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UK-2A is a potent antifungal antibiotic and its structure is highly similar to that of
antimycin A; (AA). UK-2A and AA inhibit mitochondrial electron transport at complex III.
However, the antifungal activities of UK-2A and AA disappear after 48-hour treatment. In an
attempt to improve the duration of the antifungal activity of UK-2A, several UK-2A derivatives
were prepared by substituting its nine-membered dilactone ring with an n-alkyl or an isoprenyl
moiety. Among all the derivatives tested, C9- and C10-UK-2A showed the most potent and
durable antifungal activities against a strict aerobic yeast, Rhodotorula mucilaginosa 1IFO 0001.
C9-UK-2A, in particular, continued to demonstrate its broad-spectrum antifungal activity after
120-hour treatment. Therefore, we focused on C9-UK-2A to further examine its mode of action
against the yeast. Interestingly, C9-UK-2A did not inhibit cellular respiration of the cells even
at concentrations greater than 100 ug/ml. C9-UK-2A gradually induced the efflux of potassium
ions from the cells. Moreover, C9-UK-2A gradually induced the release of glucose from
glucose-encapsulating liposomes. The patterns of efflux and release induced by C9-UK-2A
were not as rapid as those seen with amphotericin B. These results suggest a membrane injury

caused by C9-UK-2A in R. mucilaginosa IFO 0001.

517-02
produced several novel antifungal antibiotics, UK-2A, B, C
and DV, which are similar to antimycin A; (AA) in both

As previously reported, Streptomyces sp.

chemical structure and inhibitory activity towards the
electron transport chain at complex III in mitochondria' ™.
These UK-2 compounds inhibited the growth of Rhizopus
Jformosaensis IFO 4372 at 0.0125 pg/ml, while AA showed
no effect at concentrations up to 100 ug/ml”. The UK-2
compounds were less active than AA against mouse
leukemia P388, mouse melanoma B16, human oral
epidermoid  carcinoma KB and human colon
adenocarcinoma COLO201 cells”. On the other hand, the
UK-2 compounds, in addition to AA, have poor durability
of their antifungal activities®. Therefore, we have prepared
UK-2A derivatives to improve the durability of the
activity of UK-2A. The

antifungal nine-membered

dilactone moiety in UK-2A was replaced by an n-alkyl or
an isoprenyl moiety (See Fig. 1). As previously reported,
among the UK-2A derivatives prepared, C8-UK-2A showed
the most potent antifungal activity against a strict aerobic
yeast, Rhodotorula mucilaginosa 1FO 0001 after 24-hour
treatment®. In this study, we report several newly-prepared
derivatives. C9- and C10-UK-2A were found to exhibit the
most potent antifungal activities even after 120-hour
treatment among the derivatives tested. Because, C9-UK-
2A had a broader antifungal spectrum than C10-UK-2A, we
further examined the mode of action of C9-UK-2A against
R. mucilaginosa IFO 0001.
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Material and Methods

Strains

Schizosaccharomyces pombe IFO 0342, Candida
albicans 1IFO 1061, Rhodotorula mucilaginosa IFO 0001,
Rhizopus oryzae IFO 4766, Penicillium chrysogenum
IFO 4626, and Mucor mucedo IFO 7684 were purchased
from Institute for Fermentation, Osaka (Osaka, Japan).
Aspergillus  niger ATCC 6275 was purchased from
American Type Culture Collection (Rockville, USA). All
strains of yeasts and filamentous fungi were grown in a
Sabouraud dextrose (SD) medium unless stated otherwise.

Chemicals

All UK-2A derivatives tested including C9-, C10-, and
C11-UK-2A as represented in Fig. 1 were prepared by a
previously described method*™®. AA and amphotericin B
(AmB) were purchased from Sigma (St. Louis, USA).
Other reagents were of commercial grade. In this study,
all antibiotics including UK-2A derivatives were dissolved
in  N,N'-dimethylformamide prior to biochemical
experiments.

Antifungal Assay

The antifungal activities of UK-2A derivatives were
determined by a two-fold agar dilution method"” after 24-,
48-, and 120-hour incubation at 25°C. The MIC was
defined as the lowest concentration of test compound that
showed no visible growth. Effects of inoculum size on
antifungal activity of C9-UK-2A and AmB in R
mucilaginosa IFO 0001 were also determined by a serial
broth dilution method®. After 24-hour incubation with
shaking at 30°C, the turbidity of the culture suspension was
checked at 610nm. The MIC was defined as the lowest
concentration of test compound that showed no elevation of
the turbidity.

Growth Studies

An overnight culture of R. mucilaginosa IFO 0001 was
diluted into a fresh SD broth to give approximately 10°
colony forming unit (CFU)/ml. Aliquots of this cell
suspension were dispensed into each L-tube. After 15-
minute incubation with shaking at 30°C, C9-UK-2A, UK-
2A, and AA were added to the culture and the cultivation
was continued. Portions of the culture were withdrawn at
intervals, diluted with 0.9% NacCl, and then spread on YPD
(1% Difco Bacto Yeast Extract, 2% Difco Bacto Peptone,
and 2% glucose) agar plates to estimate CFU. CFU was
determined by counting number of colonies on the plates
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after 48-hour incubation at 25°C.

Cellular Respiration Studies

Exponentially growing cells of R. mucilaginosa IFO
0001 were harvested, washed with 0.9% NaCl and then
suspended in 50 mM phosphate buffer (pH 7.0) containing
1% glucose. After 1-hour incubation with shaking at 30°C,
the cells were washed and resuspended in the same buffer
to give 10’ CFU/ml. At appropriate intervals, portions of
the suspension were withdrawn. Cellular respiration of the
yeast cells in the suspension with or without C9-UK-2A
was measured polarographically at 30°C using Hansatech
oxygen electrode units".

Cell Permeability Studies
Exponentially growing cells of R. mucilaginosa IFO

0001 were harvested, washed and then suspended in 50 mm
succinate buffer (pH 6.0) to give 10*CFU/ml. After 10-
minute incubation with shaking at 30°C, C9-UK-2A,
UK-2A, and AA were added and then incubation was
continued. At appropriate intervals, portions of the culture
were withdrawn and centrifuged. The supernatant obtained
by centrifugation was assayed for its content of potassium
ions by using a potassium ion assay kit (Hach, Co.;
Loveland, USA) based on tetraphenylborate method®.

Liposome Studies
The effect of C9-UK-2A on artificially prepared
liposomes was examined'®'". Liposomes were prepared by

using 10 umol phosphatidylcholine, 5 umol phosphatidic
acid, and 1 umol ergosterol dissolved in 1 ml of chloroform.
The preparation of glucose-encapsulating liposomes and
the assay of trapped glucose leakage from the liposomes
were carried out by the method of KiNsky ef al.'?.

Results

Growth Inhibitory Activities of UK-2A Derivatives,
UK-2A, and AA against R. mucilaginosa IFO 0001

The antifungal activities of UK-2A derivatives, UK-2A,
and AA (See Fig. 1) against R. mucilaginosa IFO 0001 are
described in Table 1. In this study, the MIC value of UK-2A
against R. mucilaginosa IFO 0001 determined by a two-
fold agar dilution method':”, after 24-hour treatment, was
1.56 pg/ml. This was lower than the MICs of AA and any
other UK-2A derivatives tested. Although the antifungal
activities of UK-2A and AA disappeared after 48-hour
treatment, those of C8-, C9- and C10-UK-2A persisted. C9-
and Cl10-UK-2A, in particular, showed the most potent
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activity after 120-hour treatment among the compounds
tested. On the other hand, UK-2A, AA, and any other
UK-2A derivatives, except for C8-, C9- and C10-UK-2A,
did not show antifungal activities up to 100 pg/ml. The
hydrophobicity of Gera-UK-2A resembles that of C10-UK-

Fig. 1. Structure of UK-2A and UK-2A
derivatives.

Fam-UK-2A (n=3)
Gera-UK-2A (n=2)
Pren-UK-2A (n=1)

C16-UK-2A (n=13)
C12-UK-2A (n=9)
C11-UK-2A (n=8)
C10-UK-2A (n=7)
C9-UK-2A (n=6)
C8-UK-2A (n=5)
C4-UK-2A (n=1)

Table 1.

THE JOURNAL OF ANTIBIOTICS 317

2A, but an n-alkyl residue is thought to be more flexible
than an isoprenyl one. Therefore, the flexibility of the
molecule seems to be needed for expression of its
antifungal activity. We also examined the antifungal spectra
of C8-, C9-, and C10-UK-2A against several yeasts and
fungi after 120-hour treatment. As described in Table 2, the
antifungal spectrum of C9-UK-2A was the broadest among
the three UK-2A derivatives. Therefore, we investigated the
mode of action of C9-UK-2A against R. mucilaginosa IFO
0001.

Effects on Growth of R. mucilaginosa IFO 0001

The effects of C9-UK-2A, UK-2A, and AA on the
growth of R. mucilaginosa IFO 0001 are shown in Fig. 2.
UK-2A and AA only inhibited cell growth at a high
concentration, such as 100 ug/ml. On the other hand,
C9-UK-2A exhibited fungicidal effect over 25 pg/ml. At a
high concentration, such as 100 ug/ml, C9-UK-2A caused
99.9% loss of cell viability after 48-hour treatment. These
results indicate that the action of C9-UK-2A on
R. mucilaginosa IFO 0001 is different from that of UK-2A
and AA.

Effect on Cellular Respiration of
R. mucilaginosa IFO 0001

UK-2A and AA inhibit mitochondrial electron transport
at complex III resulting in the inhibition of cellular

Antifungal activities of UK-2A, AA, and UK-2A derivatives against R. mucilaginosa IFO 0001.

MIC (pg/ml) after incubation for

Compound’ 24 hr 48 hr 120 hr
UK-2A 1.56 >100 >100
AA 3.13 >100 >100
C4-UK-2A >100 >100 >100
C8-UK-2A 25 50 50
C9-UK-2A 12.5 25 25
C10-UK-2A 12.5 12.5 25
Cl11-UK-2A 25 >100 >100
C12-UK-2A >100 >100 >100
Cl16-UK-2A >100 >100 >100
Pren-UK-2A >100 >100 >100
Gera-UK-2A >100 >100 >100
Farn-UK-2A >100 >100 >100

*See Fig.1. The cells were grown on a SD agar at 25°C.
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Table 2. Antifungal spectra of UK-2A derivatives.

Tested organisms

Schizosaccharomyces pombe 1FO 0342
Candida albicans IFO 1061
Rhodotorula mucilaginosa 1FO 0001
Aspergillus niger ATCC 6275
Rhizopus oryzae 1FO 4766

Penicillium chrysogenum 1FO 4626
Mucor mucedo IFO 7684

MIC (pg/ml)
Cc8 C9- Cl0- Cll-
UK-2A UK-2A UK-2A UK-2A
>100 100 100 >100
100 100 >100 >100
50 25 25 >100
100 50 >100 >100
100 125 100 >100
100 125 25 >100
>100 >100 >100 >100

The cells were grown on a SD agar at 25°C. MICs were determined after 24-hour

incubation.

Fig. 2. Effects of C9-UK-2A, UK-2A, and AA on
the viability of R. mucilaginosa IFO 0001.
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The cells were cultivated with 100 pg/ml UK-2A
(@), 100 ug/ml AA (A), 12.5 ug/ml C9-UK-2A (A),
25 ug/ml C9-UK-2A (<), 100 ug/ml C9-UK-2A (O)
or without drugs (®) in a SD broth with shaking at
30°C. After incubation in SD broth in the presence of
the agents indicated, CFU was determined by plating
diluted sample on YPD agar plates followed by 48-
hour incubation at 25°C before enumerating CFU.

respiration. Therefore, the effect of C9-UK-2A on cellular
respiration of R. mucilaginosa IFO 0001 was examined.
Even at 100 ug/ml, C9-UK-2A did not inhibit the cellular
respiration when glucose was used as a substrate.

Fig. 3. Effect of C9-UK-2A on the efflux of
potassium ion from R. mucilaginosa TFO 0001
cells.
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The cells (10® cells/ml) were incubated with
125 ug/ml AmB (®), 25ug/ml C9-UK-2A (0O),
50 pg/ml C9-UK-2A (), or without drugs (@) in
50mM succinate buffer (pH 6.0) at 30°C. Potassium
ion concentration in cell-free supernatants was
determined as indicated in Materials and Methods.

Efflux of Potassium Ions from
R. mucilaginosa IFO 0001 Cells

AmB
ergosterol of yeast and filamentous fungi'>'® and then

selectively binds to the plasma membrane

forms pores that allow potassium ions to leak out of the
cytoplasm. The MIC values of C9-UK-2A and AmB
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Fig. 4. Effect of C9-UK-2A on glucose release
from liposomes.
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The liposome suspensions were incubated with
125 ug/ml AmB (®), 25ug/ml C9-UK-2A (0O),
50 pg/ml C9-UK-2A (<) without drugs (@) at 30°C.
Glucose released was determined as described in
Materials and Methods.

against R. mucilaginosa IFO 0001 was 25 and 6.25 ug/ml,
respectively, in SD broth with shaking at 30°C after 24-
hour cultivation when inoculum size was 10%cells/ml. As
shown in Fig. 3, the 2XMIC of AmB greatly induced the
efflux of potassium ions from the yeast cells and the efflux
level reached a maximum after 20-minute treatment with
AmB. On the other hand, the 2XMIC of C9-UK-2A
gradually induced the efflux of potassium ions. After 120-
minute treatment, the efflux induced by C9-UK-2A was
63% of that by AmB.

Effect on Release of Glucose from Liposomes

The efflux of potassium ions from the cytoplasm of
R. mucilaginosa IFO 0001 cells in an energy-dependent
manner might be induced in response to stimulation such as
external environmental changes'¥. In order to investigate
whether C9-UK-2A directly affects stability or permeability
of the yeast plasma membrane, the effect of C9-UK-2A on
glucose-encapsulating liposomes was examined. AmB at
2XMIC greatly induced the release of trapped glucose from
the liposomes after a 30-minute treatment with the drug as
shown in Fig. 4. C9-UK-2A at 2XMIC gradually induced
the release. After 120-minute treatment, the release of
glucose in AmB and C9-UK-2A at 2XMICs was 76% and
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Fig. 5. Effect of C9-UK-2A on  the
cycloheximide-treated cells of R. mucilaginosa

IFO 0001.
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Cells were cultivated with or without cycloheximide
at a concentration of 100 yg/ml in a SD broth with
shaking at 30°C. C9-UK-2A was added at 100 pg/ml to
cycloheximide-containing cultures at 0 hour (A) and at
4 hours (<). Controls included cultures with no drugs
(@), cycloheximide only (O) or C9-UK-2A only added
at 0 hours (). CFU was determined by taking samples
at the times indicated, and plating diluted samples on
YPD agar plates followed by 48-hour incubation at
25°C before enumerating CFU. The arrows indicate the
time of addition of C9-UK-2A.

61% of the control level released by Triton X-100,
respectively. The pattern of the release of trapped glucose
from liposomes induced by C9-UK-2A was significantly
different from that by AmB.

Effect on Non-growing Cells of
R. mucilaginosa IFO 0001

An antifungal antibiotic benanomicin A is fungicidal and
disrupted the cell permeability barrier, including leakage of
intracellular K* and ATP in growing cells, while the
antibiotic has none of these effects in non-growing cells'®.
We also investigated the effect of C9-UK-2A on the non-
growing cells in R. mucilaginosa IFO 0001. Cycloheximide
restricts cell division thereby blocking cytoplasmic protein
synthesis'®. As shown in Fig. 5, C9-UK-2A reduced
viability of the cycloheximide-pretreated cells as well as the
non-treated cells after addition of C9-UK-2A. This result
indicates that non-growing yeast cells are also susceptible
to fungicidal action of C9-UK-2A. This type of a reduction
in viability has been reported in other membrane-injury
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chemicals, such as poligodial'® and gallate esters'”.

Discussion

UK-2A and AA restrict the growth of eukaryotic cells by
inhibiting mitochondrial electron transport at complex III.
However, this effect is temporary (Table 1 and Fig. 1). The
direct binding sites of UK-2A and AA to the complex III
have been reported to be associated with a 3-hydroxy-4-
methoxy-pyridine-2-carboxylyl and a 3-formylamino-
salicylyl group, respectively'®!®. The nine-membered
dilactone rings of UK-2A and AA are thought to be needed
for their hydrophobicity in order to pass through the barrier
of the biomembrane and for the tight binding of the drugs
to the complex III'%!'9. However, these dilactone residues
are subject to enzymatic degradation. Poor duration of the
antifungal activity of UK-2A and AA could be due to this
susceptibility. We replaced the dilactone with stable n-alkyl
and isoprenyl in derivatives of UK-2A. Although all the
UK-2A derivatives prepared showed weaker antifungal
activity against R. mucilaginosa IFO 0001 than UK-2A and
AA after 24-hour treatment, C8-, C9-, and C10-UK-2A
continued to show the activity after 120 hours (Table 1).
In our previous report, inhibitory activity against
the uncoupler-stimulated respiration of bovine heart
submitochondrial particles was examined®. The activity of
C8-UK-2A was about 1% of that of UK-2A and AA®.
Moreover, C9-UK-2A did not affect cellular respiration
of R. mucilaginosa IFO 0001. C9-UK-2A caused the
reduction of viable cell number, but UK-2A and AA did
not. These results suggest that the fungicidal action of
C9-UK-2A would be significantly different from the
growth inhibitory effect of UK-2A.

C9-UK-2A acts on the cycloheximide-treated cells of
R. mucilaginosa IFO 0001 indicating its action against non-
growing cells. C9-UK-2A induced the efflux of potassium
ions from the yeast cells and also the release of glucose
from glucose-encapsulating liposomes. These results
suggest the possibility of membrane injury caused by C9-
UK-2A. However, the rate of the efflux and the release
caused by C9-UK-2A was slower than that by AmB. The
rate of decrease in viability induced by C9-UK-2A was also
gradual. Therefore, the phenomena of the efflux, the release
of glucose and the decrease in viability seem to be
synchronized, strongly supporting the above possibility.

All of UK-2A derivatives prepared in our studies did not
act on Gram-negative and Gram-positive bacteria at
concentrations up to 100 gg/m1®. The lipid compositions of

the membrane between prokaryotic and eukaryotic cells are
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different®~??, The selectivity of the UK-2A derivatives for
eukaryotic cells can be hypothesized to be due to unique
features of eukaryotic membranes. Alternatively, it might
affect both prokaryotic and eukaryotic membranes
similarly, but the main target is at the eukaryotic electron
transport chain. It is possible that neither of the above are
targets for the UK-2A derivatives but rather their effects are
due to some other as yet unidentified targets. Further
studies are needed to reveal the basis for the selective
toxicity of this compound on yeast.

We succeeded in improving the duration of the anti-
fungal activity of UK-2A. In order to achieve this goal, the
nine-membered ring of UK-2A was replaced by an n-alkyl
residue to give C9-UK-2A as a more structure. Further
synthesis of newly designed UK-2A derivatives is now in
progress.
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