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Introduction

The majority of antifungal agents in current use for the 
treatment of systemic fungal infections achieve their 
therapeutic effect by disrupting critical yeast cell wall 
components, by interfering with the biosynthetic pathway 
leading to cell membrane ergosterol, or by interfering with 
DNA synthesis1. In spite of the availability of such antifungal 
drug options, recent studies have indicated that the rates 
of morbidity and mortality associated with systemic fungal 
infections remain high2–4. In recent years, this therapeutic 
problem has become compounded by the emergence of 
drug-resistant strains of fungi for which newer and more 
effective antifungal agents and treatment strategies are 
being sought. In this context, several stable organoselenium 
compounds with therapeutic potential toward a wide range 
of human diseases, including infections, have become 
available for biological testing5,6. Among these compounds, 
ebselen, 2-phenylbenzisoselenazol-3(2H)-one (1), is 

the one that has attracted the most interest owing to its 
multiple biological effects5,7,8, such as antifungal9–13, anti-
bacterial10,11,13,14, and antiviral11,13 actions. Two additional 
reasons that make this selenium compound a subject of 
interest as an antimicrobial agent are its apparent lack of 
toxicity in mammalian systems15 and moderate antifun-
gal activity toward selected strains of Saccharomyces9,10, 
Candida9,13,16, and Cryptococcus9. The antifungal activity of 
ebselen appears to be related, at least in part, to its ability 
to inhibit the fungal plasma membrane H+-ATPase, a major 
plasma membrane protein with low homology to human 
adenosine triphosphatases (ATPases) that is used by yeast 
and other fungi to establish an electrochemical proton 
gradient across the plasma membrane and to maintain a 
proper intracellular pH17–19. Inhibition of this H+-ATPase 
by ebselen could result from its covalent interaction with 
the thiol groups of cysteine residues critical to the normal 
activity of this pump10. Two lines of evidence support this 
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Abstract
The plasma membrane H+-ATPase pump (Pma1p) has been proposed as a viable target for antifungal drugs since 
this high capacity proton pump plays a critical role in the intracellular regulation of pH and in nutrient uptake 
of yeast and other fungi. In recent years, this and other laboratories have verified that the antifungal activity 
of 2-phenylbenzisoselenazol-3(2H)-one, an organoselenium compound commonly referred to as ebselen (1), 
stems, at least in part, from its inhibitory action on the fungal Pma1p. In the present study, the antifungal efficacy 
of 2-(3-pyridinyl)-benzisoselenazol-3(2H)-one (2) and 2-phenylbenzisoselenazol-3(2H)-one 1-oxide (3), two ebse-
len analogs, was evaluated using a strain of S. cerevisiae and compared against that of 1. In addition, the study 
also examined the inhibitory potential of these three compounds toward the Pma1p of S. cerevisiae. Based on 
mean IC50 values, the antifungal potency was found to decrease in the order 3 > 1 > 2. However, in terms of inhibi-
tory action on Pma1p, the potency decreased in the order 1 > 3 > 2. The magnitude of these activities appears to 
be correlated with the corresponding log P values, with compound 2 being the most hydrophilic and the least 
active of the three.
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mechanism of action. One is the extreme facility with 
which ebselen reacts with endogenous thiol groups7,20, 
such as those found in certain enzymes and other proteins, 
to form a selenium–sulfur bond with concomitant opening 
of the isoselenazol ring21; and the other is the close corre-
lation that exists between a decrease in medium acidifying 
ability and a decrease in H+-ATPase activity9,10.

The present study was undertaken with two specific 
aims: (a) to examine the growth-inhibiting activity of the 
ebselen analogs 2-(3-pyridinyl)-benzisoselenazol-3(2H)-
one (2) and 2-phenylbenzisoselenazol-3(2H)-one 1-oxide 
(ebselen Se-oxide) (3) toward S. cerevisiae; and (b) to com-
pare the antifungal activity of these ebselen analogs against 
that of the parent compound. To our knowledge, the effect 
of these two ebselen analogs on the yeast plasma mem-
brane H+-ATPase has not been previously demonstrated.

Materials and methods

Yeast strains and culture medium
The S. cerevisiae strain AH109 is a PMA1-proficient haploid 
yeast strain obtained from Clontech (Palo Alto, CA). YPD 
medium (yeast extract, peptone, dextrose) was prepared 
from Bacto™ Tryptone (20 g), Bacto™ yeast extract (10 g), 
and distilled water (950 mL), followed by adjustment of the 
pH to 6.5 with HCl. After autoclaving at 121°C for 15 min, 
the medium was supplemented with 40% filter-sterilized 
dextrose (50 mL) and 0.2% filter-sterilized adenine 
hemisulfate (15 mL).

Chemicals
Samples of ebselen (compound 1) and ebselen Se-oxide 
(compound 3) were purchased from Cayman Chemical (Ann 
Arbor, MI). Alternatively, these compounds can be easily 
obtained from anthranilic acid22,23. The 3-pyridinyl analog 
of ebselen (compound 2) was synthesized as previously 
described in the literature13. A stock solution of ebselen or of 
one of its analogs was prepared by dissolving an appropriate 
amount of each compound in dimethylsulfoxide (DMSO) 
to give a final concentration of 100 mM (compounds 1 and 
3) or 18 mM (compound 2). The concentration of the stock 
solution of compound 2 was lower than that of ebselen or 
compound 3 due to its lower solubility in DMSO.

Evaluation of effect of ebselen and its analogs on growth 
of S. cerevisiae
AH109 cells were cultured in 200 mL of YPD to obtain an 
initial absorbance reading of 0.005 at 600 nm (Abs

600
) on a 

spectrophotometer. The yeast suspension was then divided 
into 10.0 mL aliquots, to which a different concentration 
of compound 1 (0.001–30.0 µM), 2 (0.001–18.0 µM), or 3 
(0.001–30.0 µM) was added. The samples were placed in a 
shaking incubator and agitated at 200 rpm and 30°C. After 
18–24 h, fungal growth was assessed by measuring Abs

600
 on 

a spectrophotometer. Each concentration of test compound 
was tested in triplicate.

Determination of ATPase activity of Pma1p
The effect of an organoselenium compound on ATPase 
activity was evaluated using a partially purified sample 
of Pma1p from S. cerevisiae graciously provided by Dr 
David Perlin (The Public Health Research Institute Center, 
Newark, NJ). This aim was accomplished by measuring the 
ATPase activity of Pma1p in the absence and presence of 
compound 1 (1, 3, or 10 M), compound 2 (5, 9, or 18 M), 
or compound 3 (2, 5, or 10 M) by the method of Wang 
et  al.24. In these experiments, Pma1p was pre-incubated 
with each of the test compounds at 30°C for 30 min before 
assessing its ATPase activity. The reaction medium used for 
this purpose, with or without an inhibitor, contained 10 mM 
of MES-Tris (pH 6.5), 5 mM of MgSO

4
, 25 mM of NH

4
Cl, 

2 mM of ATP, 1–2 g of partially purified Pma1p, and 2% 
of dextrose. Further additions included 50 mM of KNO

3
 (to 

inhibit vacuolar ATPase), 0.2 mM of ammonium molyb-
date (to inhibit acid phosphatase), and 5 mM of NaN

3
 (to 

inhibit mitochondrial ATPase). The reaction was stopped 
after 15 min by adding the malachite green reagent. In the 
presence of molybdate and free phosphate, a green color 
complex will form upon the addition of malachite green 
reagent; the intensity of the color complex is proportional 
to the amount of free phosphate. The green complex that 
formed between malachite green and free phosphate was 
measured with a microplate reader set at 630 nm.

Thin layer chromatography
Thin layer chromatography (TLC) was carried out in a glass 
chamber lined with Whatman No. 2 filter paper (Whatman 
Inc., Florham Park, NJ), and pre-saturated with the mobile 
phase (1-propanol/H

2
O, 7 + 3, by volume) for 2 h. The sam-

ples (30.0 mM ebselen, 18.0 mM compound 2, 30.0 mM 
compound 3, 30.0 mM l-cysteine, and a 1:1 mixture of each 
compound with l-cysteine) were spotted with capillary 
tubes along a line drawn  2 cm above one of the edges of 
a 20 × 20 cm silica gel Whatman polyester plate (Whatman 
Ltd., Maidstone, Kent, England). The plate was placed 
in the glass chromatographic chamber, and allowed to 
develop until the mobile phase reached a distance of 14 cm 
from the starting line. The TLC plate was dried in a 70°C 
oven and sprayed lightly with 0.2% ninhydrin in acetone, 
and then placed back into the oven until the appearance 
of colored spots. After the ninhydrin treatment, the TLC 
plate was exposed to iodine vapors in a closed chamber 
for 2 min and any brown spot, corresponding to unsatu-
rated or aromatic compounds, was outlined in pencil. As 
a confirmatory step, the plate was also examined under 
short wavelength ultraviolet (UV) light for the presence of 
fluorescence-quenching spots.

Statistical analysis of data
Unless otherwise indicated, all experiments were carried out 
in triplicate and their results are reported as the mean ± SEM 
from at least three representative experiments. All statistical 
analyses were carried out with the help of GraphPad Prism® 

4.0 (GraphPad Software, Inc., San Diego, CA) using one-way 
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analysis of variance (ANOVA) followed by Tukey’s post hoc 
test for multiple group comparisons. Differences were con-
sidered to be significant at p < 0.05.

Results

Effect of ebselen and its analogs on growth of S. cerevisiae 
strain AH109
To determine the effect of ebselen and its analogs on the 
growth of nonpathogenic yeast, the S. cerevisiae strain 
AH109 was grown in YPD medium containing various 
concentrations of compound 1, 2, or 3. Growth was assessed 
by measuring the Abs

600
 of the medium after 18–24 h. As 

graphically shown in Figure 1A, all the compounds tested 
here were found to inhibit the growth of S. cerevisiae cells 
in a concentration-dependent manner. Whereas the half 
maximal (50%) inhibitory concentration (IC

50
) value of com-

pound 1 was ∼4.6 µM, that of 3 was nearly one-half lower 
(∼2.1 M), and that of compound 2 about four-fold higher 
(∼18 M). These data are summarized in Table 1.

Assessment of effect of ebselen and its analogs on yeast 
plasma membrane H+-ATPase (Pma1p) activity
The Pma1p of fungi acts as an electrogenic proton pump 
that couples the hydrolysis of ATP to ion transport, spe-
cifically the transport of protons (H+). The effect of an 
organoselenium compound on this pump was tested using 
a partially purified sample of Pma1p from S. cerevisiae 

following its pre-incubation with a test compound. In each 
instance, the activity was assessed based on the amount of 
P

i
 released from ATP into the extracellular medium. From 

the results graphically presented in Figure 1B–D, all of the 
test compounds showed an ability to reduce the activity 
of the partially purified Pma1p in direct proportion to the 
amount of organoselenium compound present. These data 
are summarized in Table 2. It is evident that the yeast plasma 
membrane H+-ATPase is sensitive to ebselen and its analogs, 
with the IC

50
 value of Pma1p decreasing in the order com-

pound 2 (∼7.0 M) > compound 3 (∼4.0 M) > compound 1 
(∼2.5 M).

Thin layer chromatography of compounds 1, 2, and 3 in 
absence or presence of l-cysteine
Ebselen can react with free sulfhydryl groups and can modify 
critical cysteine residues, such as those necessary for nor-
mal fungal cell growth and survival. Therefore, to determine 
whether or not compounds 2 and 3 exhibit a propensity to 
react with l-cysteine, thin layer chromatography (TLC) 
analysis was performed. Equal volumes of compounds 1, 
2, and 3, in the absence or presence of l-cysteine, were 
repeatedly spotted on the same application point of the 
TLC plate to find out whether the two compounds would 
interact in situ in a spontaneous and rapid manner. Each of 
the compounds was also separately spotted alongside the 
reaction mixtures for comparative purposes. A representa-
tive TLC chromatograph is depicted in Figure 2. The dark 

1.8

A B

1.2

A
60

0n
m

0.6

0.0

0.20

0.15

µm
ol

/m
g/

m
in

0.10

0.05

0.00
0.001 0.01 0.1 1 10 100 0 1 3

[compound 1], µM[inhibitor], µM
10

compound 1
compound 2
compound 3

†††

††† †††

D

[compound 3], µM

0.20

0.25

0.15

µm
ol

/m
g/

m
in

0.10

0.05

0.00
0 2 5 10

††

††† †††

C

[compound 2], µM

0.20

0.30

0.25

0.15

µm
ol

/m
g/

m
in

0.10

0.05

0.00
0 5 9 18

†
†

†

Figure 1.  Effect of compounds 1, 2, and 3 on (A) yeast growth and (B–D) Pma1p activity. Statistical comparisons were against untreated control and 
found to be significantly different at †p < 0.05, ††p < 0.01, and †††p < 0.001.
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spot detected by exposure to iodine vapors, and located 
at the top of lane 2 (dotted circle), is ebselen. The dotted 
circles in lanes 4 and 6 show the spots detected under UV 
light for compounds 2 and 3, respectively. The lone ninhy-
drin spot toward the bottom of lanes 1 and 8 is l-cysteine. 
The ninhydrin-positive spot in lane 3, which migrates more 
slowly than the spot for ebselen but ahead of the spot for 
l-cysteine, is ascribed to an ebselen–l-cysteine condensa-
tion product (solid circle). Condensation of L-cysteine with 
compound 2 is detected in lane 5 (solid circle) and with 
compound 3 is shown in lane 7 (solid circle). Each of the 
condensation products exhibited a 77Se-nuclear magnetic 
resonance (NMR) chemical shift of ∼550 ppm, characteris-
tic for selenosulfides (data not shown).

Discussion

Based on the IC
50

 values for the growth inhibitory action of 
ebselen and its analogs on S. cerevisiae strain AH109, it is 
evident that compound 3 was more potent than ebselen, 
and ebselen more potent than compound 2. Although 
the antifungal and antibacterial properties of ebselen and 
some of its analogs have been previously noted9–14, there 
appears to be a lack of information on the antifungal activ-
ity of an ebselen analog such as compound 3, and in which 
the valence of the selenium atom is tetravalent rather than 
the usual divalent. At the same time, this finding suggests 
the potential value of further organoselenium compounds 

bearing tetravalent selenium as ebselen analogs with a 
greater antifungal activity than those containing divalent 
selenium.

The lower fungal growth inhibitory activity of compound 
2 in comparison to both ebselen and compound 3 is in line 
with the findings of an earlier study13, and may be inherent 
to its particular structural features. Indeed, in compound 2, 
the 3-pyridinyl nitrogen can enter in hydrogen bond asso-
ciation with water by acting as a hydrogen bond acceptor 
(O—H...:N). This situation may not be operative in the case 

Table 2.  Inhibition of the yeast plasma membrane H+-ATPase pump by 
ebselen (compound 1) and two of its analogs.

Compound Chemical formula Calculated log Pa,b IC
50

 (µM)c

1 C
13

H
9
NOSe 1.88 2.5 ± 0.5

2 C
12

H
8
N

2
OSe 1.25 6.7 ± 1.7

3 C
13

H
9
NO

2
Se 1.88 4.0 ± 0.2

aLog P is the octanol:water partition coefficient.
bDetermined using the Interactive LogKow Online Program for log 
P determination available at: http://www.srcinc.com/what-we-do/
databaseforms.aspx id = 385 (last accessed May 15, 2009).
cIC

50
 values are reported as mean ± SEM derived from three independent 

experiments.

DMSO→

Lane 1 2 3 4 5 6 7 8→

Figure 2.  Thin layer chromatographic analysis of the products formed by 
reacting (30 mM) ebselen, (18 mM) compound 2, or (30 mM) compound 
3 with (30 mM) l-cysteine. Lane 1, l-cysteine; lane 2, ebselen (dotted 
circle); lane 3, ebselen overspotted with l-cysteine; lane 4, compound 
2 (dotted circle); lane 5, compound 2 overspotted with l-cysteine; lane 
6, compound 3 (dotted circle); lane 7, compound 3 overspotted with 
l-cysteine; lane 8, l-cysteine. Note that lanes 3, 5, and 7 reveal that the 
l-cysteine spot has disappeared and that new spots (solid circles) with 
a slower migration rate than compounds 1, 2, and 3, respectively, are 
observed. l-cysteine was visualized with ninhydrin reagent followed by 
warming at 70°C in an oven.

Table 1.  Growth inhibitory effect of ebselen (compound 1) and its analogs on AH109 cells.

Compound Chemical structure Chemical name IC
50

 (µM)a

1 O

N
Se

2-phenylbenzisoselenazol-3(2H)-one 4.6 ± 0.4

2 O

N
Se N

2-(3-pyridinyl)-benzisoselenazol-3(2H)-one 18.0 ± 1.0

3 O

O

N
Se

2-phenylbenzisoselenazol-3(2H)-one 1-oxide 2.1 ± 0.4

aIC
50

 values are reported as mean ± SEM derived from three independent experiments.

 http://www.srcinc.com/what-we-do/databaseforms.aspx
 http://www.srcinc.com/what-we-do/databaseforms.aspx


316    B. Billack et al.

of ebselen, since this compound bears a non-hydrogen 
bond-forming phenyl substituent at the 2-position. As a 
result, compound 2 will be expected to be more soluble in 
water, to exhibit a lower diffusibility across the yeast plasma 
membrane, and to exert a lower antifungal potency than 
ebselen. Although the Se-oxide moiety of compound 3 
may also form hydrogen bonds with water (O—H...:O), the 
bond energy of the water—H...:O=Se-(compound 3) bond 
is likely to be lower and, thus, less stable, than that of the 
water—H...:N-(compound 2) bond25. Moreover, on the basis 
of their estimated log P values in 1-octanol-water (Table 2), 
compound 2 will be expected to be less hydrophobic 
than either ebselen or compound 3 and, hence, to be the 
benzisoselenazol-3(2H)-one with the lowest capability of 
the three to permeate through the yeast cell membrane. 
This correlation may further explain the need for a higher 
concentration of compound 2 to inhibit yeast growth than 
of ebselen or of compound 3.

The present results on ebselen and its analogs represented 
by compounds 2 and 3 corroborate the ability of organose-
lenium compounds to inhibit the fungal H+-ATPase. The 
same results also indicate that the concentration of ebselen 
or of an ebselen analog that is required to inhibit the growth 
of AH109 cells by 50% is roughly the same as that needed to 
strongly inhibit the ATPase activity of the H+-ATPase from 
yeast. Moreover, compound 3, an analog of ebselen bear-
ing a tetravalent selenium atom, was about equipotent to 
ebselen in terms of its inhibitory power on H+-ATPase. The 
similarity in antifungal activity of the Se-oxide of ebselen 
(i.e., compound 3) to that of ebselen (compound 1) might 
be a consequence of its conversion to ebselen subsequent 
to its uptake into a fungal cell. If this were the case, then 
ebselen Se-oxide would be serving as an ebselen prodrug. 
However, this possibility will require future confirmation 
since, to our knowledge, the use of an ebselen prodrug 
to combat fungal infections has not been reported in the 
scientific literature. The present results point to the need 
for a future study specifically aimed at assessing the merits 
of novel benzisoselenazoles bearing a tetravalent selenium 
atom as useful inhibitors of the fungal H+-ATPase.

The lower inhibitory potency of compound 2 on the 
H+-ATPase relative to ebselen and compound 3 may be 
due to the proximity of the pyridinyl nitrogen to the reac-
tive Se atom. By virtue of its electron-withdrawing power, 
the pyridinyl nitrogen may negatively impact on the 
antifungal activity of this benzisoselenazole compound 
by reducing the affinity of the selenium atom for cysteine 
residues. An additional noteworthy finding for compound 
3 was that, while it was clearly inhibitory of H+-ATPase at 
concentrations ≥ 5 M, at a lower concentration (2 M) it 
induced a small but significant increase in ATPase activity 
relative to control values (Figure 1D). Although the exact 
reason underlying the biphasic activity of compound 3 
is presently unknown, this behavior is not new, since at 
least two recent studies have also verified a dual effect for 
organoslenium compounds on biological processes26,27. 
Ebselen in known to be highly reactive toward thiol 

compounds such as glutathione, N-acetylcysteine, and 
dithiothreitol7,28,29. The H+-ATPase of S. cerevisiae contains 
nine l-cysteine residues (Entrez Protein Database acces-
sion #P05030). The binding of ebselen to the thiol group of 
any one or all of the cysteine residues may account for its 
inhibitory activity on yeast H+-ATPase activity10. Evidence 
on a similar interaction between the two analogs of ebselen 
tested and critical cysteine residues of H+-ATPase can be 
inferred from the results for TLC (Figure 2) and 77Se-NMR 
spectroscopic studies (data not shown) of the products 
formed upon interaction of the selenenamide moiety of 
compounds 1–3 and the thiol group of l-cysteine at ambi-
ent temperature. Future studies are warranted to demon-
strate the occurrence of the same types of interaction with 
cysteinyl residues in H+-ATPase and the consequences of 
the interactions on the pump activity.

In short, the present work shows that analogs of ebselen 
can modulate the activity of the fungal plasma membrane 
H+-ATPase, possibly through a covalent interaction with 
thiol groups at critical cysteinyl residues, and that the 
valence of the organoselenium atom plays a determining 
role in the extent of the inhibitory activity.
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