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We previously demonstrated that pentamidine, which has been clinically used against Pneumocystis carinii,
inhibits in vitro a group I intron ribozyme from that organism. Another fungal pathogen, Candida albicans, also
harbors a group I intron ribozyme (Ca.LSU) in the essential rRNA genes in almost half of the clinical isolates
analyzed. To determine whether pentamidine inhibits Ca.LSU in vitro and in cells, phylogenetically closely
related intron-containing (4-1) and intronless (62-1) strains were studied. Splicing in vitro of the Ca.LSU
group I intron ribozyme was completely inhibited by pentamidine at 200 pM. On rich glucose medium, the
intron-containing strain was more sensitive to growth inhibition by pentamidine than was the intronless strain,
as measured by disk or broth microdilution assays. On rich glycerol medium, they were equally susceptible to
pentamidine. At pentamidine levels selectively inhibiting the intron-containing strain (1 pM) in glucose liquid
cultures, inhibition of splicing and rRNA maturation was detected by quantitative reverse transcription-PCR
within 1 min with a 10- to 15-fold accumulation of precursor rRNA. No comparable effect was seen in the
intronless strain. These results correlate the cellular splicing inhibition of Ca.LSU with the growth inhibition
of strain 4-1 harboring Ca.LSU. Broth microdilution assays of 13 Candida strains showed that intron-
containing strains were generally more susceptible to pentamidine than the intronless strains. Our data
suggest that ribozymes found in pathogenic microorganisms but absent in mammals may be targets for

antimicrobial therapy.

The widespread use of broad-spectrum antibacterial agents
as well as immunosuppressive treatments has increased the
incidence of fungal infections (16). In the immunocompro-
mised population, opportunistic fungal infections have become
a major cause of morbidity and mortality (7). Candida albicans,
normally a commensal fungus in humans, can cause mild, su-
perficial infections in an immunocompetent host but is capable
of causing life-threatening systemic disseminated disease in a
compromised patient. In human immunodeficiency virus
(HIV)-infected patients, mucosal candidiasis has a reported
incidence of more than 90% and oropharyngeal candidiasis,
which is the most common fungal infection in these patients,
has been used to predict the development of AIDS in HIV-1-
infected patients (8, 16). Furthermore, the emerging problem
of increasing azole-resistant C. albicans isolates (7, 17, 19, 34)
and the fact that azoles and other major classes of antifungal
drugs target the ergosterol biosynthesis pathway raise the pos-
sibility of the simultaneous appearance of resistance to multi-
ple agents (7, 12). Therefore, the search for novel antifungal
targets has become an important priority because intolerance,
resistance, toxicity, and multiple-drug interactions among the
current antimicrobial agents are major issues yet to be resolved
(14).

C. albicans harbors a self-splicing group I intron (Ca.LSU)
in the nuclear rRNA genes in about 40% of all isolates so far
analyzed (30). In Candida dubliniensis a similar ribozyme has
been found in every isolate tested (2). Other pathogens har-
boring nuclear group I introns include Preumocystis carinii (22,
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39) and Naegleria (10) and Acanthamoeba species (11). The
presence of group I intron ribozymes in essential genes of
pathogens but not in the human genome suggests that splicing
inhibitors can potentially act as antimicrobial agents (21-24,
27, 29, 30, 35, 46-49). Consistent with these expectations, Mer-
cure et al. (30) demonstrated a differential susceptibility to
5-fluorocytosine between an intron-containing C. albicans
strain and a closely related intronless strain. The higher sus-
ceptibility of the intron-containing strain appears to be due to
the inhibitory effect of biosynthetic incorporation of this base
analog into the group I intron ribozyme. Pentamidine, a
proven in vitro inhibitor of group I intron ribozymes from P.
carinii (24), has been shown to inhibit the growth of a DNA
virus harboring such a ribozyme in an essential gene without
detectable growth inhibition of its algal host (51). The obser-
vation that Saccharomyces cerevisiae, which generally contains
group I and group II introns in its mitochondrial genome, is
more susceptible to pentamidine when grown on a nonfer-
mentable glycerol carbon source (25; Y. Zhang, A. Bell, P. S.
Perlman, and M. J. Leibowitz, submitted for publication) is
consistent with the possibility that these ribozymes are targets
for this antimicrobial action. Zhang et al. (submitted) con-
firmed the specific inhibitory effect of pentamidine on S. cer-
evisiae mitochondrial intron splicing in vivo and in vitro. The
failure of ribozyme introns to be removed from rRNA precur-
sors can be expected to be deleterious to the cell. Introduction
of a splicing-deficient mutant group I intron from the Tetrahy-
mena thermophila 25S TRNA gene into the 23S rRNA gene of
Escherichia coli resulted in nonfunctional ribosomes which
failed to assemble normally, indicating the potential antimicro-
bial activity of splicing inhibitors (31).

The aim of this study was to determine whether pentami-
dine, a known inhibitor of group I intron splicing in vitro,
inhibits a C. albicans nuclear group I intron ribozyme in the
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TABLE 1. Oligonucleotides used

Designation Sequence (5 to 3")* 5’ coordinate Accession no.
A CCGAGAAGCTGGTCAAAC 1703 (+); 18S Mo60302
B ACCAAGAGATCCGTTGTTG 26 (—); 5.8S X71088
C GCATGCCTGTTTGAGCGTC 136 (+); 5.8S X71088
D CAGCGGGTAGTCCTACCTG 72 (—); 258 X70659
F ATTTAGGTGACACTATAGAATTAAAACATAGCATTGTGATG 2158 (+); 258 X70659
H CCGAAGCTCCCACTTATTC 2495 (—); 258 X70659
J CAATGTGATTTCTGCCCAGTG 2201 (+); 258 X70659
K CACAATGTCAAACTAGAGTCAAG 2457 (—); 258 X70659
L CATTGCTCCAAGAAATCGC 379 (—); Ca.LSU intron X74272
10816 GGTGATGGTGTTACTCACG 2150 (+); actin X16377
10473 GCTTCCAAACCTAAATCAGC 2496 (—); actin X16377
Oligo(dT) T

“ Underlined sequence in primer F is a promoter sequence from bacteriophage SP6; the 5" coordinate shown is for nucleotide 19 of this sequence.

25S rRNA gene, denoted Ca.LSU, and whether this inhibition
in cells results in anticandidal activity. We have found, both in
vitro and in cultured C. albicans cells, that this ribozyme ac-
tivity is inhibited by pentamidine. Furthermore, the cellular
inhibition of splicing correlates with differential inhibition of
growth of an intron-containing strain compared to a closely
related intronless strain, suggesting that ribozyme inhibition is
a possible mechanism of action of antifungal agents.

MATERIALS AND METHODS

Antimicrobial agents. Pentamidine isethionate, tetracycline, and amphotericin
B were from Sigma (St. Louis, Mo.). The pentamidine analogs BBE [trans-1,2-
bis(5-amidino-2-benzimidazolyl)ethene] and DIMP {1,3-di[4-(2-imidazolinyl)-2-
methoxyphenoxy]propane} and propamidine were kindly provided by R. R.
Tidwell (University of North Carolina). Amphotericin B was dissolved in di-
methyl sulfoxide. Tetracycline and pentamidine and its analogs were dissolved in
sterile water.

C. albicans strains and culture media. Clinically isolated C. albicans strains 4-1
and 62-1 were kindly provided by G. Lemay (University of Montreal, Montreal,
Canada). C. albicans 4-1, but not strain 62-1, bears the Ca.LSU self-splicing
group I intron in the 25S ribosomal DNA (rDNA) (30). These two strains are
closely related based on genetic sequence analysis of variable regions V2 and V3
of the genes encoding 25S rRNA (2). Ten C. albicans clinical isolates, previously
tested for their susceptibility to pentamidine (40), were kindly provided by G.
St-Germain (Laboratoire de Santé Publique du Québec, Quebec, Canada). C.
albicans ATCC 90028, obtained from the American Type Culture Collection
(Manassas, Va.), was used as a control for drug susceptibility assays. These
strains were maintained on YPD medium plates (1% yeast extract, 2% peptone,
2% dextrose, 2% agar). The MICs of pentamidine and amphotericin B were
determined in YPD and YPG (1% yeast extract, 2% peptone, 3% glycerol)
media. Other media used included SD (6.7% yeast nitrogen base without amino
acids, 2% dextrose), and RPMI 1640, buffered to pH 7.0 with MOPS (morpho-
linepropanesulfonic acid) (37).

Oligonucleotide primers. The sequence of each oligonucleotide is shown in
Table 1. The location of each primer used for PCR of rDNA and for reverse
transcription (RT)-PCR of rRNA and precursors is depicted in Fig. 1. The
primer pairs were A-B for the internal transcribed spacer 1 (ITS1) (248-bp
product), C-D for the ITS2 (207-bp product), F-H for the in vitro transcription
DNA template (735-bp product), and J-K (256- and 635-bp intronless and intron-
containing products, respectively) or J-L (465-bp product) for the 25S rRNA or
rDNA containing the Ca.LSU intron.

Splicing assays and kinetic analysis. In vitro splicing reactions were per-
formed as previously described (24) using in vitro-transcribed rRNA precursor
derived from the genome of C. albicans strain 4-1. Primers F and H were used to

PCR amplify a 735-bp fragment from the 25S rRNA gene (including a 17-bp SP6
promoter region derived from primer F) containing the complete group I intron
(379 nucleotides) and partial flanking exon regions (130 and 209 nucleotides; 5’
and 3, respectively) using Taqg DNA polymerase (Qiagen, Valencia, Calif.). The
amplification conditions were 2 cycles of 94°C for 30 s, 50°C for 1 min, and 72°C
for 45 s, followed by 30 cycles of 94°C for 10 s, 53°C for 1 min, and 72°C for 45 s,
followed by a 5-min incubation at 72°C. In vitro transcription of this PCR
product DNA to produce a 718-nucleotide E1-I-E2 precursor RNA (E1 indicates
a 5" exon fragment, I indicates an intron, and E2 indicates a 3’ exon fragment)
was carried out using SP6 RNA polymerase with the Riboprobe System IT
(Promega, Madison, Wis.) in the presence of 3.4 pM [a->*P]UTP (50 p.Ci; NEN,
Boston, Mass.), under the recommended conditions. After 40 min at 37°C, 1 U
of DNase (RNase-free; RQ1; Promega) was added and the DNA template was
digested for 15 min at 37°C. Transcripts were purified with the RNeasy kit
(Qiagen), and the full-length precursor was purified by preparative polyacryl-
amide gel electrophoresis (PAGE; 5% acrylamide, 0.1% bisacrylamide) run in
the presence of 8 M urea, followed by electroelution (Elu-Trap; Schleicher and
Schuell, Keene, N.H.) and ethanol precipitation.

Splicing reactions were carried out in the presence of purified precursor RNA,
50 mM Tris-HCI [pH 7.5], 1.25 mM magnesium chloride, 0.4 mM spermidine, 4
U of RNasin (Promega), and 10 pM GTP at 37°C for 10 min, followed by gel
electrophoresis as described above. The gels were dried, and the precursor,
intermediates, and products of the splicing reaction were visualized by autora-
diography and quantitated using a densitometer (GS-670; Bio-Rad, Hercules,
Calif.) or a phosphorimager (GS-525; Bio-Rad). The extent of the splicing
reaction was calculated by the percentage of radioactivity in the products (I plus
E1-E2) and intermediates (I-E2 plus E1) relative to total radioactivity (P plus
I-E2 plus E1 plus I plus E1-E2). Kinetic analysis to determine the constant of
inhibition values for compounds inhibiting the splicing reaction were derived
from data expressed in Hanes-Woolf plots (50), as previously described (24).

Drug susceptibility testing. Determination of the pentamidine MICg, (lowest
concentration that produced an 80% growth decrease compared with a drug-free
control) and the amphotericin B MIC,, (lowest concentration that completely
inhibited growth) for C. albicans strains 4-1 and 62-1 in YPD and YPG media
was performed by a modified microdilution method (37). C. albicans control
strain ATCC 90028 was tested in the standard RPMI 1640 medium buffered to
pH 7.0 with MOPS. Briefly, flat-bottom 96-well microtiter plates were prepared
by making twofold serial dilutions (in duplicate or triplicate) of pentamidine
ranging from 100 to 0.19 uM and of amphotericin B ranging from 16 to 0.313
pg/ml. The final volume of the drug solution was 0.1 ml. Each strain inoculum
(0.1 ml) was prepared from colonies (=1 mm in diameter) on YPD medium
plates grown for 42 h at 30°C in 0.85% saline by using a 0.5 McFarland turbidity
standard and then diluted in each culture medium to 0.5 X 10° to 2.5 x 10°
CFU/ml. MIC endpoints were determined after incubation for 24 and 48 h at
35°C by spectrophotometry at 540 nm after the plates were gently agitated to
homogenize the cultures. The average background optical density (OD) of the
inoculum-free wells (medium-only control) was subtracted from the average of
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FIG. 1. Structure of the rRNA gene operon and location of each PCR and RNA RT-PCR primer pair. The RT-PCR primer pairs were A-B for ITS1, C-D for ITS2,
J-L for the intron in precursor rRNA, and J-K for colony PCR of Candida cells. The PCR primer pair for the amplification of the DNA template used for the SP6
in vitro transcription of precursor RNA was F-H. The open rectangles represent the mature rRNAs; the solid square represents the Ca.LSU intron; the thick lines
represent the ETSs and ITSs (not proportional to length, with ITS being shorter and ETS longer than indicated).
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the OD of each experimental group (in duplicate). These values were divided by
the average of the OD of the drug-free control wells to calculate the growth
percentage of experimental wells relative to the drug-free-growth positive con-
trol. All 13 C. albicans isolates at hand were tested simultaneously for suscepti-
bility to pentamidine in YPD medium at 35°C for 24 h as described above, except
that the inoculum colonies (<1 mm in diameter) used were from YPD medium
plates grown at 35°C for 24 h.

Disk assay. The susceptibilities of C. albicans strains 4-1 and 62-1 to pentam-
idine on YPD medium plates were measured by a disk assay. Cells grown at 30°C
for 24 to 48 h on YPD medium plates were suspended in sterile water at 1.25 X
107/ml, and 0.4 ml of the cell suspension was spread circularly from the center out
using a glass pipette as the plate was continuously rotated on a turntable. After
the cell lawn was allowed to dry briefly, five 3MM paper disks (6-mm diameter)
(Whatman, Maidstone, England) were placed on the plate and 10 wl of penta-
midine (200, 20, 2, or 0.2 nmol) or sterile water was spotted on each disk. Zones
of inhibition were measured after 4 days of incubation at 30°C. An inhibition
zone 8§ mm in diameter was the smallest that could be accurately measured.

Preparation of C. albicans total RNA. Ten milliliters of SD medium was
inoculated with a single colony of C. albicans 4-1 or 62-1 from a YPD plate, and
the colony was grown overnight at 28°C at 250 rpm. Fresh 100-ml YPD cultures
were inoculated at an OD at 600 nm (ODy) of 0.1, and growth was continued.
At an ODg of 0.4 to 0.6 (mid-log phase), pentamidine isethionate dissolved in
water was added to a 1-uM final concentration, and at various times 1-ml
aliquots were aseptically transferred to 1.5-ml microcentrifuge tubes. Cell pellets
were collected by a brief spin to remove the medium and were immediately
frozen in a dry ice-ethanol bath. A modified version of a hot phenol-chloroform
protocol (36) was used to extract RNA from the frozen cell pellets. The modi-
fications included cell breakage with glass beads by vortexing each microcentri-
fuge tube three times for 10 s during a 12-min incubation in a water bath at 65°C
and two reextractions of the organic phase plus interphase for 1 min with 0.1 ml
of AE buffer (36). All three aqueous phases were pooled before the final extrac-
tion with AE-buffered phenol-chloroform. Every RNA preparation was treated
with RQ1 DNase I (Promega) and purified with the RNeasy kit RNA clean-up
protocol (Qiagen). The RNA quantity and quality were checked by spectropho-
tometry (OD,q, and OD,,/OD,g, ratio) and by agarose gel electrophoresis.
Alternatively, RNA was extracted from cells grown in YPD (20-ml cultures) to
an ODyg of 0.5 at 35°C following a protocol for the extraction of precursor
rRNA and preribosomes (18). This RNA preparation was used for the compet-
itive RT-PCR analysis.

RT-PCR. RT-PCR of each RNA template was carried out using the Titan One
Tube RT-PCR system (Boehringer Mannheim, Indianapolis, Ind.). RT was per-
formed by a 30-min incubation at 50°C for rRNA templates or 55°C for the actin
mRNA template, followed by a 2.5-min incubation at 94°C to inactivate the
reverse transcriptase. PCR amplification conditions for the resulting cDNAs
were as follows. For the 25S intron (primer pair J-L) and actin mRNA control
[primer pair 10816-10473 and oligo(dT)], the PCR conditions were 5 cycles of
94°C for 30 s, 52°C for 30 s, and 68°C for 45 s, followed by 25 cycles of 94°C for
30 s, 54 to 55°C for 30 s, and 68°C for 1 min. For ITS1 (primer pair A-B), the
conditions were 5 cycles of 94°C for 30 s, 49°C for 30 s, and 68°C for 30 s,
followed by 25 cycles of 94°C for 30 s, 52°C for 30 s, and 68°C for 45 s. For ITS2
(primer pair C-D), the conditions were 5 cycles of 94°C for 30 s, 56°C for 30 s,
and 68°C for 45 s, followed by 25 cycles of 94°C for 30 s, 58°C for 30 s, and 68°C
for 1 min. All reactions were followed by a 5-min incubation at 68°C. All cDNA
PCR products were resolved in 5% PAGE gels, and the bands were visualized by
SybrGreen I staining (FMC, Rockland, Maine). Photographs of gels were
scanned with a densitometer, and each band was quantitated with Molecular
Analyst/PC software (Bio-Rad).

Preparation of competitor RNA. Competitor RNA refers to the in vitro-
synthesized RNA used as an internal control in the quantitation of precursor
rRNA by RT-PCR. Primers F and L (within the 25S rRNA exon 1 and the 3’ end
of the Ca.LSU group I intron, respectively) were used to amplify a fragment from
the 735-bp PCR product generated with primers F and H. This fragment was
blunt ended and phosphorylated using bacteriophage T4 DNA polymerase
(GIBCO BRL) and polynucleotide kinase (Pharmacia Biotech, Piscataway, N.J.)
under the recommended conditions. The fragment was ligated with T4 DNA
ligase (Rapid DNA ligation kit; Boehringer Mannheim) to vector plasmid
pUC19 that had been linearized with Smal (GIBCO BRL), and dephosphory-
lated with calf intestine alkaline phosphatase (Boehringer Mannheim). To pro-
duce a 50-bp deletion within the intron sequence of this construct, a double
digestion with Stul (Boehringer Mannheim) and MscI (New England Biolabs,
Beverly, Mass.) followed by ligation was performed. In vitro transcription of this
deletion construct to synthesize competitor RNA transcript was carried out using
SP6 RNA polymerase and the Riboprobe Gemini System II (Promega) as rec-
ommended by the manufacturer.

Quantitative competitive RT-PCR. Competitive RT-PCR of the target and
competitor RNA was carried out using the Titan One Tube RT-PCR System. RT
and PCR conditions were identical to those of the noncompetitive RT-PCR with
the exception that each reaction mixture contained a constant amount of com-
petitor RNA (determined by comparison with standards on agarose electro-
phoretic gels stained with ethidium bromide) and varying amounts of total
(target) RNA. The cDNA PCR products were resolved in a 5% PAGE gel, and
the bands were visualized by ethidium bromide or SybrGreen I (FMC) staining.
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The gel images were then scanned using a densitometer (GS-670; Bio-Rad), and
each band was quantitated using the Molecular Analyst/PC software. Quantita-
tive analysis of the band measurements was done as described previously (52).

Colony PCR. Detection of Ca.LSU in 13 C. albicans clinical isolates was
performed by PCR amplification with primers J and K using whole cells from
single colonies grown on YPD plates at 35°C. An initial incubation at 95°C with
the cells in the reaction mixture was followed by 3 cycles of 94°C for 30 s, 56°C
for 30 s, and 72°C for 45 s and 22 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C
for 1 min. This reaction was followed by a 5-min incubation at 72°C. The PCR
products were resolved in a 1% agarose gel.

RESULTS

In vitro splicing inhibition assays. We have analyzed the C.
albicans 4-1 strain 25S rDNA ribozyme Ca.LSU (30) for its
sensitivity to known group I intron splicing inhibitors and other
chemical agents, based on protocols used for in vitro charac-
terization of the P. carinii TDNA group I intron ribozyme
Pcl.LSU (24). Like other group I intron ribozymes, Ca.LSU
requires magnesium and GTP for activity (30). The optimal
magnesium chloride concentration at 37°C and =7.8 uM GTP
was determined to be 1.25 mM, and the splicing reaction was
in a linear range for up to 12 min (data not shown). The
calculated Michaelis constant for GTP was 2.5 pM, which is
comparable to 3 uM for the P. carinii ribozyme Pc1.LSU (24)
and far below the intracellular GTP concentration in S. cerevi-
sige. Some agents known to inhibit the in vitro splicing of
Pcl.LSU were tested for the ability to inhibit splicing of
Ca.LSU precursor RNA under standardized conditions de-
scribed in Materials and Methods. As shown in Fig. 2, penta-
midine, BBE, and DIMP completely inhibited the Ca.LSU
intron splicing reaction at 200, 0.5, and 10 wM, respectively.
These values are 1.25-, 5-, and 6-fold lower than the levels
required to completely inhibit splicing of Pc1.LSU (24). On the
other hand, tetracycline, which inhibited Pc1.LSU in vitro
splicing at 50 pM, failed to inhibit Ca.LSU intron in vitro
splicing at 300 wM (data not shown). Propamidine at up to 1.0
mM failed to inhibit splicing of either intron. Hanes-Woolf
plots for the Ca.LSU intron in vitro-splicing inhibitors penta-
midine, BBE, and DIMP indicated noncompetitive inhibition
(data not shown), as previously described for Pc1.LSU (24).

Broth dilution drug susceptibility testing. As shown in Table
2, strains 4-1 (intron containing) and 62-1 (intronless) were
similarly susceptible to amphotericin B and pentamidine in
YPG medium. On the other hand, while they were similarly
susceptible to amphotericin B in YPD medium, there was a
=16-fold increase in susceptibility to pentamidine of the in-
tron-containing strain 4-1 relative to strain 62-1. Note that the
pentamidine sensitivities of the two strains were greater on
YPG medium than on YPD medium and there was relatively
less difference between these strains on YPG medium than on
YPD medium. These results suggest that the two strains may
share a common mitochondrial pentamidine-sensitive target,
as has been reported for S. cerevisiae (25). In each experiment,
the MIC,,, of amphotericin B for the reference strain ATCC
90028 (in RPMI 1640) was within the expected range (0.25 to
1.0 ng/ml). The differential susceptibility to pentamidine after
24 hin YPD and YPG media is graphically presented in Fig. 3,
indicating that low concentrations of pentamidine selectively
inhibit the intron-containing strain. This differential suscepti-
bility was confirmed in the cultures (at 35°C and 250 rpm) used
for the extraction of RNA from each strain and by disk assay
performed on YPD plates (data not shown). Under these con-
ditions, 1 wM pentamidine added during logarithmic phase
(mid-log) slowed growth of the intron-containing 4-1 strain but
not of the intronless 62-1 strain (data not shown).

Effect of pentamidine on rRNA processing. As demonstrated
in Fig. 4 and 5A, treatment of the intron-containing strain 4-1
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FIG. 2. Inhibition of Ca.LSU intron splicing by pentamidine analogs. Reactions were run under standard conditions as indicated in Materials and Methods. The
first lane (T) shows precursor RNA only, the second lane (+) shows the complete reaction without drugs, and the third lane (—) shows the reaction in the absence
of magnesium and GTP. The experimental compounds are present in a complete splicing reaction at the following concentrations (from left to right): 0.125, 0.25, 0.5,
or 0.75 uM BBE; 5, 10, 20, 40, or 60 uM DIMP; 5, 10, 30, or 60 uM tetracycline; 0.5, 0.75, 1.0, or 1.25 wM propamidine; and 100, 150, 200, or 250 wM pentamidine.
The bands are labeled as follows: P, precursor RNA; I-E2, G intron-3’ exon intermediate; I, excised linear G intron; E1-E2, reaction product consisting of ligated exon

fragments; E1, 5’ exon fragment intermediate.

with 1 uM pentamidine in YPD medium, which resulted in a
reduced rate of growth, produced an increase in detectable
intron-containing rRNA precursor in 1 min. This pentamidine-
dependent accumulation of putative pre-rRNA transcript was
detected by nonquantitative as well as by competitive quanti-
tative RT-PCR (52), using the same set of primers with differ-
ent RNA preparations from similarly treated cells. By quanti-
tative RT-PCR the level of intron-containing target RNA
transcript (copies/ng of RNA) was determined to be 15.6 in
untreated cells and 222.5 in pentamidine-treated cells (1 wM
for 1 min), indicating a 14.3-fold increase after 1 min of pen-
tamidine treatment (Fig. 4). Visual inspection (Fig. SA) and
densitometry (data not shown) of RT-PCR images for the
nonquantitative RT-PCR experiment indicated that the in-
crease in intron-containing RNA was obvious at 1 min and
sustained over 90 min. The relative differences were similar

TABLE 2. MICs of pentamidine and amphotericin B against
C. albicans intron-containing strain 4-1 and intronless strain 62-1

MIC? after 24 h

Strain Antibiotic
YPG YPD
4-1 Pentamidine (uM) 0.78 12.5
Amphotericin B (j.g/ml) 0.5 1.0
62-1 Pentamidine (M) 3.13 >100
Amphotericin B (j.g/ml) 0.25 1.0

“The 80% and 100% inhibition endpoints were used for pentamidine and
amphotericin B, respectively.

whether the RT-PCR analysis was quantitative or nonquanti-
tative, supporting the use of nonquantitative RT-PCR for ad-
ditional analysis. RT-PCR of ITS1 and ITS2-containing RNAs
showed that both ITS regions rapidly accumulated in unproc-
essed form after pentamidine treatment of the intron-contain-
ing strain 4-1, while no similar changes were seen in the in-
tronless strain 62-1 (Fig. 5B). It is noteworthy that the linear
range for RT-PCR amplification of both the intron and the
ITS1-containing precursor was at RNA template dilutions of
1:10? to 1:10°; for ITS2-containing RNAs, the linear range was
at a 100-fold greater dilution (1:10° to 1:107 dilution). This
difference suggests that more I'TS2-containing RNA is present
in cells than RNA containing the intron or ITS1. Note that
pentamidine treatment resulted in no comparable changes
in RT-PCR-detectable actin mRNA (Fig. 5B) or levels of
ethidium bromide stain-detected mature rRNA (Fig. 5C) over
90 min of treatment.

Intron presence correlates with pentamidine sensitivity.
Thirteen clinical isolates of C. albicans were tested for the
presence of introns in their 25S rRNA genes by PCR using
primers J and K and were tested for their growth sensitivity to
pentamidine in YPD medium. Figure 6 shows that seven in-
tron-containing strains appeared to be relatively more sensitive
to pentamidine than five intronless strains. We noted that one
strain (provided by G. St-Germain) appeared to contain both
intron-containing and intronless rRNA genes by PCR analysis.
This result was obtained on all single colonies isolated after
repeated restreaking, suggesting that this strain does harbor
two distinct rRNA gene alleles. The data in Fig. 6 show that
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FIG. 3. Comparison of the intron-containing (4-1) and intronless (62-1) strain susceptibility to pentamidine. The 24-h values were determined by a broth
microdilution assay in YPD or YPG medium. @, strain 4-1 in YPD medium; O, strain 4-1 in YPG medium; m, strain 62-1 in YPD medium; [, strain 62-1 in YPG

medium. The error bars indicate standard deviations.

this strain had an intermediate level of pentamidine sensitivity.
Although solubility problems prevented accurate pentamidine
MICg,, determinations for the more resistant strains among
those tested here, in these experiments the MICgs for four of
seven intron-containing strains, but none of the intronless or
the mixed-genotype strains, were =100 WM.

DISCUSSION

Inhibition of the in vitro splicing of group I intron ribozymes
by various antibiotics (22, 24, 35, 46-49) suggests that these
ribozymes, which have not yet been found in the human ge-
nome, may be potential therapeutic targets for antimicrobial
agents. We have confirmed that the Ca.LSU intron of C. albi-
cans shows approximately the same sensitivity to pentamidine
in vitro as does the P. carinii intron Pc1.LSU. This inhibition
was also observed in culture at concentrations of pentamidine
that inhibit the growth of an intron-containing, but not an
intronless, strain of C. albicans. The correlation of in vitro and
in-culture effects of pentamidine in this system suggests that

ribozyme-catalyzed splicing might be a target for the action of
this drug on C. albicans.

In vitro splicing by Ca.LSU was inhibited by pentamidine,
with complete inhibition seen at 200 uM pentamidine, close to
the 250 wM level required to inhibit Pc1.LSU (24). The pen-
tamidine analogs BBE and DIMP were also modestly more
potent inhibitors of Ca.LSU than of Pcl1.LSU, and in both
systems pentamidine and its analogs inhibited the ribozyme in
a noncompetitive manner relative to the guanosine substrate,
as indicated graphically on Hanes-Woolf plots (data not
shown). Despite the small quantitative differences between the
sensitivities of the two ribozymes to pentamidine and its ana-
logs, pentamidine sensitivity seems to be a property of multiple
group I introns, including the intron encoded by the DNA
genome of an algal virus (51). On the other hand, tetracycline,
also a noncompetitive inhibitor of Pcl.LSU (24), failed to
inhibit Ca.LSU at a sixfold-higher molar concentration.

The availability of intronless (62-1) and intron-containing
(4-1) strains of C. albicans which are closely related phyloge-
netically based on genomic sequence analysis (2), suggested

pentamidine - pentamidine +
strain 4-1 5 0.5 0.05 5 0.5 0.05
total RNA (ng)
Target ) u  § u H
el h-J .

Competitor .

FIG. 4. Quantitation of the accumulation of the intron-containing precursor rRNA. Strain 4-1 was grown to logarithmic phase in YPD medium. Aliquots were taken
before (pentamidine —) and 1 min after (pentamidine +) addition of 1 M pentamidine. Total RNA was extracted and subjected to quantitative competitive RT-PCR
with primers J and L using a constant amount of in vitro-transcribed competitor RNA (1.016 X 10~'7 ) and three different dilutions of total RNA, followed by PAGE
analysis. The target and competitor represent amplification products of the cellular and synthetic RNA transcripts, respectively.
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FIG. 5. Effect of pentamidine on rRNA processing. Strains 4-1 (intron containing) and 62-1 (intronless) were grown to logarithmic phase in YPD. Aliquots were
taken at the indicated times after pentamidine addition (all panels); RNA was extracted and subjected to RT-PCR, followed by PAGE analysis (A and B). (A)
Amplification (at an RNA dilution of 1:10%) using primers derived from the intron (L) and 5" exon (J) of precursor RNA from strain 4-1 at the indicated times after
addition of 1 wM pentamidine. RT+, dose response for RNA template from untreated 4-1 cells (extracted total RNA at 0.1 pg/ul) with serial dilutions from 1:10% to
1:10%; RT—, identical reactions run using heat-inactivated reverse transcriptase. (B) Amplification using primer pairs A and B flanking ITS1 at an RNA dilution of 1:10*
(ITS1), primers C and D flanking ITS2 at an RNA dilution of 1:10° (ITS2), and primers [oligo(dT) and 10816/10473] for actin at an RNA dilution of 1:10 (actin). (C)
Mature 25S and 18S rRNAs were subjected to agarose gel electrophoresis and visualized by ethidium bromide staining (0.5 pg of the extracted total RNA at 0.1 pg/ul).
In panels A and B, the lanes marked C are negative controls (no template). Time (in minutes) represents the time when the RNA was extracted, before (0 min) or
after (1 to 90 min) adding 1 wM pentamidine to a mid-log-phase culture. The same RNA preparations were used in all panels.
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FIG. 6. Pentamidine sensitivity correlates with the presence of intron
Ca.LSU. Thirteen clinical isolates were tested for growth inhibition of a standard
inoculum by 0.1 mM pentamidine during 24 h of growth at 35°C in YPD medium.
PCR with primers flanking the intron revealed that seven strains (including 4-1)
harbored (+) the intron (m), five strains (including 62-1) lacked (—) the intron
(@), and one strain yielded PCR products indicating a mixture (+/—) of intron-
containing and intronless rRNA genes (V). The last strain yielded the same
pattern after repeated single-colony isolations, indicating that it is not due to a
mixed population of cells. The horizontal lines indicate the average percent
growth in the presence of pentamidine for each set of strains.

that we could use these strains to study the effects of pentam-
idine on splicing in cultured cells and the effects of intron
presence on pentamidine sensitivity, despite the lack of truly
isogenic strains for this study. The two strains also showed
similar sensitivities to amphotericin B.

When the MIC was determined after 24 h of incubations,
intron-containing strain 4-1 was only four times more sensitive
to pentamidine than intronless strain 62-1 in YPG and at least
16 times more sensitive on YPD medium. Table 2 and Fig. 3
show that the sensitivities of both strains to pentamidine on
rich medium was greater with glycerol than with glucose as a
carbon source. This result is similar to the finding that S.
cerevisiae is more sensitive to pentamidine under nonfermen-
tative growth conditions, suggesting a mitochondrial target for
this agent (25). Therefore, the relatively greater sensitivity of
both strains of C. albicans to pentamidine on glycerol-contain-
ing media is consistent with these strains sharing a target for
pentamidine action resembling the mitochondrial target sug-
gested for S. cerevisiae. The nuclear group I intron ribozyme
could be the target for the differential effect of pentamidine on
the two strains grown on glucose.

Addition of a low concentration of pentamidine (1 uM),
which inhibited growth in YPD medium of intron-containing
strain 4-1 but not intronless strain 62-1, resulted in the rapid
accumulation of intron-containing rRNA species in the intron-
containing strain (Fig. 4 and 5A). In strain 4-1, rRNA precur-
sors containing I'TS1 and ITS2 also accumulated with a similar
time course after the addition of pentamidine, while no similar
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effects were seen on the levels of actin mRNA or mature
rRNA; no effects on rRNA precursor levels were seen in the
intronless strain 62-1. This result indicates that pentamidine
does not inhibit rRNA maturation in strain 62-1, suggesting
that the effects on rRNA processing in strain 4-1 might be
secondary to inhibition of processing of the group I intron. The
order of cleavages in the maturation of rRNA from the pri-
mary transcript has been determined in S. cerevisiae (45) and
presumably resembles that in C. albicans, except that in the
latter organism, in strains (such as 4-1) which contain a group
I intron, that intron must be removed. In 7. thermophila, re-
moval of a similar group I intron in the 255 rRNA gene is one
of the first steps in rRNA processing (3, 6, 13). The results in
this model organism, and the results of our experiments, sug-
gest that intron splicing precedes or is simultaneous with cleav-
age in the ITS1 region, which in S. cerevisiae is coupled to 3’
external transcribed spacer (ETS) processing and is believed to
occur cotranscriptionally (1). This cleavage in ITS1 and the 3’
ETS, along with cleavage in the 5" ETS, is the earliest step in
the maturation of rRNA in S. cerevisiae (33), prior to steps
removing ITS2. The results of RT-PCR analysis of the rRNA
precursors indicate that in both Candida strains, total cellular
RNA as a template needed to be diluted about 100-fold more
to show a linear response for amplification of ITS2-containing
precursors than to demonstrate precursors containing ITS1
and Ca.LSU (Fig. 5). If it is assumed that the RT and PCR
amplification efficiencies of all of these RNA species are sim-
ilar, then this implies that the level of precursors containing
intact ITS2 is greater than the level of those containing intact
ITS1 or Ca.LSU. Furthermore, in the intronless strain 62-1
without pentamidine treatment, precursors containing intact
ITS2 are more readily detected than in the intron-containing
strain 4-1; the levels in strain 4-1 rapidly increase in response
to pentamidine treatment, while those in strain 62-1 remain
unchanged. These results suggest that in the intronless strain,
the step(s) removing the ITS2 is rate limiting, so without treat-
ment, ITS2-containing precursors are readily detected by RT-
PCR. On the other hand, such ITS2-containing precursors are
much less detectable in the untreated intron-containing strain,
in which an earlier step (such as intron removal) may be rate
limiting. Failure to observe changes in ITS1- or ITS2-contain-
ing precursors in the intronless strain with pentamidine treat-
ment suggests that this agent does not act directly on removal
of either ITS in rRNA maturation.

In S. cerevisiae, and probably in other organisms as well,
processing of rRNA (44) is tightly regulated, so if any step is
blocked, processing is shut down and accumulated precursors
and/or intermediates or aberrantly processed molecules are
subsequently degraded (1, 13, 15, 20, 28). This regulation en-
sures that only functional rRNA is assembled into ribosomes.
Our results indicate that when the early intron removal step is
inhibited by pentamidine, very early precursors of rRNA (con-
taining the intron and both ITS regions) accumulate rapidly
due to the ordered sequence of processing steps. Later inter-
mediates also transiently accumulate in this strain, such as
those containing ITS2 but not ITS1 (see above). This effect
may be due to regulatory processes that inhibit all later steps in
the maturation pathway when an early step (intron removal) is
blocked. This is consistent with the finding that insertion of an
unspliceable mutant intron derived from Pp.LSU3 into the
rRNA gene of S. cerevisiae results in accumulation of two
ITS2-containing 27S rRNA precursor species (21).

The potential coupling of TRNA maturation with intron
processing is indicated by the observation that when the 7.
thermophila intron was introduced into a genetically marked
plasmid-expressed rDNA gene in Schizosaccharomyces pombe,

ANTIMICROB. AGENTS CHEMOTHER.

intron removal from the 25S rRNA precursor was detectable
but the genetically marked 5.8S rRNA and its 7S immediate
precursor containing the marked sequence were undetectable
(13). This result suggests that perturbation of rRNA matura-
tion, even by insertion of a removable intron, can result in
failure to process rIRNA correctly. On the other hand, such
tight regulation does not occur in all situations, since when a
mutant intron incapable of splicing was introduced into the 23S
rRNA gene of E. coli, TRNA containing the unspliced intron
was assembled into 50S subunit particles which were defective
in functional association with 30S subunits (31).

Sequence similarities between rRNA genes of strains 4-1
and 62-1 indicate their phylogenetic relatedness (2), although
they are not isogenic. On the other hand, no such estimation of
similarity among the other strains tested can be made. There-
fore the differences in pentamidine sensitivity seen in Fig. 6 can
be due to many factors, including permeability, metabolism, or
efflux of the drug. However, it is striking that the intron-con-
taining strains tend to be more pentamidine sensitive than the
intronless strains.

The PCR test for the presence of introns in the 25S rRNA
gene revealed that one isolate contained two alleles of this
gene, including both intron-containing and intronless gene
copies. Such heterozygous strains of C. albicans have previ-
ously been reported (4, 26). Further studies of the genetic
structure of the heterozygous rRNA genes in this C. albicans
isolate are in progress.

The results presented here indicate that pentamidine, which
acts as a noncompetitive inhibitor of group I intron ribozymes,
can inhibit splicing of the Ca.LSU group I intron in cells of C.
albicans and that this inhibition occurs under conditions in
which an intron-containing strain is more sensitive to pentam-
idine than an apparently closely related intronless strain. This
inhibition has proven useful as a tool to study the rRNA mat-
uration pathway in this organism. The in vivo inhibition of
intron splicing supports the hypothesis that ribozyme inhibitors
might represent a new class of antimicrobial agents acting on
this RNA target (22-24, 27, 29, 30, 35, 46-49). It is not known
if variation in the presence of an intron in the 255 rRNA gene
of different isolates of C. albicans (2, 30) is responsible for the
reported variation in the MIC of pentamidine for various iso-
lates of this organism (40). Since inhibition of group I intron
splicing (Fig. 4 and 5) occurs at much lower pentamidine levels
in cultured cells than in vitro (Fig. 2), pentamidine might be
concentrated at the site where splicing occurs in living cells.

It is noteworthy that successful treatment with pentamidine
of some serious C. albicans infections has been reported (41—
43). Although pentamidine has been more widely used to treat
P. carinii than C. albicans infections (32), its target in P. carinii
remains incompletely defined (9). Pentamidine and a series of
analogs have been shown to inhibit the growth of C. albicans in
culture (5, 40). Topoisomerases have been proposed as a target
of pentamidine (9). However, it has recently been shown that
the cloned topoisomerase I from P. carinii is not inhibited by
pentamidine, nor does pentamidine enhance topoisomerase I
cleavage of linear DNA, a hallmark of topoisomerase I poi-
sons. These results agree with in vivo results indicating that in
yeast cells in which P. carinii topoisomerase I has been engi-
neered to replace the endogenous enzyme, topoisomerase I is
not the molecular target of pentamidine (R. T. Van Dross and
M. M. Sanders, submitted for publication). In a C. albicans
strain with a nuclear group I intron ribozyme grown on glu-
cose, inhibition of ribozyme catalysis appears to be the most
sensitive target of pentamidine action, although at high con-
centrations pentamidine acts equivalently on strains with and
without this intron, indicating a second, less sensitive target;
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this might be similar to the mitochondrial target identified in S.
cerevisiae (25), which lacks nuclear group I introns. The greater
pentamidine sensitivity of intron-containing and intronless
strains grown on glycerol supports the existence of a common
mitochondrial target, whose nature is undefined at present.
The lack of a convenient axenic culture system for P. carinii
(38) has thus far prevented in vivo tests of nuclear group I
introns as the targets of pentamidine action in this organism.

The results presented here demonstrate that group I intron
ribozymes can be targets for antimicrobial action against
pathogenic microorganisms. Although pentamidine may act on
other targets, it clearly can inhibit group I intron catalysis in
vitro and in living cells of C. albicans, and the presence of the
Ca.LSU intron correlates with increased growth sensitivity to
pentamidine.
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