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T he spliceosome catalyzes precursor-messenger
RNA (pre-mRNA) splicing, the removal of non-
protein-coding introns from pre-mRNA, which is

an essential and tightly regulated step in eukaryotic
gene expression. The boundaries between introns and
protein-coding exons in pre-mRNAs are marked by con-
sensus splice sites, which are recognized by compo-
nents of the spliceosome to catalyze the two chemical
steps of splicing, namely, reaction of the branch point
adenosine with the 5= splice site and subsequent liga-
tion of the two exons with concomitant removal of the in-
tron. The spliceosome assembles onto pre-mRNA prima-
rily as small nuclear ribonucleoprotein (snRNP) particles,
each consisting of a small nuclear RNA (snRNA) and its
associated proteins (Figure 1). To identify and position
the intron-delineating splice sites in the catalytic core
of the spliceosome, large-scale rearrangements of the
five snRNAs and over 100 proteins are required. As a re-
sult, the snRNA components of the spliceosome change
secondary structure and base-pairing partners multiple
times throughout the splicing cycle (1). The large size of
the spliceosome, five MDa, and its highly dynamic reac-
tion mechanism make it refractory to detailed structural
and biochemical analysis. To determine how the core
splicing machinery mediates splicing regulation, it is
necessary to determine its structure at each step of the
reaction pathway. Substantial progress has been made
toward determining the composition and low-resolution
structure of the spliceosome at various stages of assem-
bly (2–11). However, numerous questions remain con-
cerning the mechanism of catalysis and the regulation of
spliceosome assembly. Elucidation of signaling mecha-
nisms will be critical for understanding the regulation of
the dynamic rearrangements that occur during splicing.
Our ability to investigate these questions will be sub-
stantially enhanced by the availability of specific inhibi-
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ABSTRACT The spliceosome catalyzes pre-messenger RNA (pre-mRNA) splic-
ing, an essential process in eukaryotic gene expression in which non-protein-
coding sequences are removed from pre-mRNA. The spliceosome is a large, molec-
ular complex composed of five small nuclear RNAs (snRNAs) and over 100 proteins.
Large-scale rearrangements of the snRNAs and their associated proteins, includ-
ing changes in base-pairing partners, are required to properly identify the intron-
containing pre-mRNA, position it within the spliceosome, and complete the
cleavage and ligation reactions of splicing. Despite detailed knowledge of the com-
position of the spliceosome at various stages of assembly, the critical signals
and conformational changes that drive the dynamic rearrangements required for
pre-mRNA splicing remain largely unknown. Just as ribosome-binding antibiotics
facilitated mechanistic studies of the ribosome, study of the catalytic mechanisms
of the spliceosome could be enhanced by the availability of small molecule inhibi-
tors that block spliceosome assembly and splicing at defined stages. We sought
to identify inhibitors of Saccharomyces cerevisiae splicing by screening for small
molecules that block yeast splicing in vitro. We identified 10 small molecule inhibi-
tors of yeast splicing, including four antibiotics, one kinase inhibitor, and five ox-
aspiro compounds. We also report that a subset of the oxaspiro derivatives permit-
ted assembly of spliceosomal complexes onto pre-mRNA but blocked splicing
prior to the first cleavage reaction.
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tors that block spliceosome assembly and splicing at
defined stages.

Demonstrating their utility, small molecule inhibitors
have underpinned dramatic advances in our under-
standing of protein translation over the past two de-
cades. Antibiotics such as kirromycin and fusidic acid
have been employed to trap the ribosome at specific
steps with a sufficient degree of homogeneity to allow
structure determination by NMR, X-ray crystallography,
and cryo-electron microscopy (12–15). In addition,
streptomycin and puromycin have provided insights
into the translation mechanism by inhibiting the ribo-
some at specific points in its reaction cycle, producing
stalled complexes that can then be studied by a variety
of biochemical techniques (16–18). From these studies,
we have gained a detailed understanding of the mecha-
nisms of high-fidelity codon recognition and peptide
bond formation (19). Likewise, it is expected that the
study of the spliceosome will benefit greatly from the
discovery of specific and effective inhibitors.

Previous studies have identified a diverse set of pro-
tein and small molecule inhibitors of mammalian splic-
ing. The protein inhibitors of splicing range from do-
mains of splicing proteins (CDC5L and PLRG1) and
alternative splicing regulators (Fox-1/ Fox-2) to peptide
inhibitors of CaMK-II-like protein and human protein
phosphatase 1 (20–24). The small molecule inhibitors
of mammalian splicing include antibiotics (erythromy-

cin, Cl-tetracycline, and streptomycin) (25), a bifla-
vonoid (isoginkgetin) (26), inhibitors of the kinase activ-
ity of topoisomerase I (27, 28), antitumor drugs targeting
the U2 snRNP (Spliceostatin A and pladienolide) (29,
30), and inhibitors of histone deacetylases and histone
acetyltransferases (31).

To date there are no published reports of small mol-
ecule inhibitors of Saccharomyces cerevisiae splicing,
despite its recognition as a powerful system in which to
study splicing. We therefore aimed to identify inhibitors
by screening small molecules for their ability to inhibit
yeast splicing in vitro. We report the identification of 10
yeast-splicing inhibitors, including four antibiotics, one
kinase inhibitor, and five oxaspiro compounds. Two of
the antibiotics uniquely inhibit S. cerevisiae splicing but
not human splicing. We determine an apparent IC50 for
each inhibitor and show that four of the oxaspiro deriva-
tives allow substantial assembly of the pre-mRNA sub-
strate into spliceosomal complexes but prevent the first
cleavage reaction of splicing. We anticipate that these
compounds will be useful for mechanistic studies of pre-
mRNA splicing.

RESULTS AND DISCUSSION
To search for molecules that inhibit yeast pre-mRNA
splicing at specific steps, we initially tested 26 com-
pounds for their effects on splicing using an in vitro as-
say (Table 1). Eleven of the compounds tested were an-
tibiotics chosen both to represent a range of antibiotic
families and to allow comparison with inhibitors of hu-
man splicing (25, 32). Thirteen compounds were precur-
sors of the manumycin family of antibiotics (33), cho-
sen for the wide range of biological activities exhibited
by the family, including antibacterial, insecticidal, tu-
moricidal, and anti-inflammatory (34). Finally, two ki-
nase inhibitors were tested because protein phosphor-
ylation is known to be important for human spliceosome
assembly (27, 28, 35).

To measure the effect of the small molecules on splic-
ing of yeast pre-mRNA, each compound was added to
a standard yeast splicing reaction with actin pre-mRNA,
and the efficiency of splicing was determined after 30
min. Whereas uninhibited splicing extracts support
splicing of 40–55% of the actin in vitro transcript
(Figure 2, lane 2), eight of the compounds tested re-
duced splicing to undetectable levels (Figure 2, lanes
4–11). The oxaspiro compounds and staurosporine
were solubilized in DMSO. Because the addition of

Figure 1. Model for spliceosome assembly onto pre-mRNA.
U1 and U2 snRNP particles bind the 5= splice site and the
branch point, respectively, forming the B complex. Subse-
quent addition of the preformed triple snRNP (U4/U6, U5)
results in the A complex. Within the A complex, the ex-
cised intron (lariat) and mature RNA splicing products are
formed by two transesterification reactions in which the
branch point adenosine attacks the 5= splice site, allowing
subsequent exon ligation as the freed 3= hydroxyl of the
5= exon attacks the 3= splice site.

760 VOL.4 NO.9 • 759–768 • 2009 www.acschemicalbiology.orgAUKEMA ET AL.



DMSO consistently reduced uninhibited pre-mRNA splic-
ing up to 40%, an additional control with DMSO (i.e.,
no inhibitor) was included in each experiment (Figure 1,
lane 3). Cefoperazone and staurosporine reduced splic-
ing by approximately 50% and greater than 95%, re-
spectively, at the maximum concentration testable due
to solubility limitations (Figure 2, lanes 12 and 13). The
remaining compounds had no effect on splicing effi-
ciency (data not shown). To our knowledge, this is the
first published report identifying small molecule inhibi-
tors of S. cerevisiae splicing.

The splicing inhibitors clustered primarily in two
classes: aminoglycoside antibiotics and oxaspiro de-
rivatives (Table 1). All three aminoglycosides tested, ka-
namycin, streptomycin, and neomycin, inhibited splic-
ing. Neomycin was the strongest inhibitor identified in
this study, abolishing splicing at micromolar concentra-
tions. Of the eight other classes of antibiotics tested,
only cefoperazone, a cephalosporin, was inhibitory, sug-
gesting that the majority of antibiotics do not nega-
tively affect yeast splicing.

Aminoglycosides consist of sugar moieties deco-
rated with positively charged amino groups, which facili-
tate binding to RNA through interactions with the nega-
tively charged phosphate backbone. Aminoglycosides
have been shown to inhibit both the ribosome and ri-

bozymes through direct interaction with RNA (36−38).
Therefore, it is reasonable to hypothesize that aminogly-
cosides interact directly with an snRNA component of
the spliceosome or with the pre-mRNA substrate to
block splicing.

The second class of small molecules found to inhibit
yeast splicing is the oxaspiro compounds, G5, G6, G11,
G12, and G14 (33, 39, 40), all of which are potential in-
termediates in syntheses of manumycin analogs. While
manumycin A is a farnesyltransferase inhibitor (41), it
has also been found to inhibit I �B kinase activity by a
mechanism independent of farnesyltransferase inhibi-
tion (42). These studies suggest that manumycin ana-
logues exert their inhibitory effects by interacting with
specific protein enzymes. Therefore, spliceosomal pro-
teins are potential targets of the oxaspiro derivatives
tested.

We tested two protein kinase inhibitors to determine
if they inhibit splicing. Mammalian splicing has long
been known to involve a cycle of phosphorylation and
dephosphorylation (21), and recently, in S. cerevisiae a
comparison of transcript-specific splicing under various
environmental stress conditions provided evidence of
signal-regulated splicing as well (43). In yeast extract,
splicing inhibition was detectable in the presence of the
broad range protein kinase C inhibitor, staurosporine,

TABLE 1. Candidate inhibitors of pre-mRNA splicing

Small molecule Class Splicing inhibition

Kanamycin Aminoglycoside Yes
Neomycin B Aminoglycoside Yes
Streptomycin Aminoglycoside Yes
Cefoperazone Cephalosporin Yes
Erythromycin Macrolide Noa

Tetracycline Aminocyclitol Noa

Ampicillin Penicillin Noa

Ciprofloxacin Quinolone Noa

Bacitracin Polypeptide Noa

Sulfamethizole Sulfonamide Noa

Chloramphenicol Phenicol Noa

G5, G6, G11, G12 and G14 Oxaspiro Yesb

G2–G4, G7–G10, G13 Phenolics Noa,b

Staurosporine Broad range protein kinase inhibitor Yesb

Roscovitine Cyclin-dependent kinase inhibitor Noc

aNon-inhibitory at 10 mM. bCompounds tested in DMSO. cNon-inhibitory at 5.0 mM
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but not the high specificity cyclin-dependent kinase
(CDK) inhibitor, roscovitine (Figure 2 and Table 1). The
observed inhibition of yeast splicing by staurosporine
raises the possibility that signaling kinases are involved,
which is consistent with the observation that environ-
mental conditions influence splicing in a transcript-
specific manner in yeast (43). However, because stauro-
sporine is a potent but non-specific inhibitor of kinases
through interactions with the ATP binding pocket (44), it
is also possible that staurosporine exerts its inhibitory
effect on yeast splicing by blocking ATP binding to any
of the DEXD/H-box RNA helicases involved in splicing.
The lack of splicing inhibition in the presence of roscovi-
tine suggests that cyclin-dependent kinases may not
be involved in yeast splicing, but this possibility cannot
be excluded, as roscovitine may not inhibit yeast CDKs.

The small molecule inhibitors, especially those
known to bind RNA, may exert their effect on yeast splic-
ing by interacting with the pre-mRNA. To test whether
the inhibitory activity of these compounds is specific for
actin pre-mRNA, the splicing assays were repeated with
two other yeast transcripts, YOL047c and UBC4. The
small molecules that completely inhibit actin splicing
similarly reduced splicing of YOL047c and UBC4 to un-
detectable levels (data not shown), demonstrating that
the observed inhibition is not transcript specific.

IC50 Determination. To determine the potency of our
inhibitory compounds and to allow comparison to other
reported splicing inhibitors, we measured the inhibitor
concentration required for a 50% reduction in pre-mRNA
splicing relative to a noninhibited control (apparent
IC50). Figure 3 shows the IC50 determination for the oxas-
piro compound G5. At 6 mM G5, there is no detectable
accumulation of splicing intermediates or spliced prod-
uct, whereas at 0.1 mM, splicing efficiency is compa-
rable to the uninhibited controls. Similar titration analy-
sis was performed in triplicate for all inhibitory
compounds. The IC50 values of these splicing inhibitors
ranged from 80 �M for neomycin to 3 mM for G14
(Table 2), with the majority falling between 0.5 and
2 mM.

Figure 2. Splicing inhibition by 10 small molecules. 32P-
labeled actin pre-mRNA splicing reactions were analyzed
on a 6% denaturing polyacrylamide gel and visualized by
autoradiography. The mobility of splicing products and in-
termediates are indicated at left, from top to bottom:
lariat-exon2, lariat, pre-mRNA, mRNA, and exon1. Splicing
proceeded for 0 min (lane 1) or 30 min (lanes 2–13). Re-
actions were carried out in the absence (lanes 1–3) or
presence (lanes 4–13) of small molecule in the following
order: G5 (10 mM), G6 (5 mM), G11 (10 mM), G12 (5 mM),
G14 (30 mM), kanamycin (5 mM), streptomycin (10 mM),
neomycin (0.5 mM), staurosporine (3 mM), or cefopera-
zone (10 mM). Reactions containing 10% DMSO are
marked (�). Splicing efficiency is indicated below each
lane where splicing is detectable. Splicing intermediates
(Int) are detectable in the presence of staurosporine
(lane 12).

Figure 3. G5 inhibits pre-mRNA splicing with an apparent
IC50 of 0.8 � 0.2 mM. Denaturing polyacrylamide gel
analysis of splicing with increasing concentration of G5, as
indicated above gel. Locations of spliced products are in-
dicated at left as in Figure 1, and the splicing efficiency is
indicated below each lane.
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We compared inhibitory concentrations of the antibi-
otics assayed in yeast and human (HeLa) splicing sys-
tems. While inhibition of human splicing was observed
at 500 �M erythromycin (25), no inhibition of yeast
splicing by erythromycin was detectable up to 10 mM,
suggesting that antibiotics may be useful for distin-
guishing mechanistic differences between yeast and hu-
man splicing. Of greater interest may be neomycin and
kanamycin, as they inhibit yeast but not human splicing
at similar concentrations. Neomycin and kanamycin in-
hibit yeast splicing with IC50 values of 80 and 400 �M,
respectively, but neither was inhibitory for human splic-
ing at 100 and 450 �M (25, 32). This differential effect of
three antibiotics raises the intriguing possibility that
identification of yeast-specific splicing inhibitors may
prove to have therapeutic use as antifungal agents, as
splicing is an essential process in pathogenic yeasts.

Inhibitor Effect on Spliceosomal Assembly. The dis-
covery of a yeast splicing inhibitor with a specific block
during spliceosome assembly would have important
practical benefits for the study of the spliceosome. To
determine the step of the splicing reaction at which our
inhibitors exert their effects, we performed non-
denaturing gel analysis on inhibited splicing reactions,
monitoring the mobility of internally 32P-labeled actin
transcript as in standard splicing assays (Figure 4). The
actin pre-mRNA, mRNA and two main spliceosomal as-
sembly complexes can be distinguished on non-
denaturing acrylamide gels in the presence of heparin
to reduce non-specific binding. The faster mobility com-
plex B is a precatalytic spliceosome containing U1 and

U2 snRNP (see Figure 1) (45). The slower mobility com-
plex A corresponds to the addition of U4, U5, and U6
triple snRNP to the pre-mRNA and likely contains mul-
tiple forms of the spliceosome, as a number of rear-
rangements are required to form the active spliceosome
(45).

For an uninhibited reaction, the kinetics of appear-
ance and disappearance of each assembly intermedi-
ate are similar to what has been reported previously (45,
46). The assembly pattern consists of a rapid decrease
in pre-mRNA up to 5 min with a concomitant formation
of the B complex, which is detected after 1 min and
peaks between 2 and 15 min (Figure 4, panel a). Fi-
nally, the A complex is first detectable between one and
five minutes, and remains at high levels throughout
the remainder of the time course (Figure 4, panel a). Ma-
ture mRNA begins to accumulate at fifteen minutes.

Spliceosomal complex assembly was assayed in the
presence of the inhibitors that completely blocked splic-
ing, the antibiotic and oxaspiro compounds. Using the
lowest inhibitor concentration tested that resulted in
complete inhibition of splicing, the spliceosomal assem-
bly pattern was analyzed by non-denaturing acrylamide
gel electrophoresis after a standard splicing reaction
(Figure 4, panel b). A fraction of each splicing reaction
was simultaneously analyzed by denaturing gel electro-
phoresis to confirm complete splicing inhibition by each
small molecule.

Splicing inhibitors can be categorized by which as-
sembly intermediates accumulate in their presence
(Figure 4). The principal species that accumulate for
each inhibitor are listed in Table 3. The aminoglyco-
sides (neomycin, kanamycin, and streptomycin) and
the G12 oxaspiro compound prevented formation of
spliceosomal complexes A and B. Four oxaspiro com-
pounds, G5, G6, G11, and G14, allowed detectable ac-
cumulation of the A and B complexes. The portion of ac-
tin assembled into spliceosomal complexes was in the
range of 10–20% of the total signal in the presence of
G6, G11, and G14 and was as high as 45% in the pres-
ence of G5. With G5, we observe accumulation of simi-
lar amounts of A and B complexes, whereas with G6,
G11, and G14 there is little or no A accumulation. Al-
though there is detectable A complex in the presence
of several of the oxaspiro compounds, no mature RNA
or splicing intermediates are detectable by non-
denaturing or denaturing gel electrophoresis (Figure 2
and 4), indicating that splicing has been blocked before

TABLE 2. IC50 values of inhibitors

Inhibitor IC50 (mM)a

Neomycin 0.08 � 0.02
Kanamycin 0.4 � 0.3
Streptomycin 1.0 � 0.5
G5 0.8 � 0.2
G6 0.6 � 0.2
G11 1.7 � 0.6
G12 0.7 � 0.1
G14 3.0 � 0.1
Staurosporine 1.8 � 0.4

aApparent IC50 values are the average of three measure-
ments � SD.
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the first chemical reaction
that produces the lariat
splicing intermediate and
free exon.

The utility of the oxas-
piro compounds as bio-
chemical tools for splicing
investigations depends
greatly on the stability of
the splicing complexes ac-
cumulated. To determine
complex stability we as-
sayed spliceosome assem-
bly up to 90 min in the
presence of G5, G14, G6,
and G11 (Figure 4, panel c
and data not shown). The
levels of accumulated A
and B complexes remained
constant over 30–90 min
in the presence of G14, G6,
and G11, while the A com-
plex continued to accumu-
late at 90 min in the pres-
ence of G5. Importantly, no
detectable mature product
formed in the presence of
the inhibitors. We further
confirmed inhibition of the
chemical steps of splicing
in the presence of G5 up to
2.5 h, as no splicing inter-
mediates or products were
detectable by denaturing
gel electrophoresis (data
not shown).

The oxaspiro derivatives
G5, G6, G11, and G14 are
the first identified small
molecule inhibitors of yeast
splicing that allow detect-
able accumulation of as-
sembled complexes. Since
the nature of the accumu-

lated assembly intermediates is specific to the oxas-
piro derivative added and the accumulated complexes
are stable, these molecules may be useful tools for
studying the biochemistry of spliceosome assembly. In

particular, because the G6 and G14 compounds result
in a strong, stable splicing block at the B complex, these
compounds may provide the means to investigate the
regulatory mechanisms responsible for triggering the ad-
dition of the triple snRNP (U4, U5, and U6 snRNA-
containing species) to the pre-mRNA after the U1 and
U2 snRNPs bind the 5= splice site and branch point, re-
spectively. Likewise, stable accumulation of the A com-
plex in the presence of G5 may provide insights into the
transitions required within the fully assembled spliceo-
some to catalyze the first chemical reaction of splicing.

Structural Features of Inhibitory Compounds. All of
the inhibitory compounds identified in this study that al-
low some degree of spliceosome assembly are poten-
tial precursors in syntheses of manumycin analogs. The
compounds tested in this study are either in an oxas-
piro form with a second spirolactone ring or in the open,
carboxylated form (Figure 5). Strikingly, we found that
all of the compounds with a spirolactone ring inhibit
splicing, while the nonoxaspiro compounds do not
(Figure 5, panels a and b, respectively), indicating a
high degree of specificity with respect to structure.
These results suggest that the structural constraint con-
ferred by the second ring is required for the inhibitory ef-
fect of these small molecules. These oxaspiro com-
pounds have not been tested previously in any
biochemical assay, so their activity as splicing inhibi-
tors suggests this core structure may be a useful start-
ing point for the design of compounds that are biologi-
cally active in a variety of contexts.

To test the hypothesis that a constrained second
ring, rather than a lactone, per se, is a requirement for

Figure 4. Splicing inhibitors stably block spliceo-
some assembly at distinct steps. a) Spliceosome
assembly in the absence of small molecule moni-
tored by non-denaturing acrylamide gel. The mobil-
ity of pre-mRNA, mRNA, and complexes A and B are
indicated. Reaction times are indicated above each
lane. b,c) Effect of splicing inhibitors on spliceo-
some assembly monitored by non-denaturing ac-
rylamide gel. Inhibitor concentrations are listed in
Figure 2. Complexes are labeled as in panel a. As-
sembly reactions proceeded for 30 min unless oth-
erwise indicated above each lane.

TABLE 3. Assembly defects caused by in-
hibitors

Inhibitor Accumulating assembly complexes

G5 A, B
G6 B, minor A
G11 B, minor A
G12 nda

G14 B, minor A
Neomycin nda

Kanamycin nda

Streptomycin nda

aNone detected
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splicing inhibition, we tested a compound with a spi-
roether second ring, G15 (Figure 6, panel b) (47), instead
of a spirolactone second ring, as in G14 (Figure 5,
panel a). Addition of G14 at 10 mM resulted in a reduc-
tion of splicing efficiency of 80%, while the same con-
centration of G15 resulted in a 17–35% reduction
(Figure 6, panel a), suggesting that a spirolactone struc-
ture is important but not essential for efficient splicing
inhibition. To further examine the importance of the car-
bonyl group in the spirolactone ring, we determined
splicing efficiency in the presence of two oxaspiro de-
rivatives in which the carbonyl group of the spirolactone
is replaced with either an isopropyl or a tert-butyl alkyl

group (Figure 6, panel b, G32 and G44) (48–50). While
both of these compounds exhibited detectable splicing
inhibition at 10 mM, reducing splicing by 20–40%, the
superior inhibition by G14 again suggests that a spiro-
lactone ring is an important feature of the inhibitory ox-
aspiro compounds.

To explore the important inhibitory features of the six-
membered ring, we assayed splicing inhibition of an ox-
aspiro compound, G16 (47), with H2 as the R1 group
(Figure 6, panel b). We found that 10 mM G16 reduces
splicing by approximately 50% and therefore does not
inhibit splicing as well as G14 (Figure 6, panel a). Taken
together with the apparent IC50 values determined for
G5, G6, and G14 (Table 2), these data suggest that

Figure 5. Oxaspiro-compound inhibitors share a common
structure. a) Inhibitory oxaspiro derivates. b) Non-
inhibitory compounds. The identity of the R1 and R2
groups is indicated.

Figure 6. Oxaspiroether inhibition of splicing. a) Oxaspi-
roethers, G15, G32, G44, and spirolactone, G16, partially
inhibit RNA splicing. Splicing proceeded for 0 min (lane 1)
or 30 min (lanes 2–7). Reactions contained no small mol-
ecule (lanes 1 and 2) or the oxaspiro compounds indicated
above each lane at 10 mM (lanes 3–7). The splicing effi-
ciency is indicated below each lane. b) Structures of G15,
G16, G32, and G44
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larger R1 groups improve splicing inhibition of the spiro-
lactone compounds. Future studies will focus on mak-
ing modifications that will allow addition of a purifica-
tion tag or a cross-linking moiety to the spirolactone
compounds. These will be important both for determin-
ing the splicing target(s) of oxaspiro derivatives and for
purification of stalled splicing complexes for biochemi-
cal characterization.

The identification of small molecules that inhibit
yeast splicing is an important first step toward the abil-
ity to perform detailed biochemical studies of the yeast
spliceosome. In addition to three aminoglycoside antibi-
otics and staurosporine, a broad range kinase inhibi-
tor, we report on five oxaspiro compounds that inhibit

yeast splicing with a high degree of specificity as struc-
turally related phenolic compounds are not inhibitory.
The ability to block splicing at a specific step during spli-
ceosome assembly is a prerequisite for capture and re-
lease studies, such as those performed in the presence
of acetyl transferase inhibitors (31), which will be neces-
sary to determine the signals responsible for proceed-
ing through specific steps within the splicing cycle. Four
of the oxaspiro compounds that inhibit yeast splicing re-
sulted in accumulation of intermediate splicing com-
plexes during spliceosome assembly. These small mol-
ecule inhibitors may allow mechanistic insights into the
spliceosome in a manner similar to what amnioglyco-
sides have enabled for the ribosome.

METHODS
Small Molecules. Table 1 lists the initial compounds tested

in this work. Antibiotics and kinase inhibitors were purchased
from Sigma, and G compounds were synthesized according to
published protocols (racemic mixtures, except G11 and G12)
(33, 39, 40, 47–52). IUPAC chemical names for each G com-
pound are provided in Supplementary Table 1.

Pre-mRNA Splicing Reactions. Whole-cell extract was pre-
pared from protease deficient yeast strain BJ2168 as described
(53). Pre-mRNA substrates for in vitro splicing assays were tran-
scribed from 500 ng of linearized plasmid template (or 100 ng
PCR-generated template) with T7 RNA polymerase (Roche) in the
presence of 10 units of SUPERaseIN ribonuclease inhibitor (Ap-
plied Biosystems) and �32P-GTP. Template for truncated ACT1
(actin, 590 nucleotides) was generated by linearizing BJPS149
plasmid with HindIII (54, 55). Templates for in vitro transcription
of YOL047C (163 nucleotides) and UBC4 (290 nucleotides)
were amplified by PCR from yeast genomic DNA (primers listed
in Supplementary Table 2). The majority of unincorporated nu-
cleotides were removed by centrifugation through a microspin
G50 column according to manufacturer instructions (GE Health-
care).

Standard splicing of the actin pre-mRNA in BJ2168 nuclear
extract was performed at 19 °C for 30 min. Splicing reactions
were performed in 10-�L reactions containing 2.5 mM MgCl2,
60 mM KPO4 (pH 7.0), 3% PEG 3000, 40% (v/v) BJ2168 extract,
2 mM ATP, and 4 fmol of internally 32P-GTP-labeled pre-mRNA
in vitro transcript (56). Small molecule inhibitors were added to
the splicing mix in 1 �L less than 5 min prior to addition of the
pre-mRNA.

Denaturing Gels. Splicing reactions to be separated by dena-
turing gels were stopped by the addition of 200 �L of stop buffer
(0.3 M Na acetate, 1 mM EDTA, 0.1% SDS, 34 mg mL�1 E. coli
tRNA). The reactions were phenol/chloroform-extracted, ethanol-
precipitated, and electrophoresed on a 6% denaturing, 7 M
urea, polyacrylamide gel at 400 V for 1 h (Actin) or 35 min
(YOL047C and UBC4). RNA bands were visualized and quanti-
fied with a Cyclone phosphorimager and Optiquant software
(Packard Instruments). Splicing efficiency was defined as the
percent of final product bands (mRNA and lariat) divided by the
sum of all five bands (pre-mRNA, lariat-3=exon, 5=exon, excised
lariat, and ligated exons). Splicing efficiencies were determined
in triplicate.

IC50 Calculations. To calculate apparent IC50 values, each com-
pound was titrated in the standard splicing reaction in tripli-
cate and assayed by denaturing gel electrophoresis. Percent
splicing was quantified for each compound concentration, nor-
malized to the maximum percent splicing (an uninhibited reac-
tion) and plotted versus inhibitor concentration. For each inhibi-
tor, a line or curve fit to the data was used to determine the
small molecule concentration that gives 50% splicing inhibi-
tion. The IC50 values were calculated as an average of three val-
ues with standard deviation as the error.

Spliceosomal Complex Assembly Gels. Aliquots of standard
splicing reactions containing 32P-labeled transcript were taken
at the indicated times and adjusted to 0.7 mg mL�1 heparin and
12% glycerol with a trace of bromophenol blue. To separate in-
dividual spliceosomal complexes, samples were run on non-
denaturing 4% polyacrylamide gels (80:1 acrylamide/bis-
acrylamide) at 160 V for 3 h in TGM buffer (50 mM tris base,
50 mM glycine, 2 mM MgCl2). To confirm complete inhibition
by small molecules of the splicing reactions analyzed by non-
denaturing gel electrophoresis, an aliquot of each splicing reac-
tion was also analyzed by denaturing gel. Gels were exposed
to a phosphorimager screen for visualization.

Supporting Information Available: This material is available
free of charge via the Internet at http://pubs.acs.org.
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