the enzyme ALA synthase (the first committed step in heme
biosynthesis), given that exogenously supplied ALA had no
apparent effect on sensitivity to sampangine (data not shown).
In addition, the production of red pigmentation in the pres-
ence of sampangine, indicating the accumulation of porphyrin
intermediates, would be consistent with pathway inhibition oc-
curring at a later step.

Sampangine could also interfere with heme metabolism
through indirect mechanisms, such as causing a reduction in
available iron or the misdirection of biosynthetic intermedi-
ates, since heme biosynthesis in S. cerevisiae occurs as a mul-
tistep pathway spatially separated between the cytosol and the
mitochondria (37). Heme biosynthesis is tightly coupled to iron
availability due to the requirement of iron by the enzyme
ferrochelatase, which catalyzes the final step in the heme bio-
synthetic pathway (38). Two mitochondrial iron transporters,
Mrs3p and Mrs4p, have been shown to play an important role
in the rapid transport of iron into the mitochondria for heme
biosynthesis in S. cerevisiae (79). Interestingly, MRS4 is in-

FIG. 5. Effect of CIN5 overexpression and deletion on susceptibility to sampangine. (A) JK93d� cells containing vector pRS426 (TXSc001) and
a CIN5-overexpressing plasmid (TXSc025) were inoculated onto SC-Ura agar medium and incubated for 5 days at 30°C. (B) Dilutions (fivefold)
of wild-type (BY4743) and cin5�/� strains were inoculated onto SC agar medium and incubated for 2 days at 30°C. �SMP, medium containing
solvent (DMSO); �SMP, medium containing sampangine at 4 �g/ml (A) and 1.25 �g/ml (B).
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duced by sampangine treatment in S. cerevisiae cells (see Table
S1 in the supplemental material), which could indicate a re-
sponse to decreased mitochondrial iron levels. As mentioned
above, another possibility is that sampangine could be involved
in the misdirection of heme biosynthetic intermediates. In S.
cerevisiae, most of the porphyrin intermediates are synthesized
in the cytosol, and the final two steps leading to the synthesis
of heme occur in the mitochondria. Thus, if sampangine were

to, for example, interfere with the transport of porphyrin in-
termediates into the mitochondria, it would cause a reduction
in the synthesis of heme. ATP-binding cassette-type transport-
ers involved in mitochondrial porphyrin transport have been
identified for mammalian systems (reviewed in reference 24),
although the corresponding transporters in S. cerevisiae have
yet to be identified.

From the results obtained for S. cerevisiae, it is evident that

FIG. 6. Distribution of genes responding to sampangine in C. albicans. Data are shown for a subset of genes that were significantly induced (P
value, �0.001) in three biological replicate samples. Data were organized into various biological processes using the GO Term Finder tool in CGD.
GO terms shown are those that were considered significantly overrepresented by the analysis. For simplicity, not all “child terms” within a “parent
term” are shown. Numbers in parentheses represent average changes in gene expression. Gene names shown represent S. cerevisiae homologs. The
systematic (orf19) name from CGD is used for genes with no known S. cerevisiae homologs. A complete list of all significant genes can be found
in Table S2 in the supplemental material.
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sampangine induces oxidative stress. This conclusion is sup-
ported by the following observations: (i) the induction of oxi-
dative stress-responsive genes, (ii) the increased sensitivity of
deletion mutants of YAP1 and SOD2 to sampangine, and (iii)
the increased levels of protein carbonylation in the presence of
sampangine. These results are consistent with previous reports
indicating that exposure to sampangine, as well as to the struc-
turally related marine alkaloid ascididemin, induces the for-
mation of reactive oxygen species in cancer cell lines (33, 48).
While the present data do not point to a specific mechanism
for how sampangine could cause oxidative stress, one possibil-
ity would be directly related to the iminoquinone moiety within
its structure (Table 1), which could participate in redox cycling
reactions leading to the generation of reactive oxygen species
within cells (48). Alternatively, oxidative stress could occur as
a by-product of heme deficiency through the resultant accu-
mulation of porphyrins, which are known to be potent gener-
ators of singlet oxygen in the presence of light (26). Heme
depletion could also result in the generation of superoxide
radicals through a mechanism involving a decrease in the ac-
tivity of complex IV, the heme A-containing terminal complex
in the electron transport chain, resulting in the leakage of
electrons to molecular oxygen. Such a mechanism has been
demonstrated with human fibroblasts (reviewed in reference
3). Further experimentation will be required to determine
whether oxidative stress and perturbations in heme metabo-
lism represent distinct or interrelated mechanisms in the in-
hibitory activity of sampangine.

As previously discussed, significant parallels were observed
between the transcriptional responses in S. cerevisiae and C.
albicans to sampangine treatment, although in S. cerevisiae, the
global response was highly reminiscent of hypoxia-induced
gene expression changes, which was not apparent in the case of
C. albicans. This disparity is perhaps not unexpected given the
very different strategies employed by these two organisms in
responding to alterations in cellular oxygen levels. While S.
cerevisiae responds to hypoxia by altering respiration, sterol
transport, and cell wall biogenesis (reviewed in reference 35),
C. albicans responds to hypoxia primarily by inducing glycolysis
and the expression of hypha-specific genes (61). Setiadi et al.
(61) have suggested that transcription factors required for reg-
ulating the hypoxic response in S. cerevisiae are either missing
or have acquired divergent functions in C. albicans. For exam-
ple, no apparent homolog of HAP1 exists in C. albicans, and
the RFG1 gene of C. albicans (homolog of ROX1) does not
participate in the regulation of hypoxic genes but instead func-
tions in the regulation of filamentous growth (29). Based on

FIG. 7. Role of heme in the activity of sampangine in C. albicans.
(A) Dilutions (fivefold) of wild-type (BWP17) and hem1�/� (KRC1)
strains grown as described in Materials and Methods were inoculated
onto YPD � Uri � ALA (8 �g/ml) agar medium and incubated for 2 days
at 30°C. �SMP, medium containing solvent (DMSO); �SMP, medium
containing sampangine at 5 �g/ml. (B) Results shown are from broth
microdilution assays performed in triplicate on C. albicans strain SC5314
in the presence of various concentrations (Conc.) of sampangine with 32.5
�g/ml hemin (�hemin) or without hemin (�hemin). Percent growth is

shown as the mean � SEM. (C) C. albicans strain SC5314 colonies
grown on YPD agar were streaked on SD agar medium containing
various concentrations (Conc.) of sampangine and incubated for 3 days
at 30°C. The 0 represents medium containing solvent (DMSO). (D)
Absorption spectra of alkaline pyridine extracts prepared from C.
albicans strain SC5314 cells treated with sampangine (solid line) or
with DMSO solvent (dashed line). (E) Results are shown from broth
microdilution assays performed in triplicate on C. albicans strain
SC5314 in the presence of various concentrations (Conc.) of sampang-
ine with 10 �g/ml ergosterol (�Ergo) or without ergosterol (�Ergo).
Percent growth is shown as the mean � SEM.
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these considerations, the differences seen in the genomic pro-
filing of sampangine exposure between these species are not
surprising, given the possibility that heme-related pathways
could be altered by this compound. A clearer answer could
likely be obtained from transcription profiling studies using
comparable heme-deficient mutants from both organisms.

Given its essential role in numerous cellular processes, heme
biosynthesis or heme signaling could serve as a highly effective
target for inhibiting fungal growth and could contribute to a
chemical defense strategy against fungal pathogens in aporphi-
noid-producing plant species of the Annonaceae family (10, 27,
28, 39, 44, 51, 57, 60). However, due to the importance of heme
in all eukaryotes, a therapeutic drug that targets heme metab-
olism could most likely lack specificity for the fungal pathogen.
Yet it is possible that specificity could be achieved if heme
metabolism is under different regulatory controls between fun-
gal and mammalian cells. For example, heme deficiency leads
to mitochondrial iron accumulation in mammalian erythroid
cells (59), whereas this is not the case in yeast (13). Further
studies will be required to determine the utility of heme-inhib-
iting compounds like sampangine as therapeutic antifungal
agents. Irrespective of these potential limitations, such com-
pounds could serve as important pharmacological tools in in-
vestigating the consequences of heme deficiency and the rela-
tionships between heme, oxygen, sterol, and iron regulation in
fungal cells.

This study lays the groundwork for future studies to deter-
mine the precise mechanism of action of sampangine. While
our data strongly suggest an important role for heme in its
antifungal activity, further analysis will be required to confirm
that sampangine causes heme depletion and to determine the
mechanism involved in this effect.
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