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A genetic approach utilizing the yeast Saccharomyces cerevisiae was used to identify the target of antifungal
compounds. This analysis led to the identification of small molecule inhibitors of RNA polymerase (Pol) III
from Saccharomyces cerevisiae. Three lines of evidence show that UK-118005 inhibits cell growth by targeting
RNA Pol III in yeast. First, a dominant mutation in the g domain of Rpo31p, the largest subunit of RNA Pol
I11, confers resistance to the compound. Second, UK-118005 rapidly inhibits tRNA synthesis in wild-type cells
but not in UK-118005 resistant mutants. Third, in biochemical assays, UK-118005 inhibits tRNA gene tran-
scription in vitro by the wild-type but not the mutant Pol III enzyme. By testing analogs of UK-118005 in a
template-specific RNA Pol III transcription assay, an inhibitor with significantly higher potency, ML-60218,
was identified. Further examination showed that both compounds are broad-spectrum inhibitors, displaying
activity against RNA Pol III transcription systems derived from Candida albicans and human cells. The
identification of these inhibitors demonstrates that RNA Pol III can be targeted by small synthetic molecules.

Defining the mechanism of action of small molecules in
higher eukaryotes is hindered by their complexity, limited ge-
netic methods, and protracted life cycles. In contrast, model
eukaryotes are amenable to extensive genetic analyses in rel-
atively short time frames. For example, unicellular eukaryotes,
such as Saccharomyces cerevisiae and Aspergillus nidulans, have
been used to rapidly elucidate the mechanism of action of
many compounds, including drugs that are relevant to human
therapeutics. The targets of the immunosuppressive com-
pounds cyclosporine, FK506, and rapamycin were discovered
in studies with yeast (9, 24). Resistance to cerulenin in S.
cerevisiae was mapped to FAS2, and inhibition of the encoded
enzyme, fatty acid synthase, was demonstrated biochemically
(21). Similarly, isolation of an A. nidulans mutant resistant to a
novel agricultural antifungal compound led to identification of
dihydroorotate dehydrogenase as the target (15).

In the present report, we extend the utility of S. cerevisiae for
discovering and characterizing antifungal compounds. Our ini-
tial studies focused on UK-118005, a compound that has
broad-spectrum antifungal activity. Using classical genetics,
molecular biology, and biochemistry, we show that UK-118005
inhibits RNA polymerase (Pol) III. Although natural products
have been identified that inhibit different RNA Pols, such as
a-amanitin (32, 33) and tagetitoxin (34, 35), this is the first
example of a synthetic small molecule inhibiting RNA Pol.
This finding demonstrates that cell-based screening can be a
powerful method for identifying novel druggable targets.

Additional antifungal structural analogs of UK-118005 were
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identified and further characterized. These results showed that
whereas some analogs inhibit RNA Pol III as expected, others
caused growth inhibition by an entirely different mechanism.
Thus, yeast can be used to monitor changes in the mechanism
of action that occur during lead compound optimization.

MATERIALS AND METHODS

Strains and media. Plasmid pJCP1 was derived from pcDNAII (Invitrogen)
and contains an ~1.45-kb mini-Tn7 stuffer fragment conferring kanamycin re-
sistance cloned into the PstI site (30). A URA3 fragment was inserted into pJCP1
with a 2-micron origin to create pBM601. The plasmids pRPO31 and pRPO31-
G1101Sare derived from pBM601 and contain the wild-type RPO31 gene and the
mutant Rpo31 gene conferring resistance to UK-118005, respectively. The plas-
mids pSUP4 and pSUP53 are derived from pCR-TOPO (Invitrogen) and contain
the SUP4 and SUP53 tRNA genes, respectively. Strains used in the present study
are listed in Table 1 and were grown in YPD medium (1), Sabouraud dextrose
broth (SDB; Difco) or synthetic dextrose (SD; yeast nitrogen base; Invitrogen)
with required supplements.

MIC test and ICs, determination. The MIC of antifungal compounds was
determined by a whole-cell assay in a 96-well plate format. Yeast cells with an
initial cell optical density at 600 nm (ODgqyy) of 0.001 in SDB medium were
inoculated with serial dilutions of compounds in the SDB medium. Growth
inhibition was measured by determining the ODy at 48 h. The lowest concen-
tration at which a compound led to an ODg, of =0.010 was determined as the
MIC of the compound; the concentration that causes 50% growth inhibition
(ICs) of the compound was also determined. The MIC for UK-118005 increases
with increasing starting inoculum, as has been reported for other compounds
(reviewed in reference 31). However, the MIC remains consistent at 24 and 48 h.

Mutant isolation and genetic analysis. S. cerevisiae BY4743 (Table 1) was
grown to log phase in YPD, washed twice, and resuspended in 0.1 M sodium
phosphate buffer (pH 7.0) to 2 X 10® cells/ml. For mutagenesis, ethyl methane-
sulfonate (EMS; Sigma) was added to 1 ml of cells to a final concentration of 3%,
and the cells were shaken at 30°C for 1 h. This treatment resulted in 50 to 70%
killing of the cells. The EMS treatment was terminated by the addition of 5
volumes of freshly prepared sterile 5% sodium thiosulfate (Sigma). Mutagenized
cells were washed twice with 5% sodium thiosulfate and once with sterile water
and were then plated onto SDB agar plates containing UK-118005 at concen-
trations of 117 and 234 uM (four and eight times the MIC). The plates were then
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TABLE 1. Description of strains

Strain Genotype Note(s) Reference or source
BY4741 MATa his3AL ura3A0. leu2A0 met15A0 4
BY4742 MATo his3AL ura3A0 leu2A0 lys2A0 4
BY4743 MATa/o ura3A0/ura3A0 leu2 A0/leu2 A0 4
his3A1/his3A1 MET15/met15A0
LYS2/lys2A0
MEF37 MATa adel::URA3 ura3-52 Millennium strain collection
MMB2175 MATa/o ura3A0/ura3A0 leu2 A0/leu2 A0 UK-118005-resistant mutant isolated by This study
his3A1/his3A1 MET15/met15A0 EMS mutagenesis of BY4743
LYS2/lys2A0 RPO31-G3301A4
MMB2177 MATo his3AI ura3A0 leu2AO RPO31- UK-118005-resistant haploid from This study
G33014 mutant MMB2175
MMB2154 MATa/o his3A1/his3AT ura3AO/ura3-52 UK-118005-resistant diploid obtained This study
LEU2/leu2A0 ADEI/adel::URA3 from MMB2177 X MF37
RPO31/RPO31-G3301A4
MMB2404 MATo ura3 leu2A0 RPO31-G3301A4 UK-118005-resistant haploid from This study
MMB2154
MMB1487 MATo ura3A0 leu2A0 his3A1 lys2A0 Millennium strain collection
pdr5A:HIS3 snq2A::HIS3
MMB1489 MATa/o ura3A0/ura3A0 leu2A0/leu2 A0 12
METI15/met15A0 LYS2/lys2A0
pdr5SA:HIS3/pdr5A::HIS3
snq2A::HIS3/snq2A::HIS3
MMBI1576 MATa/o ura3A0/ura3A0 leu2A0/leu2 A0 This study
METI15/met15A0 LYS2/lys2A0
pdr5A:HIS3/pdr5A::HIS3
snq2A::HIS3/snq2A::HIS3
gendAz:KanMX/gen4A::KanMX
Y01.06 (C. albicans) Clinical isolate This study

incubated at 30°C to allow resistant colonies to form. Resistance was confirmed
by streaking onto fresh SDB agar plates with the compound at the concentration
of 117 pM. Standard genetic methods (1, 16) were used to evaluate the number
of genes responsible for conferring resistance and to determine the dominance.

Construction of genomic DNA library from UK-118005 resistant mutant cells.
Genomic DNA prepared from the UK-118005 resistant mutant, MMB2404 (Ta-
ble 1), was partially digested separately with Alul, Haelll, and EcoRV. The
digested DNAs were pooled and size fractionated on a 1% agarose gel. DNA
fragments of 4 to 7 kb were isolated from the gel, ligated with the BstXI linkers
(5'-CTCTAAG-3' and 5'-ACACGAGATTC-3') and inserted into the pBM601
vector at the BstXI site. The library, with a 20-fold coverage of the yeast genome,
was amplified in DH10B E. coli cells (Invitrogen) and then transformed into
yeast strain BY4741 (Table 1) by using the lithium acetate yeast transformation
method as described previously (1). Transformants were selected on synthetic
medium minus uracil agar plates containing 176 pM UK-118005.

Subcloning of the wild-type and mutant RPO31 genes. The wild-type and the
mutant RPO31 genes, each with a 700-bp upstream region, were cloned by PCR,
by using the primer pair of RPO31-f (5'-CTGCAGAACCAGTGTGCTGGAG
ACAAACTCCTGATGTGCC-3') and RPO31-r (5'-ATGCATCCAGTGTGAT
GGTTATCTTCCAACTTTATAACCG-3') and inserted into the 2-micron
pBM601 vector at the BstXI site. The constructs containing either insert were
sequence verified and transformed into strain BY4741 (Table 1).

RNA analysis. To isolate RNA for northern analysis, wild-type yeast cells were
grown in SDB media until the culture reached an ODg, of 0.05. This culture was
then divided into three subcultures, and the UK-118005 compound was added to
the final concentrations of 0, 15, and 30 wM, which are equivalent to nontreat-
ment, 0.13X MIC, and 0.25X MIC, respectively, under this inoculation condi-
tion. The three subcultures were incubated at 30°C with shaking. Samples were
taken from each subculture at 0, 1, 2, and 4 h, and the cells were harvested by
centrifugation. Total RNA was isolated from each culture by using Trizol reagent
(Invitrogen) according to the manufacturer’s directions.

For Northern analysis, 15 pg of RNA samples in loading buffer (90% form-
amide, 1% bromphenol blue, 1% xylene cyanole) were heated 10 min at 75°C and
run on 8% polyacrylamide-8 M urea—1X Tris-borate-EDTA gels. Separated
RNA samples were transferred electrophoretically onto positive charged nylon
membrane (Amersham) in 0.5X Tris-borate-EDTA and immobilized onto the
membrane by UV cross-linking. Hybridization was performed as previously de-
scribed (5, 6) by using a radiolabeled oligonucleotide complementary to the 5’

sequence of the initiator methionyl-tRNA (tRNAM"): 5"-TCGTTTCGATCCC
GACATCAGGGTTATGA-3'. The detected tRNA level was quantified by anal-
ysis on a Fujifilm BAS-2500 phosphorimager (Fuji Medical Systems, Stamford,
Conn.).

To isolate RNA for transcript profiling, overnight cultures of cells were grown
in SDB medium supplemented with 200 mg of histidine, 200 mg of uracil, and
300 mg of leucine/liter to mid-log phase (ODgy, = 0.3). Cells were pelleted in
50-ml conical tubes and resuspended in fresh medium at an ODy, of 0.05. After
the addition of 3 or 6 ng of UK-118005 or 0.75 wg of ML-22952 (dissolved in
dimethyl sulfoxide [DMSO])/ml, all cultures (including untreated controls) were
brought to 1% DMSO. Cells were cultured at 30°C with shaking (250 rpm) for
3 h before being pelleted and then frozen on dry ice.

DNA microarray production and transcript profiling were performed as de-
scribed previously (12). For DNA microarray production, 6,144 DNAs repre-
senting different yeast open reading frames (19) were obtained from Research
Genetics (Huntsville, Ala.) and amplified by PCR. Approximately 20 nl of each
was spotted onto nylon membranes (Biodyne B; Invitrogen, Carlsbad, Calif.) at
a density of ~64/cm?. After being spotted, arrays were treated in 0.4 M NaOH,
neutralized in 0.1 M Tris-HCI (pH 7.5), rinsed in 2X SSC (1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), and dried to completion.

For transcript profiling, yeast total RNA was isolated by using Trizol (Invitro-
gen) according to manufacturer’s directions. A total of 15 pg of total RNA and
1.5 pg of oligo(dT) 5.5 were incubated with SuperScript II (Invitrogen) at 42°C
for 1 h in the presence of 160 wM concentrations of dATP, dGTP, and dTTP; 1.6
uM dCTP; and 50 wCi of [a-**P]dCTP (2,000 to 4,000 Ci/mmol). Labeled cDNA
was purified (Micro Bio-Spin 6 column; Bio-Rad, Hercules, Calif.), treated with
50 mM NaOH at 68°C for 15 min, and split into separate tubes containing
duplicate nylon arrays. The hybridization and washing conditions were done
essentially as previously described (8). Hybridization solutions contained 7%
sodium dodecyl sulfate (SDS), 0.25 M sodium phosphate (pH 7.2), 1 mM EDTA,
and 0.5% casein (Hammerstein grade). After overnight hybridization at 68°C,
the filters were washed once for 15 min at 68°C in 4% SDS-0.02 M sodium
phosphate (pH 7.2)-1 mM EDTA, three times for 15 min at 68°C in 1% SDS-
0.02 M sodium phosphate (pH 7.2)-1 mM EDTA, and briefly at 22°C in 2X SSC.
Dried filters were exposed to phosphorimager screens overnight. The hybridiza-
tion signals were captured by a Fuji BAS-2500 phosphorimager and quantified by
Grid Guru software (Millennium Pharmaceuticals, Cambridge, Mass.). For each
array, the distribution of intensities across all yeast genes was normalized to a



258 WU ET AL. EukaRrYOT. CELL
TABLE 2. Structures and ICs,s of UK-118005 and two analogs
Pol 11T ICs, (M) % Inhibition at 200 .M
Compound Structure Mol wt
S. cerevisiae Human S. cerevisiae C. albicans Human
UK-118005 214.3 200 100 62 38 62
a
L)
o} \ ~ N‘\$=O
ML-60218 \ o) 452.4 32 27 88 94 90
g N
ML-22952 277.8 ND* ND 0 ND ND

“ Note: nd = not determined

median of 1. Intensity values for duplicate filters were then averaged and ana-
lyzed with Spotfire software (Somerville, Mass.). Ratios were determined from
data from drug-treated samples on a per-gene basis compared to the appropriate
control sample.

Preparation of yeast nuclear extract. Yeast subcellular extract was prepared as
described previously (11). Cells were grown in YPD medium at 30°C to late log
phase, harvested by centrifugation, and resuspended in sorbitol buffer (1 M
sorbitol, 50 mM Tris [pH 7.9], 10 mM MgCl,) containing 30 mM dithiothreitol
(DTT). After incubation at room temperature for 15 min, the suspension was
spun at 1,500 X g for 5 min. The cell pellet was resuspended in sorbitol buffer
containing 3 mM DTT. 60T zymolyase was added to the suspension to a final
concentration of 0.15 mg/ml, and the lysis reaction was carried out at 30°C with
gentle swirling for 40 min. Cells were collected by centrifugation at 1,500 X g for
5 min, washed with sorbitol buffer containing 3 mM DTT, and resuspended in
ice-cold hypotonic buffer (15 mM KCl, 10 mM HEPES [pH 7.9], 5 mM MgCl,,
0.1 mM EDTA, 3 mM DTT) for 20 min after gentle homogenization. The
nuclear pellet was obtained by centrifugation at 10,000 X g for 20 min, resus-
pended in hypotonic buffer, and extracted with one-fifth volume of 4 M
(NH,4),SO, (pH 7.9). The tube was set on ice for 30 min and then centrifuged at
100,000 X g for 60 min. The supernatant was filtered through cheesecloth, and
solid (NH,),SO, (Sigma) was added to a final concentration of 0.25 g/ml. After
centrifugation (30 min at 10,000 X g), the protein pellet was resuspended in
one-half of the measured “nuclear pellet” volume with KBC 100 buffer (20 mM
HEPES-KOH [pH 7.9], 0.2 mM EDTA, 20% glycerol, 100 mM KCI, 1 mM DTT)
containing protease inhibitors at a concentration of one EDTA-free protease
inhibitor cocktail tablet (Boehringer Mannheim) per 50 ml of KBC100 buffer and
then aliquoted for storage at —80°C.

The extract from Candida albicans was prepared as described above. The
human HEK?293 cytosolic extract used for testing the Pol III inhibitors in the in
vitro Pol TII transcription assays was obtained from R. H. Lambalot (Pfizer
Global Research and Development, Cambridge, Mass.), which was prepared as
previously described (25).

In vitro yeast RNA Pol III transcription assay. The reaction was carried out in
a total volume of 50 pl. In each reaction tube 1.2 mM ATP, 0.6 mM CTP, 0.6 mM
UTP, 25 pM GTP, 160 mM KCI, 10 mM MgCl,, 2 mM DTT, 10 pCi of
[a-*3P]GTP, and 0.04 to 1 ug of DNA template (e.g., pSUP4 or pSUP53 plas-
mids) were added, and the volume was adjusted to 25 wl (29). The reactions were
initiated by addition of 25 ul of nuclear extract or whole-cell extract mixture; the
wild-type and mutant subcellular extracts were adjusted to 50 pg of total protein
(in KBC100) per reaction in the in vitro assays as determined by Bradford assay
(Bio-Rad). The reactions were incubated at 15°C with constant shaking at 150
rpm for 1 h unless stated otherwise. The reaction was terminated by the addition
of 70 pl of proteinase K (1 mg/ml in 10 mM Tris-HCI [pH 7.5]-0.1% SDS) and
5 wl of 10% SDS, followed by incubation at 37°C for 30 min. Phenol-chloroform-

isoamyl alcohol (24:24:1) extraction was then performed. A total of 43 pl of 7.5
M ammonium acetate (pH 7.0) and 3 volumes of ethanol were added to the
aqueous phase to precipitate the RNA. The RNA pellet was washed with 70%
ethanol, dried in a Speed-Vac, and dissolved in 7 wl of RNA loading buffer (see
above) for acrylamide gel electrophoresis. The activity of the RNA Pol III in
vitro transcription was quantitated by measuring the photostimulated lumines-
cence units from radiolabeled tRNA products on a Fujifilm BAS-2500 phosphor-
imager.

RESULTS

Identification of UK-118005 as an antifungal compound. To
identify antifungal compounds, a screen was carried out by
using growth inhibition as the endpoint. The yeast C. albicans
Y01.06 was grown in the presence of a library of compounds
with the OD as an indicator for growth. UK-118005 (Table 2)
was identified as a chemically acceptable, broad-spectrum an-
tifungal compound, as determined by MIC testing, and was
subjected to mechanism-of-action studies. UK-118005 inhibits
the growth of both the wild-type BY4743 S. cerevisiae strain
and an isogenic strain, MMB1489, deficient in two drug efflux
pumps (pdr5 and sng2) that is more susceptible to some anti-
fungal agents since export of the agents is compromised. Both
strains have an MIC of 58 uM (12.5 pg/ml) and an ICs, of ~10
M.

Transcript profiling of S. cerevisiae treated with UK-118005.
To gain insight into the pathways targeted by UK-118005,
transcript profiling was performed to measure the transcrip-
tional response to drug treatment. RNA was recovered from
cultures treated for 3 h and compared to samples from un-
treated cultures. The most striking feature of the drug-treated
samples was the upregulation of many genes associated with
amino acid biosynthesis (Fig. 1A). This response is reminiscent
of the well-characterized general amino acid control response,
which is mediated by the transcription factor Gendp and results
from amino acid or purine starvation or an imbalance of
charged tRNAs (17). To determine whether UK-118005 was
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FIG. 1. Transcript profiling reveals that UK-118005 treatment induces a GCN4 response. (A and B) Transcript profiling of cultures of
MMB1489 (GCN4™") (A) and MMB1576 (gcn4A) (B). In each panel, normalized intensity values from untreated cultures (x axis) are compared
to treated samples (y axis). Only genes whose normalized intensity is >(0.1 are shown, since this value represents the approximate intensity at which
the signal-to-noise ratio decreases sharply. (A) A set of known Gendp target genes (blue squares) (28) involved in amino acid biosynthesis is
significantly upregulated in UK-118005-treated (3 wg/ml) cells. These target genes comprise the bulk of the highly induced genes in this data set.
(B) In gcn4A cells, a similar treatment (6 pg/ml) produces few highly induced genes. For comparison, the set of genes encoding the subunits of
the 26S proteasome (red triangles) (12) are unchanged by the treatment in either genetic background. For the relevance of this finding, please refer

to Fig. 8.

inducing the general control response, we profiled the mRNA
from a gen4A strain treated with UK-118005. In contrast to the
wild-type strain, the amino acid pathway genes were not in-
duced in the gen4A mutant (Fig. 1B), showing that GCN4 is
required for this response to UK-118005. If the induction of
the general amino acid control response is due to amino acid
or purine depletion, then addition of these nutrients to the
medium is expected to bypass the effect of UK-118005. How-
ever, the MIC for UK-118005 is unaffected by amino acid or
purine supplementation. Thus, the antifungal activity of UK-
118005 is not due to inhibition of amino acid or purine bio-
synthesis. The possible relevance of the GCN4-dependent re-
sponse to UK-118005 is discussed below.

Isolation of UK-118005 resistant mutants. Previous studies
on the mechanism of action of antifungal compounds demon-
strate the utility of resistant mutants in identifying the target.
Of particular value are dominant mutations in the target pro-
tein that lead to decreased binding of the inhibitor relative to
the substrate (15, 21). This strategy was adopted to identify the
molecular target of UK-118005. Diploid BY4743 cells were
mutagenized with EMS and plated on medium containing UK-
118005. Strain MMB2175 (Table 1) was obtained that has a
twofold increase in MIC and a fourfold increase in ICs, (Fig.
2). Tetrad analysis of the diploid mutant was performed and,
after two back-crossings, resistance to UK-118005 segregated
2:2 (resistant:sensitive), indicating that a single locus is respon-
sible for the resistance. To verify that the mutation is dominant
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FIG. 2. Growth inhibition of S. cerevisiae with UK-118005 treat-
ment. Growth inhibition by UK-118005 was assayed as described in
Materials and Methods. The two mutant strains (@) are more resistant
than the wild-type cells (m), as indicated by at least a fourfold increase
in ICs, after 48 h of treatment with UK-118005. (Top panel) diploid
strains; (bottom panel) haploid strains. The ICs, is the concentration
of compound that inhibits growth by 50%.
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FIG. 3. Cloned mutant allele of RPO3! confers resistance to UK-
118005. MIC determination for the wild-type haploid strain BY4741
containing either pPBM601 (vector, no insert [ ¢]), pRPO31-G1101S
(A), or pRPO31 (m) after 48 h of treatment with serial dilutions of
UK-118005.

to the wild-type allele, the resistant haploid strain MMB2177
was crossed to the wild-type haploid MF37. The resulting dip-
loid, MMB2154 (Table 1), also displayed a fourfold increase in
ICs compared to the wild-type parental diploid strain, indi-
cating that the resistance conferred by the mutant gene is
dominant to its wild-type allele.

A mutation in RPO31 confers resistance to UK-118005. To
identify the mutated gene, a genomic DNA library was con-
structed from the resistant mutant MMB2404 (Table 1). The
library was transformed into BY4741 and screened for colonies
resistant to UK-118005. Six resistant colonies were isolated
that had a twofold increase in MIC and a fourfold increase in
ICs, compared to the control strain containing only the vector.
Retransformation of the plasmids rescued from these six
clones into the MMB1487 strain (Table 1) yielded resistant
transformants, indicating that the resistance was due to the
plasmid rather than a spontaneous chromosomal mutation.
Sequencing of the plasmids showed that RPO3] was the only
complete gene common to all six plasmids. RPO31, encoding a
1,460-amino-acid protein, is the largest subunit of the 17-sub-
unit yeast RNA Pol IIT complex and is a component of the
catalytic core of the enzyme (2, 3, 10). Since a 2-micron plas-
mid was used for cloning, it was possible that the resistance was
due to overexpression of wild-type Rpo31p. To eliminate this
possibility, the mutant and the wild-type RPO31 genes were
cloned into the 2-micron pBM601 vector and transformed into
strain BY4741 (Table 1). MIC testing of the transformants
showed that only the strain expressing the mutant RPO31 (Fig.
3) was resistant to UK-118005. This demonstrates that a mu-
tation in RPO31, rather than the overexpression of the wild-
type protein, confers resistance.

The Rpo31p protein contains eight major conserved regions
(atoh) (2,3, 10, 13, 23). Sequencing the mutant and wild-type
RPO31 genes identified a single nucleotide change, G to A, at
nucleotide position 3301, changing the amino acid at position
1101 from glycine to serine in region g, which is conserved
among RNA Pol I, Pol II, and Pol III from different eukaryotes
(Fig. 4), as well as Pols from prokaryotes. Although the func-
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tion of region g is unclear, our data show that the G1101S
mutation leads to resistance of S. cerevisiae cells to UK-118005.

Inhibition of Pol III by UK-118005 correlates with growth
inhibition in yeast. RNA Pol III transcribes 5S rRNA, tRNAs,
and various small nuclear RNAs (14, 33). Because Rpo31p is
essential for the catalytic activity of RNA Pol III (10, 13, 23),
a Northern hybridization experiment was performed to exam-
ine whether UK-118005 impairs the activity of RNA Pol III in
vivo (Fig. 5). Cells were treated with UK-118005 at doses that
partially inhibited growth, and RNA was extracted after 1, 2,
and 4 h of treatment. tRNAM* was detected by using a probe
that hybridizes to both precursor and mature tRNAM®, The
compound treatment of wild-type cells led to significant inhi-
bition of the RNA Pol III activity, as evidenced by a rapid
decrease in the level of newly synthesized tRNAM precursors
within 1 h of addition of the compound (Fig. 5, top panel). The
decrease of in vivo tRNA synthesis was accompanied by a
comparable decrease in cell growth rate in a dose dependent
manner (Fig. 6). Furthermore, protein synthesis was inhibited,
as expected for an inhibitor of tRNA synthesis (data not
shown). In contrast, UK-118005 treatment of the resistant mu-
tant MMB2177 had little or no effect on in vivo tRNA synthesis
(Fig. 5, bottom panel) or cell growth (Fig. 6). Quantitation of
precursor tRNA after 1 h of treatment demonstrates 60 to 63%
inhibition for the wild type and 2 to 13% for the RPO31 mutant
strain (15 to 30 wM, respectively). The wild-type strain treated
with UK-118005 demonstrates some recovery of tRNA synthe-
sis after 4 h since it was treated with sublethal concentrations
and is still able to grow (Fig. 6). In summary, we have shown
that the inhibition of growth and cellular tRNA synthesis by
UK-118005 are tightly correlated. Because both of these effects
are mitigated by a dominant mutation in RNA Pol III, it is
likely that this enzyme is the target of UK-118005.

UK-118005 inhibits Pol III activity in vitro. We next exam-
ined whether UK-118005 inhibits Pol III activity in cell ex-
tracts. Nuclear extracts were prepared from exponentially
growing cells of both the parental wild-type and the resistant
mutant strains. A portion of each crude nuclear extract was
also passed through a Bio-Rex 70 column and eluted with 500
mM KCl to prepare a fraction (BRa) enriched for RNA Pol 111
and its transcription factors, TFIIIC and TFIIIB (22). In vitro
transcription assays were carried out with either the yeast
SUP4 gene (encoding tRNA™") or the SUP53 gene (encoding
tRNA™") as the template, and the tRNA transcripts were
quantified after polyacrylamide gel separation. Robust tran-
scription of both templates was observed with the crude sub-
cellular extract (Fig. 7A). This level of transcription was not
affected by the addition of DMSO (used to dissolve the inhib-
itor). However, the addition of UK-118005 markedly reduced
the transcription of both templates (up to 70%) in the wild-
type crude extract in a dose-dependent manner (Fig. 7A).
Similar results were obtained with assays utilizing the BRa
fraction (data not shown). From these data, we determined the
ICs, for UK-118005 to be 200 uM (Table 2).

A time course of in vitro transcription was carried out in the
presence or absence of different concentrations of the com-
pound. After the usual lag phase (~30 min) for complex as-
sembly, transcription proceeded linearly at a rate that de-
creased with increasing concentrations of inhibitor (Fig. 7B,
top panel). In contrast to the wild-type extract, assays with
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FIG. 4. (A) Site of mutation in Rpo31-G1101S mutant protein. A schematic diagram showing the eight conserved domains of Rpo31 protein
and the single amino acid change from glycine (G) to serine (S) at amino acid residue 1101 in the g domain of the Rpo31 protein is shown.
(B) Comparisons of homologous amino acid sequence motif g of analyzed RNA Pol large subunits from S. cerevisiae (yeast), human, mouse,
Caenorhabditis elegans (worm), and Arabidopsis thaliana. The Pols from different organisms are indicated by the names of the organisms followed
by 1 (Pol I), 2 (Pol II), and 3 (Pol III). Amino acid positions are given at the beginning and end of each sequence. Identical residues with the
RPO31p g motif sequence (RNA Pol I1I) are indicated by points. The G1101S mutation site is indicated by an arrow, and its conserved surrounding
amino acid residues (discussed in the text) are overlined and displayed above the overline.

extracts from the resistant strain showed only a minor effect on
RNA Pol III transcription at 200 wM (Fig. 7B, bottom panel).
The assays were done with crude nuclear preparations, and
there was some assay variability, which may account for some

TIME Oh 1h 2h 4h
T 1T 1 1
UK-118,005 0 0 15 30 0 1530 0 15 30
Conc. (uM)
:l Precursor
WT tRNA Met
(BY4741)
_ Mature
tRNA Met
Mutant | Precursor
(MMB2404) tRNA,
— Mature
tRNA Met

FIG. 5. Inhibition of tRNA transcription in vivo by UK-118005. A
Northern blot shows a time course of treatment of wild-type BY4741
cells (top panel) and rpo31 mutant MMB2404 cells (bottom panel)
either untreated (lanes 0) or treated with 15 uM or 30 uM UK-118005
as indicated (see Materials and Methods for details). The migration of
the precursor and mature tRNAM is indicated.

of the differences in kinetics of the two assays. However, this
assay was run numerous times, and the same level of inhibition
was detected each time. UK-118005 also inhibited transcrip-
tion with a nonspecific template under assay conditions in
which transcription factors are not required for Pol III tran-
scription. These data demonstrate a direct inhibition of RNA
Pol IIT activity by UK-118005. Therefore, both in vivo and in
vitro, UK-118005 inhibits yeast cell growth by targeting and
impairing the activity of RNA Pol III.

Characterization of structural analogs of UK-118005.
Twenty-nine analogs of UK-118005 were identified and char-
acterized further. To determine the activity against Pol III,
each was tested in the in vitro transcription assay. Ten of the
twenty-nine compounds inhibited yeast RNA Pol III. One of
the more potent analogs is ML-60218. This compound was
found to have an ICs, of 32 uM (Table 2). To address whether
UK-118005 and ML-60218 exhibit broad-spectrum activity, a
subcellular extract was prepared from another yeast, C. albi-
cans, by the same protocol as that used for S. cerevisiae. This
extract was active in RNA Pol III gene transcription and,
together with an extract from the human cell line HEK293, was
used to test the compounds for their inhibitory activity. Results
from these assays that were run in triplicate show that both
compounds inhibited the in vitro transcription activity of S.
cerevisiae, C. albicans, and human RNA Pol III and that ML-
60218 is more potent than UK-118005 in all three systems
(Table 2). Thus, these compounds represent novel inhibitors
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FIG. 6. Comparison of growth inhibition by UK-118005. Growth
inhibition by UK-115005 in wild-type BY4741 (A) and the resistant
mutant MMB2404 (B) was measured by taking ODy, readings of the
same cultures as analyzed by Northern in Fig. 5 at the times indicated.

Strains were treated with 15 uM (=) or 30 pM (A) UK-118005 or no
UK-118005, i.e., the untreated control ().

with activity against RNA Pol III enzymes from yeast to hu-
mans.

Among the structural analogs of UK-118005 that did not
inhibit RNA Pol IIT activity, one (ML-22952) had been previ-
ously identified in a screen for antifungal compounds and had
been analyzed by transcript profiling. These profiling results
clearly indicated that ML-22952 does not induce amino acid
biosynthetic genes but rather induced genes involved in regu-
lated protein degradation (Fig. 8). Thus, the profiling results
are consistent with the in vitro Pol III transcription data and
indicate that the antifungal activity of ML-22952 is mechanis-
tically distinct from UK-118005. These results demonstrate
that similar chemical entities can have very different effects on
the cell and that transcript profiling is a valuable tool for
classifying compounds at an early stage of the drug discovery
process.

DISCUSSION

This report demonstrates a successful effort of using yeast to
characterize the mechanism of action of a small bioactive com-
pound, which has led to the identification of novel inhibitors
that can prevent cell growth by targeting RNA Pol III.

RNA Pol IIT is a large and complex enzyme of multiple
subunits. The composition of Pol III subunits has been well
characterized, especially in yeast cells, by both mutational anal-
ysis and two-hybrid screening (7, 13). However, the functions
of these proteins and their interactions are not fully under-
stood. Of the few inhibitors of RNA Pol III that have been
described to date, those in common use include two natural
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FIG. 7. Inhibition of tRNA transcription in vitro by UK-118005.
(A) In vitro transcription of SUP53 (left panel) and SUP4 (right panel)
in the presence or absence of UK-118005 for 1 h; (B) quantitation of
dose-dependent inhibition of SUP4 in vitro transcription by UK-
118005. Quantitation of radiolabeled tRNA is expressed in photo-
stimulated luminescence (PSL) units. (Top panel) transcription with
wild-type RNA Pol III nuclear extract; (bottom panel) transcription
with RPO31-G1101S mutant RNA Pol III nuclear extract.

products: a-amanitin purified from fungi and tagetitoxin from
bacteria. The octapeptide a-amanitin is only a weak inhibitor
of S. cerevisiae RNA Pol III (compared to the mammalian
enzyme) and is significantly more potent against yeast RNA
Pol I and Pol II (32, 33, 36). Tagetitoxin, on the other hand, is
considered a selective inhibitor of RNA Pol IIT (34, 35). Nei-
ther of these compounds are growth inhibitory for yeast.
Through both genetic screening and template-specific in vitro
RNA Pol III transcription assays, we identified novel inhibitors
of Pol III with significant potency both in vivo and in vitro.
These inhibitors represent the first group of small synthetic
compounds that target RNA Pol 11, suggesting that the RNA
Pol III is tractable to inhibition by small molecules.

We have not yet tested the inhibitors against purified RNA
Pol I and Pol II and therefore do not know whether they are
selective for RNA Pol III. However, several observations sug-
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FIG. 8. Transcript profiling reveals that ML-22952 treatment in-
duces proteasome subunit genes. Transcript profiling of ML-22952-
treated cells. Scatter plot data are presented as in Fig. 1, as are the
genes encoding the subunits of the 26S proteasome (red triangles) and
a set of known Gendp target genes (blue squares). Although the up-
regulation of proteasome subunits is not high, this increase is physio-
logically relevant (12).

gest that UK-118005 is not a general RNA Pol inhibitor: (i) in
vitro transcription by T7 RNA Pol was unaffected by 100 pM
UK-118005; (ii) transcript profiling with UK-118005 did not
reveal any significant negative affects on RNA Pol II and the
transcription of some Pol II genes was induced (Fig. 2); and
(iii) a phylogenetic analysis (described below) of the mutation
site in conserved region g of the largest subunit of nuclear
RNA Pol suggests that UK-118005 may be a specific inhibitor
of RNA Pol III. The sequence of domain g around the muta-
tion site (GEPXTQMTL, where X is the mutation site) is
conserved in nuclear RNA Pols from yeast to humans (Fig.
4B). In RNA Pol 111, a glycine at the mutation site is changed
to serine in the resistant mutant. Interestingly, the correspond-
ing position in RNA Pol I is invariantly serine, suggesting that
this enzyme may be naturally resistant to UK-118005. RNA Pol
II has a conserved alanine residue at this position. Together,
the above observations suggest that inhibition by UK-118005
may require a glycine residue (i.e., no side chain) at the site of
the resistance mutation in domain g. Presumably, other resi-
dues at this site would diminish inhibitor binding due to steric
effects.

We present evidence that UK-118005 inhibits transcription
of tRNA both in vivo and in vitro. UK-118005 significantly
inhibits the wild-type RNA Pol III transcription activity, with
only a minor effect on the G1101S mutant Pol III enzyme.
Although the ICy, for UK-118005 from the in vitro assay is
higher than might be expected compared to the concentration
needed to inhibit growth, we have found that these values
cannot be directly compared. The in vitro inhibition can vary
depending on the assay conditions, such as DNA or nuclear
extract concentration. Similarly, the potency of tagetitoxin can
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vary by as much as fourfold depending on conditions such as
the template and nucleotide concentration (27, 34). However,
this variability does not exclude the possibility that UK-118005
has two targets within the cell. A putative second target would
account for the residual sensitivity of the RPO31 mutant strain
to UK-118005, whereas the RPO31 mutant RNA Pol is nearly
completely resistant in the in vitro assay.

Transcript profiling has been successfully applied to mech-
anism of action studies (12, 20, 26). In the case of UK-118005,
however, this approach did not lead directly to the targeted
pathway. Our transcript profiling of UK-118005-treated cells
clearly showed the induction of the GCN4 response, suggesting
that this compound inhibits amino acid biosynthesis. Although
this is clearly not the case, how inhibition of RNA Pol III
induces the expression of GCN4-regulated genes is unclear.
Preliminary studies indicate that induction of the GCN4 re-
sponse by UK-118005 is GCN2 independent (V. Thoroddsen,
unpublished results) and does not increase the translation or
stability of the Gcen4 protein (Gendp; D. Kornitzer, unpub-
lished results). Although there are several reports of GCN2-
independent induction of the GCN4 response, in most cases
stimulation of Gen4p translation is still observed, in contrast to
our results with UK-118005 (unpublished data). One exception
is mutation of the WD protein CPC2. Deletion of CPC2 in-
creases the transcription of GCN4-regulated genes and by-
passes the amino acid analogue (e.g., 3-aminotriazole) sensi-
tivity of gen2A mutants (18). Although these effects require
GCN4 function, the level and stability of Gendp are unchanged
in cpc2A mutants. Thus, CPC2 is a negative regulator of gen-
eral amino acid control, and one possible explanation for our
results with UK-118005 is that RNA Pol III plays a role in
maintaining, directly or indirectly, this negative regulatory net-
work. Perhaps transcript profiling of the rpo3/ mutant strain
treated with UK-118005 would reveal more subtle or indirect
effects of the compound.

We also used transcript profiling to characterize an analog of
UK-118005, ML-22952. The results show that MIL-22952
clearly has a different mechanism of action, inducing genes
involved in protein degradation rather than the GCN4 re-
sponse. Interestingly, 7pn4 mutants, which are defective in the
expression of proteasome subunits (12), are hypersensitive to
ML-22952 (unpublished data), a finding consistent with the
profiling results. Thus, the transcriptional response of yeast
cells to subtle changes in structure of the molecules can pro-
vide valuable mechanistic information and can guide structure-
activity relationship studies in the absence of specific biochem-
ical assays.
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