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ABSTRACT

The antimicrobial agent pentamidine inhibits the self-
splicing of the group | intron Ca.LSU from the tran-
scripts of the 26S rRNA gene of Candida albicans,
but the mechanism of pentamidine inhibition is not
clear. We show that preincubation of the ribozyme
with pentamidine enhances the inhibitory effect of
the drug and alters the folding of the ribozyme in a
pattern varying with drug concentration. Pentamidine
at 25 uM prevents formation of the catalytically active
F band conformation of the precursor RNA and alters
the ribonuclease T1 cleavage pattern of Ca.LSU RNA.
The effects on cleavage suggest that pentamidine
mainly binds to specific sites in or near asymmetric
loops of helices P2 and P2.1 on the ribozyme, as well
as to the tetraloop of P9.2 and the loosely paired helix
P9, resulting in an altered structure of helix P7, which
contains the active site. Positively charged molecules
antagonize pentamidine inhibition of catalysis and
relieve the drug effect on ribozyme folding, suggesting
that pentamidine binds to a magnesium binding
site(s) of the ribozyme to exert its inhibitory effect.

INTRODUCTION

Pentamidine, 1,5-bis(4-amidinophenoxy)pentane, is used
clinically to treat the severe infections caused by Preumocystis
carinii in AIDS and other immunodeficient states; it is also
used to treat African trypanosomiasis and leishmaniasis (1,2).
The mechanism of pentamidine action is not understood,
although several mechanisms have been suggested for its
action against different microorganisms (3-6). Pentamidine
has long been known to bind to DNA, RNA and nucleotides
(7). Pentamidine has been shown to be selectively bound in the
minor groove of AT-rich DNA duplexes, with the amidinium
groups hydrogen bonded to N3 atoms of adenine and the drug
molecule occupying a groove site spanning 4-5 bp (8-10).
However, the antimicrobial effects of pentamidine have not
been proven to be due to DNA binding (11).

Recently, pentamidine has been demonstrated to inhibit self-
splicing of various group I introns in vitro, including the
nuclear group I introns present in the rRNA genes of P.carinii
(12,13), the Ca.LSU nuclear group I intron of the 26S rRNA
gene of Candida albicans (14) and the mitochondrial introns of
Saccharomyces cerevisiae (15). Pentamidine is also a potent
inhibitor of mitochondrial translation in S.cerevisiae (15). The
splicing of Ca.LSU in living C.albicans cells has also been
shown to be sensitive to pentamidine, and strains lacking this
intron are relatively pentamidine resistant (14).

Another RNA-binding class of antibiotics, the aminoglyco-
sides, displace metal ions to bind to specific sites on RNA, and
thus inhibit the activity of ribosomes and various ribozymes
(reviewed in 16). Aminoglycosides appear to bind to the phage
sunY small group I intron in precursor RNA at specific bases in
bulges or regions where double helices are distorted, as indi-
cated by protection of these sites from chemical attack.
Although the protected bases include G in the catalytically
active P7 helix, several bases near this site are sensitized to
cleavage by aminoglycosides (17). Another small phage group I
intron, td, has been suggested to interact with neomycin B at
two sites, one at the catalytic center and one distant, based on
chemical protection, analysis of drug-resistant mutations and
use of a computer docking program (18). Neither of these
phage introns are as large or complex as the nuclear group I
introns of eukaryotic cells, such as the well-characterized
group I intron of Tetrahymena (19,20).

We have previously shown that group I intron Ca.LSU can
partially fold in the absence of divalent cations, and this
folding results in a conformation with increased catalytic
activity. In the presence of divalent cations, Ca.LSU folds into
a more ordered, stable but misfolded conformation, which is
less able to convert into the catalytically active form into which
the ribozyme folded in the absence of cations (21). We demon-
strate here that pentamidine interacts with Ca.LSU RNA,
preventing both the correct folding and the self-splicing
activity of the intron. We suggest that, as neomycin B binds to
various RNA targets, pentamidine appears to bind to specific
regions of ribozyme Ca.LSU. This binding appears to alter
both RNA folding and inhibit catalysis by the ribozyme. Like
neomycin B, pentamidine appears to compete with positively
charged molecules for binding to its RNA target. In this work,
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for simplicity we refer to the interaction of pentamidine with
the ribozyme RNA as ‘binding’. We have not directly measured
the binding of pentamidine to the RNA; rather, we have measured
the effect of the drug on ribonuclease sensitivity, electro-
phoretic mobility and catalytic activity of the RNA.

MATERIALS AND METHODS

Labeling and self-splicing of Ca.LSU precursor

The PCR amplified DNA fragment containing the SP6
promoter at the 5" end of the sense strand of a fragment of the
rRNA gene containing Ca.LSU was transcribed in vitro in the
presence of 500 uM rATP, rCTP and rGTP, 200 uM rUTP
(Promega) and 20 uCi [o-32P]JUTP (3000 Ci/mmol; NEN-
DuPont), as previously described (21). This 717 nt precursor
RNA consists of a 129 nt fragment of the 5" exon (E1) and a
209 nt fragment of the 3” exon (E2) flanking the 379 nt intron
(D). The transcribed precursor RNA was purified by PAGE on
a 5% polyacrylamide—8 M urea gel (12,15). The standard self-
splicing assays and precincubations were performed as previously
described (21), unless otherwise indicated. The standard self-
splicing assay was performed in 10 ul reactions containing
50 mM Tris—HCI (pH 7.5), 1.25 mM MgCl,, 0.4 mM spermidine,
10 uM GTP and 10 U RNasin (Promega) at 37°C for 20 min.
Where indicated, precursor RNA was preincubated in 8 ul of
62.5 mM Tris—HCI (pH 7.5) plus 10 U RNasin with the indicated
components at 37°C for the indicated times prior to initiating
the self-splicing reaction by addition of 2 ul of reaction mix
containing all reaction components at concentrations to bring
each to the standard assay conditions. Splicing products were
analyzed by PAGE on 5% polyacrylamide—8 M urea gels that
were exposed to X-ray film to visualize the bands or exposed
to a phosphorimager screen (GS-525 Molecular Imager; Bio-Rad)
to quantify band intensity (21).

Native gel analysis of Ca.LSU precursor RNA

Homogeneous radiolabeled precursor RNA (0.3 nM), purified
as described above, was incubated in 8 pl of 62.5 mM Tris—HCl
(pH 7.5) containing 10 U RNasin and the indicated concentra-
tions of cations and/or pentamidine at 37°C for 20 min. The
control sample was incubated on ice for 20 min. The samples
were then analyzed by native PAGE, as described previously
2.

Ribonuclease T1 protection assay

Ca.LSU intron RNA was labeled at its 5" end by reaction of
[0-32P]GTP with non-radioactive in vitro transcribed Ca.LSU
precursor RNA by the self-splicing reaction (21). The radioactive
5’-guanylylated intron RNA (3 nM) was preincubated with the
indicated concentrations of positively charged molecules and/
or pentamidine in 8 pl of 62.5 mM Tris—HCI (pH 7.5) and 10 U
RNasin (Promega) at 37°C for 20 min, and then 2 ul of ribo-
nuclease T1 (0.006 U; Pharmacia) was added to each sample
and the digestion was continued for another 20 min. RNA
ladders were generated by cleaving the 5” end labeled Ca.LSU
intron using 0.01 U ribonuclease T1 for G, 0.2 U ribonuclease
U2 for A and 0.2 U ribonuclease PhyM for A+U in 2.8 M urea
buffers at 50°C. All cleavage reactions were stopped by
chilling on ice and analyzed by PAGE as previously described
(21). Several gels were run with the same samples to obtain

optimal resolution of the products resulting from cleavage at
each individual nucleotide.

RESULTS

Preincubation of Ca.LSU precursor with pentamidine
increases drug efficacy

The self-splicing activity of group I introns is measured by the
rate of conversion of radioactive precursor (E1-I-E2) to the
splicing intermediates (I-E2 and E1) and products (I and E1-E2)
of the splicing reaction (Fig. 1). Pentamidine completely
inhibits the self-splicing activity of Ca.LSU at 200 uM concentra-
tion, while no inhibition was observed at 150 uM (Fig. 1, lanes
1-5) (14). Similar inhibition by pentamidine was observed of
the self-splicing of Pc1.LSU, a nuclear group I intron of
P.carinii (13). As shown in Figure 2A, the complete inhibition
of activity of Ca.LSU by 200 uM pentamidine was evident at
2 min, the shortest time examined, indicating the lack of an
obvious delay in the interaction of pentamidine with the RNA.
We speculated that some splicing components, such as MgCl,,
spermidine and GTP, might compete with the pentamidine for
binding to the ribozyme RNA. This speculation is consistent
with our finding that preincubation of a mitochondrial intron-
containing precursor from yeast with pentamidine prior to the
addition of other splicing components increases the inhibitory
potency of the drug by up to 10-fold (15,22). Therefore,
Ca.LSU precursor RNA was preincubated with pentamidine at
37°C before the splicing reaction was started to examine
whether pentamidine can effectively interact with the RNA
molecule at lower drug concentrations in the absence of
MgCl,, spermidine and GTP. Figures 1 (lanes 6-10) and 2B
show that when added to the precursor RNA during
preincubation prior to addition of the other reaction components,
25 uM pentamidine substantially inhibited both the rate and
efficiency of the Ca.LSU self-splicing reaction; greater inhibition
was observed at 100-150 uM and complete inhibition was
achieved at 200 uM. Therefore, pentamidine at concentrations
of 25-150 uM can interact with Ca.LSU precursor RNA effec-
tively if added during preincubation, exerting its inhibitory
effect on the subsequent splicing reaction. These observations
are consistent with the hypothesis that at least one of the three
splicing components may compete with pentamidine for inter-
action with or binding to the ribozyme RNA. Since we had
previously shown that divalent cations or spermidine present
during preincubation altered the folding of Ca.LSU (21), it
seemed likely that these positively charged molecules might
compete with positively charged pentamidine for binding to
the ribozyme RNA, or they might alter ribozyme conformation
in a manner that reduced its availability for interaction with
pentamidine.

Pentamidine alters the electophoretic mobility of native
Ca.LSU precursor RNA

Native PAGE analysis was used to examine the possible
conformational changes of the precursor RNA during
preincubation with pentamidine. Ca.LSU precursor RNA was
preincubated with the indicated concentrations of pentamidine
under the same conditions used for preincubation prior to the
splicing reaction assayed above; the preincubated samples
were chilled on ice and analyzed by native PAGE at 4°C
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Figure 1. Preincubation of Ca.LSU precursor with pentamidine enhances its inhibitory effect on splicing. Equal amounts of radiolabeled Ca.LSU precursor RNA
were added to each reaction. The non-preincubated reactions were run under standard splicing conditions with the indicated concentrations of pentamidine (lanes 1-5).
The other samples were preincubated in Tris buffer at 37°C for 20 min before addition of MgCl,, spermidine and GTP. The indicated concentrations of pentamidine
were added either during preincubation (lanes 6—10) or after preincubation together with the other splicing components (lanes 11-16) and reaction products were
analyzed by PAGE as described in Materials and Methods. The asterisks indicate products possibly generated by Mg?*-induced hydrolysis of the Ca.LSU pre-

cursor RNA.

(Fig. 3). As described previously (21), two distinct RNA
conformations (the S and F bands) existed for the homo-
geneous Ca.LSU precursor prior to preincubation. In addition,
another precursor RNA population migrated more slowly as a
polydisperse smear, probably reflecting RNA aggregation in
the absence of any cations. Such a polydisperse distribution of
RNA conformations has also been reported for the Tetrahymena
intron precursor (23). Preincubation of the Ca.LLSU precursor
RNA at 37°C converted the precursor RNA predominantly into
the catalytically active F band conformation, as previously
reported (21). However, preincubation in the presence of 25 uM
pentamidine resulted in most of the RNA migrating as did the
S band conformation. This effect of 25 UM pentamidine during
preincubation is similar to that of MgCl,, CaCl, or spermidine,
which similarly convert some precursor RNA into the S band
form, resulting in decreased self-splicing activity (21).
However, the possibility remains that the RNA conformations
migrating at the S band position may not be the same for RNA
preincubated with MgCl,, CaCl, or spermidine as opposed to
pentamidine. The altered form of precursor RNA, induced by
preincubation in the presence of 25 uM pentamidine, is also
apparently much less active in catalysis, as indicated by the
reduced self-splicing activity shown in Figures 1 and 2B. This
result can be readily explained by pentamidine binding to
precursor RNA and preventing the RNA from folding into the
F band conformation. Apparently, the drug keeps the RNA in the
S band or similar conformation, which shows reduced catalytic
activity. Preincubation of precursor RNA in the presence of
100 uM pentamidine caused the disappearance of the two
distinct precursor RNA conformations with a corresponding

increase in a very broad polydisperse smear with mobility
ranging from approximately zero to a position above the S band.
This pentamidine-induced RNA smear is not identical to that
present in the original precursor RNA (Fig. 3, Exposure 2).
The appearance of this slow moving polydisperse RNA at high
concentrations of pentamidine (100 uM) may indicate that
pentamidine causes intermolecular binding between RNA
molecules by its two symmetric amidinium groups, causing
RNA aggregation. The sum of the intensities of these aggregated
RNA s is substantially less than that of the RNAs in the S and F
bands analyzed in parallel samples containing the same
amount of homogeneous RNA, which is consistent with our
observation that some radioactivity is retained in the reaction
tubes, resulting in loss of some radiolabeled RNA in the presence
of 100 uM pentamidine. However, pentamidine-induced RNA
retention in the tube was not observed when loading buffer
containing 7 M urea was used, as in the splicing reaction analysis
and ribonuclease T1 sensitivity assay, described below. Radio-
labeled Ca.LSU intron RNA was also assayed for its gel
mobility change in the presence of pentamidine, and similar
results were obtained (data not shown).

Interaction of pentamidine with Ca.LSU intron alters the
ribonuclease T1 cleavage pattern

Susceptibility to ribonuclease T1 cleavage was used to probe
possible pentamidine binding sites on 5’ end labeled Ca.LSU
intron RNA (Materials and Methods). The radiolabeled intron
RNA was preincubated with the indicated concentrations of
pentamidine at 37°C for 20 min, ribonuclease T1 was then
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Figure 2. Kinetics of pentamidine inhibition of splicing by Ca.LSU. (A) Indi-
cated concentrations of pentamidine were added to the splicing reaction
together with all splicing components without preincubation of the precursor
RNA (Materials and Methods). (B) The indicated concentrations of pentami-
dine were present during a 20 min preincubation of precursor RNA and splicing
was initiated by addition of all other splicing components. In both panels the
time course of the splicing reaction was analyzed as in Figure 1. All experi-
ments were performed four times and the average splicing fraction [the ratio of
spliced intron (I) and ligated exons (E1-E2) to total RNA] is presented (standard
deviations indicated).

added to partially digest the intron RNA and the resultant RNA
fragments were fractionated by PAGE on an 8% polyacryl-
amide—7 M urea gel (Fig. 4A). In the absence of pentamidine
during preincubation, many predicted helical structures of
Ca.LSU intron formed in Tris buffer, as indicated by resistance
to ribonuclease T1 cleavage at the predicted paired G sites
(21). However, the presence of 25 uM pentamidine altered the
ribonuclease T1 cleavage pattern at many G sites that are
accessible to cleavage by ribonuclease T1 in the absence of
pentamidine (Fig. 4A and B) and most of the inaccessible G
sites remained inaccessible. Since ribonuclease T1 is unable to
cleave at paired G residues, we cannot draw conclusions about
the ability of pentamidine to bind to RNA double helices. We
cannot determine whether the failure of the paired G residues
to be cleaved by ribonuclease T1 in the presence of pentami-
dine indicates that pentamidine binds to these sites or that the
double helical structure of these sites persists despite presence
of the drug. In the catalytic domain P4-P6, 25 uM pentamidine
increased ribonuclease T1 accessibility at all of the otherwise
cleavable G sites in domain P5abc, but not at most of the G
residues in the other helices in the P4-P6 structural domain. In
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Figure 3. Pentamidine alters the folding of Ca.LSU precursor RNA. The same
amount of radiolabeled Ca.LSU precursor in Tris buffer was incubated at O or
37°C for 20 min in the presence of the indicated concentration of pentamidine
and was then analyzed by native PAGE (Materials and Methods). The two
different exposures were to allow clear visualization of the S and F bands
(Exposure 1) and smear RNA species (Exposure 2).

the other catalytic domain, P3-P9, the drug increased ribo-
nuclease T1 cleavage at the ribozyme active site G,,; and the
adjacent G,45 in the P7 helix, as well as at G residues in P3, but
decreased ribonuclease T1 cleavage at G residues in P9 and
P9.2. The cleavability by ribonuclease T1 of accessible G residues
in P9.0 was unchanged by the presence of 25 UM pentamidine.
Helix P8 was completely resistant to ribonuclease T1 cleavage
in the presence or absence of the drug, while a number of G
sites of the otherwise resistant P9.1 were sensitized by the
drug. In the peripheral helices P2 and P2.1, pentamidine
decreased ribonuclease T1 cleavage at most G sites. Based on
its effects on the ribonuclease T1 cleavage pattern of Ca.LSU
intron RNA, pentamidine at 25 uM had the least effect on
cleavable sites in helices P5, P6 and P9.0, while the folding of
the other ribonuclease-accessible helices was altered by the
drug with P2, P2.1, P9 and P9.2 being protected and the other
helices being sensitized. The lack of pentamidine effect on
ribonclease T1 accessibility of P5, P6 and P9.0 might suggest
that these helices are folded inside the intron molecule, making
them less accessible to the planar pentamidine molecule. This
hypothesis is consistent with the crystal structure of the
Tetrahymena ribozyme (19,20,25), which is in the same
subclass (IC) of group I introns as Ca.LSU.

In contrast, the presence of 100 WM pentamidine resulted in
blocking of ribonuclease T1 cleavage at all G residues in the
intron RNA and the appearance of cleavage at several U residues
(circled in lane 6 in Fig. 4A and in red in Fig. 4B). Cleavage of
U,,s, but not Gyy,, of the folded intron RNA in the presence of
ribonuclease T1 has been confirmed by alignment with RNA
ladders generated by ribonucleases PhyM (cleaving A and U),
U2 (cleaving A), and T1 (cleaving G) under RNA-denaturing
conditions. We found that pentamidine at 100 uM greatly
increased cleavage at U,,; and induced substantial cleavage at
U,ss. The increased cleavage at these U sites observed in the
presence of 100 uM pentamidine but not at 25 UM is consistent
with pentamidine interacting with the RNA molecule differently
at these two concentrations. We cannot exclude the possibility



that contaminating nucleases are responsible for cleavage at U
residues, but it is hard to explain the limitation of this cleavage
to only a few U sites of the RNA. However, we have not deter-
mined whether this cleavage represents a reaction catalyzed by
cationic molecules or by a contaminating ribonuclease.

Blockage of ribonuclease T1 cleavage at all intron G resi-
dues by 100 uM pentamidine might be explained by the drug
binding to all of the G residues and blocking accessibility by
ribonuclease T1. Because the molar ratio of pentamidine
(100 uM) to intron RNA nucleotide (~5 uM) in these experi-
ments is about 20, such blockage of enzyme accessibility to all
of the RNA nucleotides by this positively charged drug is
possible. Taken together with the smear forms of precursor
RNA observed with native PAGE analysis, these results
suggest that pentamidine binds to ribozyme RNA in both an
intra- and intermolecular manner, by means of its two flexible
symmetric amidinium groups. The difference between the
effects of 25 and 100 uM pentamidine, demonstrated by both
native gel analysis and ribonuclease T1 protection assays,
suggests that the binding of multiple pentamidine molecules to
ribozyme RNA might be cooperative. This hypothesis is
consistent with the previous observations that pentamidine
inhibits the self-splicing of group I introns in a threshold
pattern, i.e. the inhibition occurred in a very narrow dynamic
concentration range, with a very steep dose-dependent inhibition
curve (Fig. 1) (13,14).

Magnesium, calcium and spermidine reduce the inhibitory
effect of pentamidine on ribozyme splicing

We have noted that components in the ribozyme assay buffer
may compete with pentamidine for interaction with ribozyme
RNA and reduce its inhibitory effect. Therefore, each of these
components was individually included with pentamidine in the
preincubation of ribozyme precursor RNA, and the remaining
splicing components were then added to initiate the splicing
reaction after preincubation (Fig. 5). In the absence of preincu-
bation, 100 uM pentamidine failed to inhibit splicing of
ribozyme Ca.LSU. In contrast, the addition of 25 uM pentami-
dine during preincubation substantially inhibited splicing, with
100 uM pentamidine reducing splicing even further. Addition
of either 1.25 mM MgCl, or 0.4 mM spermidine (the same
concentrations present in the standard ribozyme assay)
prevented both the preincubation-induced stimulation of
ribozyme activity (21) and the enhanced sensitivity to pentami-
dine present during preincubation. In contrast to the effect of
positively charged Mg?* and spermidine, the presence during
preincubation of 10 uM GTP failed to alter the effects of preincu-
bation on both ribozyme activity (Fig. 5) (21) and sensitivity to
pentamidine (Fig. 5). This result is consistent with kinetic data
indicating that pentamidine inhibition is non-competitive with
respect to the GTP substrate of the splicing reaction of this and
other ribozymes (13,14). Addition of MgCl, to the preincu-
bation of three mitochondrial group I intron ribozymes (al3a,
al50 and bl5) similarly abolishes their preincubation-enhanced
sensitivity to pentamidine (22).

The ability of MgCl, and spermidine, as well as another
divalent metal ion CaCl,, to prevent pentamidine from interacting
with ribozyme RNA during preincubation was determined by
varying the concentrations of these molecules in the presence
of 100 uM pentamidine. As can be seen in Figure 6, all
three cations caused a dose-dependent reduction in ribozyme
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sensitivity to pentamidine during preincubation. Spermidine
was more potent in protecting Ca.LSU from pentamidine inhib-
ition, with complete protection being achieved by 0.1 mM sper-
midine, while complete protection was seen at 0.6 mM MgCl,;
CaCl, did not afford complete protection even at 1.2 mM.
When added to preincubation mixes, chloride salts of the
monovalent cations NH,* and Na* did not alter pentamidine
sensitivity at concentrations as high as 50 mM (data not
shown).

During preincubation in the presence of at least 0.5 mM
Mg?*, the presence of 100 uM pentamidine enhanced the
subsequent splicing activity of Ca.LSU (Fig. 6A). This
apparent ‘stimulation’ of ribozyme activity by pentamidine
may reflect pentamidine competition with Mg?* for similar
binding sites, relieving kinetically trapped folding intermediates
induced by Mg?*, as previously described for ribozyme Tt.LSU
(26,27) and postulated to be present in Ca.LSU (21). In
ribozyme reactions run without preincubation, MgCl, and
spermidine at concentrations higher than the standard
ribozyme assay conditions dramatically increased the pentami-
dine concentrations required to completely inhibit the self-
splicing activity of the ribozyme (Fig. 7). These results indicate
that both during preincubation and in the ribozyme reaction,
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Figure 4. (Previous page and above) Pentamidine alters sensitivity of Ca.LSU intron RNA to ribonuclease T1 cleavage. The 5" end labeled Ca.LSU intron was
preincubated in Tris—HCI (pH 7.5) in the presence of the indicated concentration of pentamidine for 20 min and then digested by the indicated ribonucleases as
described in Materials and Methods. A typical gel among the multiple gels run to analyze all potential cleavage sites is shown in (A); nucleotides are numbered on the
left and the corresponding helices are indicated on the right. Control lanes were digested with the indicated enzymes under denaturing conditions. Experimental
lanes contained non-denatured RNA preincubated with the indicated concentrations of pentamidine and then digested with ribonuclease T1 under non-denaturing
conditions. All samples were analyzed by PAGE as described in Materials and Methods. Bands due to cleavage at U residues are circled. (B) A summary of the
ribonuclease T1 cleavage pattern of each G residue of Ca.LSU in 25 uM pentamidine, represented on the proposed secondary structure of the intron, as determined
by multiple gels similar to that shown in (A). Arrows are placed on the sides of G residues whose ribonuclease T1 sensitivity is altered by the presence of 25 uM
pentamidine, with the extent of the change (band intensity) proportional to the size of each arrow; changes less than 1-fold are indicated by a small arrow, those
between 1- and 2-fold by a medium arrow and those larger than 2-fold by a large arrow. The difference in band intensity was estimated visually. It is conceivable
that the estimation is not extremely accurate. Blue G residues and arrows indicate sites where cleavage was decreased by 25 uM pentamidine, red G residues and
arrows indicate sites where cleavage was increased by the drug and green G residues indicate sites at which the drug did not alter cleavage. Black G residues
indicate sites where ribonuclease T1 cannot cleave in the absence of pentamidine, while those that became cleavable in the presence of drug are indicated by red
arrows. The RNA sequence (24) has been confirmed by sequence analysis, and G compression occurred at G, 4,5, as indicated by an asterisk in (A). A few U
residues that were cleaved in the same reaction are indicated as for G residues, with those most cleaved in the presence of ribonuclease T1 and 100 uM pentamidine
circled in red; the dotted red circle around U289 indicates limited cleavage. The secondary structure is slightly modified here based on our ribonuclease T1
protection results with divalent cations (21). In the text P domains indicate paired helical domains, as numbered here; J indicates the single-stranded sequences
connecting two numbered P domains.
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Figure 5. Mg?* and spermidine reduce pentamidine inhibition of Ca.LSU catalysis. Equal amounts of radiolabeled Ca.LSU precursor were either assayed for
ribozyme activity without preincubation in the presence of varying levels of pentamidine or preincubated before ribozyme assays in buffer alone or in the presence
of 1.25 mM MgCl,, 10 uM GTP or 0.4 mM spermidine. All assays with and without preincubation were performed under standard splicing conditions. Lane P is
a sample preincubated in buffer alone without adding splicing components (magnesium, spermidine, GTP).

divalent cations and spermidine can diminish the inhibitory
effect of pentamidine on splicing by Ca.LSU. However, higher
concentrations of pentamidine added during preincubation or
to the ribozyme reaction can inhibit the ribozyme even in the
presence of these added positively charged molecules (Fig. 7
and data not shown). Thus, these positively charged molecules
appear to compete with pentamidine for binding to the ribozyme
RNA.

Positively charged molecules oppose pentamidine effects
on ribozyme folding

The ribonuclease T1 cleavage assay was used to study the
effects of these positively charged molecules on the folding of
Ca.LSU RNA in the presence of pentamidine. Consistent with
the elimination of inhibition by 25 and 100 uM pentamidine of
Ca.LSU self-splicing in the presence of 1.25 mM MgCl, or
0.4 mM spermidine, addition of these concentrations of MgCl,
or spermidine or 1.25 mM CaCl, during preincubation resulted
in reversal of the effects of pentamidine on sensitivity of all of
the G residues to ribonuclease T1 in the presence of pentami-
dine compared with the control samples receiving no drug
(Fig. 8). This result strongly suggests that oligovalent cations
compete with pentamidine for binding to the intron RNA
molecule and thereby protect the self-splicing of such RNA
from pentamidine inhibition. As demonstrated previously for
the effect of the different positively charged molecules on
folding of Ca.LSU (21), folding of the intron RNA is modified
somewhat differently in the presence of these three molecules,
with more difference observed between the divalent metal ions
and spermidine than between the two different divalent cations.
Moreover, native PAGE of the precursor RNA preincubated

under the same conditions revealed that all three positively
charged molecules, at the same concentrations that were effec-
tive in reducing sensitivity to preincubation with pentamidine,
were also able to eliminate the smear RNA resulting from the
presence of 100 uM pentamidine during preincubation.
Instead, in the presence of any of these positively charged
molecules and 100 uM pentamidine, a band of RNA migrating
near the F band position appeared, and the intensity of the
newly formed band was about the same as the reduction in the
smear RNA (Fig. 9). Thus, positively charged molecules can
antagonize the effects of pentamidine on the folding of both
precursor and intron RNA, which is consistent with the ability
of these molecules to reduce the inhibitory effect of pentami-
dine on ribozyme activity.

DISCUSSION

Pentamidine interacts with Ca.LSU RNA, altering
ribozyme folding and inhibiting catalysis

The anti-infective utility and toxicity of pentamidine in prophylaxis
and treatment of P.carinii pneumonia and of protozoan infec-
tions have stimulated the study of the molecular target of this
drug in living organisms for several decades. Although pentami-
dine has been known to bind to the minor groove of DNA (9),
the DNA affinity of different pentamidine analogs does not
correlate with their antimicrobial activity (11), so identifi-
cation of DNA as the sole target of pentamidine action
remained uncertain (1). It has long been known that pentamidine
interacts with both RNA and DNA (7), although the interaction
with DNA has been much more extensively studied. Pentami-
dine has been shown to inhibit splicing in vitro of various
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Figure 6. Dose-dependent effect of positively charged molecules on ribozyme
sensitivity to pentamidine. Equal amounts of radiolabeled Ca.LSU precursor
RNA were preincubated in the presence or absence of 100 uM pentamidine
with the indicated concentrations of CaCl,, MgCl, or spermidine at 37°C for
20 min. The missing splicing reaction components (and varying concentrations
of CaCl,, MgCl, or spermidine) were then added. However, in the subsequent
splicing reactions, divalent cation concentrations were 1.25 mM MgCl, and
1.25 mM CaCl, for experiments in which CaCl, was present during preincubation
and 2.5 mM MgCl, when MgCl, was present in the preincubation (A), and 2.5
mM MgCl, when spermidine (B) was present in the preincubation. Spermidine
concentration was 0.4 mM in all splicing reactions. All data were obtained
from triplicate experiments. Each gel was scanned and analyzed by Phos-
phorlmager and the splicing percentage was obtained for each reaction. The
fraction pentamidine resistance (Fr) represents the ratio of Ca.LSU splicing
activity of the reaction including pentamidine to that of the pentamidine-free
reaction at each cation concentration. These data were plotted using the program
PRISM v.2.01 (GraphPad Software, San Diego, CA).

group I introns (13-15). In addition, the splicing of Ca.LSU in
C.albicans (14) and mitochondrial translation in S.cerevisiae
(15) are inhibited by pentamidine, as is protein synthesis in a
cell-free rat liver extract (28), suggesting that pentamidine is
able to bind to RNA in vitro and in vivo to inhibit RNA biolog-
ical functions. In this report, we demonstrate that pentamidine
interacts with Ca.LLSU intron and precursor RNAs, altering the
folding and the catalytic activity of this ribozyme. These
results indicate a possible mechanism for the antimicrobial
activity of pentamidine based on its interaction with specific
RNA targets. While we have not directly measured pentamidine
binding to RNA, the effects of pentamidine on ribonuclease
sensitivity, gel mobility and catalytic activity of the Ca.LSU
ribozyme are consistent with it binding to that RNA molecule.

The ribonuclease T1 protection pattern of 25 UM pentami-
dine on the free intron (Fig. 4) indicates several specific sites at

A wmgcl,
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Figure 7. Positively charged molecules antagonize pentamidine inhibition
directly in the splicing reaction. Equal amounts of radiolabeled Ca.LSU pre-
cursor RNA were spliced in the presence of the indicated concentrations of
pentamidine and MgCl, (A) or spermidine (B) at 37°C for 20 min. Only the
concentrations of the indicated splicing component varied, while the other
splicing components remained as in the standard splicing reaction. The fraction
pentamidine resistance (Fr) is defined as in Figure 6.

which pentamidine alters cleavage of RNA. Note that most of
the G residues that are protected by this concentration of
pentamidine are located in domains P2 and P2.1, generally in
asymmetric internal loops or base paired residues predicted to
be near loops. Protection at ribonuclease T1-sensitive G residues
in loosely paired helix P9 and the tetraloop of P9.2 is also
substantial. On the other hand, this same concentration of
pentamidine resulted in increased cleavability in or near the
internal loops of domains P5a and P5b, in domain P3 and in the
catalytically active domain P7. These results suggest that
pentamidine might bind preferentially to some sites in
domains P2, P2.1, P9 and P9.2 and that this binding might
secondarily alter the folding in P3, P5a, P5b and P7 to make
them more accessible to ribonuclease T1; this altered folding
might explain the altered gel mobility and reduced catalytic
activity seen after preincubation of precursor RNA in the presence
of 25 uM pentamidine. We propose that pentamidine binds to
specific asymmetric loops and other structures of Ca.LSU and
that this binding secondarily affects the structure of the active
site and the catalytic activity of the ribozyme. Our finding that
pentamidine inhibits self-splicing of group I introns non-
competitively with respect to guanosine cofactor is consistent
with the nuclease protection data indicating that the drug does
not directly bind to the guanosine binding site. Note that for the
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Figure 8. Positively charged molecules eliminate the pentamidine-induced alteration in ribonuclease T1 sensitivity. Equal amounts of 5" end radiolabeled intron
RNA was preincubated in Tris—HCl in the presence of 0, 25 or 100 uM pentamidine and 1.25 mM MgCl,, 1.25 mM CaCl, or 0.4 mM spermidine at 37°C for 20 min.
Then ribonuclease T1 cleavage and PAGE were performed as described in Materials and Methods. The major cleaved positions are indicated at the left of the gel

(nucleotide numbers as in Figure 4).

smaller #d (18) and sunY group I introns (17), neomycin B shows
similar specific protection of sites distant from the catalytic
site at drug concentrations inhibiting catalysis. Although the
drugs and introns are distinct, it is noteworthy that asymmetric
loops are among the strongest sites at which neomycin protection
is seen. Selective pentamidine binding to asymmetric loops
and other RNA structures in the ribozyme helices P2, P2.1, P9
and P9.2, but not those in the other ribozyme domains,
suggests that these helices may fold in the outer surface of the
ribozyme tertiary structure, making them accessible to the
drug. This speculation is consistent with the crystal structure
resolved for the catalytic core of the Tetrahymena intron
(19,20,25) and group I intron structures revealed by other
methods (29-31).

Because one pentamidine molecule has two symmetric
amidinium groups, it may cause intermolecular conjugation of
different RNA strands, as well as intramolecular conjugation.
The broad smear on native gels of precursor RNA treated with
100 uM pentamidine may represent such randomly conju-
gated RNA molecules (Fig. 3). However, since inhibition is
seen at concentrations of 25 UM pentamidine added during
preincubation (Fig. 5), drug interaction with specific sites seen

at that concentration indicates functionally important targets at
which the drug binds to the ribozyme.

Because folding of the catalytically active F band form of
Ca.LSU precursor RNA is completed within 1 min at 37°C in
the absence of pentamidine (21), competition between Ca.LSU
intron RNA folding and pentamidine binding to the RNA
should occur when the ribozyme is incubated with pentamidine.
The altered native gel mobility and ribonuclease T1 cleavage
pattern of the RNA presumably represents the outcome of this
competition. Figures 3 and 4 show that the binding of pentami-
dine (100 uM) to Ca.LSU precursor RNA competes effectively
with correct Ca.LSU folding, as indicated by the disappearance
of the F band conformation of native RNA and loss of
accessibility of all intron G residues to ribonuclease T1 after
preincubation with pentamidine.

Antagonism between positively charged molecules and
pentamidine suggests that drug amidinium groups interact
with RNA

The effects of pentamidine on both the folding and catalysis of
Ca.LSU ribozyme RNA are opposed by oligovalent cations. It
has been demonstrated that Mg?*, Ca** and spermidine each
potentiates folding of Ca.LSU to a stable (but relatively
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Figure 9. MgCl, antagonizes the alteration of folding of Ca.LSU precursor
RNA induced by pentamidine. Equal amounts of radiolabeled precursor RNA
were preincubated in Tris—HCl in the presence of 0, 25 or 100 UM pentamidine
and in the absence or presence of 1.25 mM MgCl,, 1.25 mM CaCl, or 0.4 mM
spermidine at 37°C for 20 min, then analyzed by native PAGE as described in
Materials and Methods.

inactive) structure with the predicted local and long distance
base pairing (21). Therefore, it is likely that these positively
charged species compete with pentamidine for binding to the
RNA molecule, and the positively charged molecule-induced
ribozyme structure may be more resistant to pentamidine
binding because of the stable and extensive base pairing of the
ribozyme RNA. Moreover, we found that less spermidine is
required to compactly fold the ribozyme RNA and to counter
the effect of pentamidine on the RNA, compared with the divalent
metal ions. Spermidine at 0.1 mM added during preincubation
of the precursor RNA in the presence of 0.1 mM pentamidine
renders the ribozyme RNA completely resistant to pentamidine
inhibition, indicating a dominant effect of spermidine relative
to pentamidine on Ca.LSU folding. Another way of viewing
this competitive interaction is that pentamidine binds to the
sites of the ribozyme that function as magnesium binding sites,
as appears to be the case for aminoglycoside binding to other
group I introns (18) and other RNA molecules (reviewed in
16). If this is the case, the magnesium binding sites of Ca.LSU
should be located in domains P2 and P2.1 and/or P9 and P9.2,
which is different from magnesium binding sites of the
Tetrahymena intron and the phage td intron, located in the
catalytic core of the ribozyme (18-20). However, previous
findings have suggested a different response of ribozyme
Ca.LSU to magnesium from that of the Tetrahymena intron
(21). Further evidence is required to verify the magnesium
binding sites of the Ca.LSU intron.

Note that pentamidine and its analogs interact with nucleic
acids by virtue of their positive charge, aromaticity and struc-
ture. The variation between these analogs in their effect on
activity of Ca.LSU (14,22) and of similar ribozymes from
P.carinii (13) indicates that features in addition to positive
charge determine the relative potency as ribozyme inhibi-
tors. Thus, the analog 1,5-di[4-(2-imidazolinyl)-2-methoxy-
phenoxyl]pentane, which has the same charge as pentamidine,
is more inhibitory than is pentamidine for ribozyme Pcl.LSU
(13). On the other hand, propamidine, which only differs from

pentamidine by having two fewer methylene groups, is inactive
against both ribozymes Ca.LSU and Pc1.LSU (13,14). Further
study of the structures of these analogs and the pentamidine
binding sites of Ca.LSU could lead to the design of more
potent and specific inhibitors of microbial ribozymes.

RNA functions may be important physiological targets of
pentamidine

This work demonstrates that pentamidine inhibits catalytic
activity of group I intron ribozyme Ca.LLSU by binding to the
RNA and disturbing the folding of this ribozyme. This is also
the first demonstration that pentamidine, a known minor
groove binder of DNA, can interact with RNA, apparently at
sites quite distinct from the binding sites on DNA, resulting in
altered RNA conformation and inhibition of the biological
functions of that RNA. Pentamidine appears to bind to
magnesium binding sites at specific asymmetric loops and
regions of distorted double helix conformation on RNA
molecules. Unlike DNA molecules, RNA molecules have a
variety of important catalytic functions in living cells in addi-
tion to their function as coding (mRNA) molecules. These
RNA-catalyzed reactions include self-splicing of ribozyme
introns (32,33), such as the Ca.LSU intron that we have
studied, and protein synthesis by ribosomes, in which rRNA is
catalytic (34-36). Therefore, binding of pentamidine to these
RNA molecules in living cells may be cytotoxic, resulting in
the antimicrobial activity and toxicity of the drug. Further
elucidation of the structural requirements for the binding of
pentamidine and related congeners to specific microbial RNA
targets should provide a pathway for development of more
potent and less toxic antimicrobial agents.
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