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ABSTRACT

A multicomponent complex of proteins and RNA is
assembled on the newly synthesized pre-mRNA to
form the spliceosome. This complex catalyzes a
two-step transesteri®cation reaction required to
remove the introns and ligate the exons. To date,
only six proteins have been found necessary for the
second step of splicing in yeast, and their human
homologs have been identi®ed. We demonstrate
that the addition of the selective chelator of zinc,
1,10-phenanthroline, to an in vitro mRNA splicing
reaction causes a dose-dependent inhibition of the
second step of splicing. This inhibition is accom-
panied by the accumulation of spliceosomes
paused before completion of step two of the
splicing reaction. The inhibition effect on the
second step is due neither to snRNA degradation
nor to direct binding to the mRNA, and is reversible
by dialysis or add-back of zinc, but not of other
divalent metals, at the beginning of the reaction.
These ®ndings suggest that the activity of a putative
zinc-dependent metalloprotein(s) involved in the
second step of splicing is affected. This study
outlines a new method for speci®c reversible inhib-
ition of the second step of splicing using external
reagents, and suggests a possible role of divalent
cations in the second step of mRNA splicing, most
likely zinc.

INTRODUCTION

A multicomponent complex of proteins and RNA is assembled
on the newly synthesized precursor messenger RNA
(pre-mRNA) to form the spliceosome. This complex catalyzes
a two-step transesteri®cation reaction required to remove the
introns and ligate the exons (1,2). During the ®rst step of
splicing, a 2¢-hydroxyl of adenosine from the branch site
attacks the phosphodiester bond at the 5¢-splice site to form a
5¢ exon and a 3¢ exon-lariat intermediate. In the second step,

the 3¢-end hydroxyl group of the 5¢ exon attacks the 3¢-splice
site, leading to exon ligation and the release of the intron lariat
(3). Spliceosome formation proceeds via a coordinated
assembly of complexes, E, A, B, C and I (4,5), or through a
one-step assembly (6). Approximately 50 proteins are
involved in the splicing reaction (6±9), some 15 of which
are associated with puri®ed complex C, in which splicing is
arrested after the ®rst step (10). To date, only six proteins have
been found necessary for the second step of splicing in yeast
(11±22), and their human homologs have been identi®ed
(23±29). Little is known, however, about the involvement of
these and other factors in the second step.

It is estimated that ~15% of the point mutations linked to
human genetic diseases cause splicing defects (30); hence,
understanding the elementary steps of the splicing machinery,
spliceosome assembly, and the network of interactions
between the splicing factors is a prerequisite to ®nding a
cure for these diseases. Current methods to arrest splicing and
spliceosome assembly include heat inactivation, ATP or
magnesium depletion (31) and dephosphorylation of the
nuclear extract (32); immunodepletion of the nuclear extract
from the hPrp18 protein blocks step two of splicing and can be
restored following re-addition of the protein (23); using
mutations at the 5¢-splice site or branch site sequence (33 and
references therein) and at the 3¢-splice site (10) to examine the
rearrangement of splicing factors leading to the ®rst or second
step of splicing, respectively; studying the various U2 and U6
snRNP mutants shown to arrest splicing before the ®rst or
second step (23 and references therein; 34); and a bimolecular
system that employs a pre-mRNA lacking the 3¢-splice site to
arrest splicing after the ®rst step, proceeding to the second step
after the addition of a second RNA molecule containing the 3¢-
splice site and second exon (35). These methods can stop
splicing activity and freeze spliceosome assembly for analysis
of the proteins and RNA components required for each step.
None of them, however, involve a straightforward reversible
method for inhibiting the second step of splicing using an
external reagent.

The zinc-®nger or -knuckle motif is a major structural motif
involved in protein±nucleic acid and protein±protein inter-
actions (36), and is present in the largest superfamily of
transcription factors (37). Zinc ions coordinate this ®nger-like
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structure through bonds created with cysteine and histidine
residues. Several spliceosomal proteins were found to possess
the zinc-binding motif as well, including Slu7, SF3a60,
SF3a66, SF1, ZNF265, 9G8, hLuc7p and U1-speci®c protein
C (38±41). The zinc-®nger domain, for example, is required
for incorporation of SF3a60 and SF3a66 into the U2 snRNP
(39), and was recently proposed to aid in the interaction of the
SF1 protein with nucleotides located upstream of the branch
point signal in the pre-mRNA (42). For some of these proteins
the zinc-binding motif is essential for the splicing activity
(39), while for others it exerts a modest effect (21). Since the
RNA backbone carries a negative charge, it also carries a
number of metal ions to neutralize the charge. The majority of
these metal ions bind the RNA non-speci®cally, very weakly,
and in rapid exchange (43). Little is known, however, about
the requirement of zinc in the splicing reaction.

We demonstrate speci®c inhibition on the second step of
mRNA splicing by the chelator of zinc, 1,10-phenanthroline
(1,10-phe). The inhibition is accompanied by the accumula-
tion of active spliceosomes paused before completion of step
two of the splicing reaction. This effect on the second step is
due neither to snRNA degradation nor to direct binding to the
mRNA, and is reversible by dialysis or zinc add-back prior to
the beginning of the reaction, suggesting that a putative zinc-
dependent metalloprotein(s) is required for the second step of
mRNA splicing. Two other chelators, neocuproine (NC) and
bathocuproinedisulfonic acid (BC), exhibited a similar inhibit-
ing effect on the second step of splicing, supporting the notion
that a divalent cation is involved in the second step of splicing.
This is the ®rst indication that a putative zinc-dependent
metalloprotein is involved in the second step of mRNA
splicing. A new method for speci®c reversible inhibition of the
second step of pre-mRNA splicing using external reagents is
outlined, suggesting a possible role of zinc in the second step
of splicing.

MATERIALS AND METHODS

Splicing substrates, reactions and spliceosome complex
analysis

Standard splicing reactions (12.5 ml) contained 60% (v/v)
HeLa nuclear extract, 2.4 mM MgCl2, 0.5 mM ATP, 20 mM
creatine phosphate, 30 000 c.p.m. of mRNA precursor
uniformly labeled with [a-32P]UTP (1 3 109 c.p.m./ng
RNA), and the indicated concentration of 1,10-phe (Sigma),
1,7-phenanthroline (1,7-phe; Sigma), 2,9-dimethyl-1,10-phe-
nanthroline (NC; Sigma) and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthrolinedisulfonic acid (BC; Sigma). Following incu-
bation at 30°C for 60 or 90 min, RNA was extracted by
proteinase K treatment, phenol extraction and ethanol pre-
cipitation, and analyzed by polyacrylamide gel electrophoresis
(PAGE) in 8% denaturing gels, essentially as described (44).
Spliceosome complexes were analyzed in native 4% gels as
described (45). The gels were run at 300 V for 6 h. The human
b-globin gene (46) was recloned into pBluescript II SK+
plasmid (Stratagene), linearized by BamHI restriction enzyme
digest, and transcribed from the T7 promoter. We previously
described the adenovirus major late transcript plasmid
(Adeno) (44,47). For the dialysis procedures, splicing
reactions were inserted into Spectra/Por molecular porous

membrane tubing (Spectrum Medical Industries; MWCO
12±14 000) and dialyzed against nuclear extract buffer
(Buffer D) (48) at 500 times the volume of the reaction for
12 h at 4°C. 1,10-phe and 1,7-phe were prepared as 50 mM
stock solutions in water. The pH was adjusted to 7.9 with
NaOH, and the solutions were heated to 65°C to dissolve the
reagents. Similar results were obtained when these reagents
were prepared as 500 mM stock solutions in DMSO.

Northern blotting

Nuclear extract was incubated in in vitro splicing conditions
for 60 min at 30°C, as mentioned above, with the indicated
concentration of 1,10-phe and CuSO4. The RNA was extracted
by proteinase K treatment, phenol extraction and ethanol
precipitation, separated by electrophoresis in 10% poly-
acrylamide gel, and blotted onto a Hybond-XL nylon
membrane (Amersham-Pharmacia). Hybridization was
performed in a 50% formamide solution at 42°C with
32P-labeled complementary antisense riboprobes to U1, U2,
U4, U5 and U6 snRNAs. After hybridization, blots were
washed and exposed to X-ray ®lm.

RESULTS

1,10-phe inhibits the second step of splicing

To examine the requirement for zinc in the mRNA splicing
in vitro reaction, HeLa nuclear extract was incubated under
in vitro splicing conditions with a radiolabeled adenovirus
major late transcript (Adeno), and various concentrations of
the potent zinc chelator 1,10-phe (see Fig. 1A for molecular
structure). Following 90 min of incubation, the RNA was
extracted and separated in 8% denaturing gel (Fig. 1B). At
these conditions the splicing reaction reached the maximum
level of mRNA accumulation after 60 min (Fig. 2A and data
not shown). There was up to a 10-fold increase in the amount
of the ®rst-step splicing intermediatesÐ3¢ exon±intron lariat
and 5¢ exon intermediateÐwhen 4 or 6 mM 1,10-phe was
added to the splicing reaction. This resulted in at least a 2-fold
decrease in products of the second step of mRNA splicingÐ
intron lariat and mRNAÐwhen 6 mM but not 4 mM 1,10-phe
was added (Fig. 1B, compare lane 1 with lanes 2 and 3).
Adding 8 mM 1,10-phe reduced the ®rst step of splicing
intermediate products (Fig. 1B, lane 4), and adding 10 mM or
more 1,10-phe completely inhibited the splicing activity (data
not shown). An average of three independent experiments
shows an increase of 16% in total splicing products of
reactions incubated with 6 mM 1,10-phe compared with
reactions incubated without 1,10-phe (data not shown),
suggesting that 4 and 6 mM 1,10-phe enhances splicing
activity. Thus, 1,10-phe inhibited splicing in a dose-dependent
manner, with the addition of 6 mM 1,10-phe leading to
accumulation of intermediates of the ®rst step of splicing and
inhibition of the second step.

It is possible that 1,10-phe inhibits the splicing reaction
non-speci®cally by intercalating into the RNA or the
spliceosome. To test this assumption, a non-chelating struc-
tural isomer, 1,7-phe (see Fig. 1A for molecular structure),
was added to an in vitro splicing assay; as shown in Figure 1B
(lanes 5 and 6), 1,7-phe had no effect on splicing activity at
concentrations of 6 and 8 mM. We concluded that the addition
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of 6 mM 1,10-phe to the splicing reaction ef®ciently and
speci®cally inhibited the second step of splicing, and raising
the concentration above 8 mM inhibited both steps of splicing.
These ®ndings suggest that the observed inhibition of splicing
by 1,10-phe is due to its ability to act as a chelator of divalent
cations, presumably zinc. Figure 1C illustrates the percentage
of inhibition of the ®rst and second steps of splicing as a
function of the concentration of 1,10-phe in three independent
experiments.

We determined that inhibition of the second step of splicing
following addition of 1,10-phe is a general phenomenon by
showing a similar pattern of second-step inhibition using
human b-globin pre-mRNA (data not shown).

The effect of 1,10-phe on the spliceosome

To investigate the effect of 1,10-phe on spliceosome assem-
bly, labeled Adeno was incubated under splicing conditions in

the absence (±) or presence (+) of 6 mM 1,10-phe for different
durations (Fig. 2A). In the absence of 1,10-phe (Fig. 2A, lanes
1±6), complex A was detected after 5 min of incubation and
declined thereafter; this is similar to the data reported by
Konarska and Sharp (45). Complex B/C appeared after 5 min,
reached a peak at 15 min, and declined steadily thereafter.
Thus, after 60 and 90 min of incubation both A and B/C
complexes were barely detectable. When 6 mM 1,10-phe was
added (Fig. 2A, lanes 7±12), complexes A and B/C appeared
in the same time course as reactions incubated without
1,10-phe after 5 and 15 min, respectively. However, while the
amount of complex A steadily decreased, complex B/C
remained stable for at least 1 h of incubation. Moreover,
complex H, which decreased in the reaction without 1,10-phe,
remained stable after 60 min of incubation. Thus, inhibition of
the second step of splicing with 6 mM 1,10-phe was
accompanied by accumulation of complex B/C.

Figure 1. 1,10-phe can ef®ciently inhibit the second step of mRNA splicing. (A) The molecular structure of 1,10-phe and 1,7-phe. Zinc is schematically
added at its potential binding site. (B) A radiolabeled transcript of Adeno was incubated in an in vitro splicing reaction. The indicated concentration of the
zinc chelating agent 1,10-phe or the non-chelating zinc agent 1,7-phe was added to each reaction and the reactions were incubated for 90 min at 30°C. RNA
was extracted and separated by PAGE in 8% denaturing gel. RNA intermediates and products are schematically presented on the left; exons are represented
by boxes and introns by lines. (C) The inhibition of the ®rst and second step of splicing productsÐ3¢ exon-lariat (squares) and mRNA (circles)Ðas a function
of the concentration of 1,10-phe in three different experiments. Minimum and maximum levels of the ®rst and second steps of splicing products were
normalized to a relative intensity of zero and 100, respectively.
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The RNA content within complex B/C of the second-step
inhibited reaction was determined by two-step analysis.
Labeled Adeno was incubated in a splicing reaction for
60 min with 6 mM 1,10-phe, and separated in a native gel.
RNA was extracted from complex B/C and separated by
electrophoresis in denaturing 8% PAGE (Fig. 2B). As
expected, the splicing intermediatesÐthe 3¢ exon±intron lariat
and 5¢ exon intermediateÐwere detected only in complex
B/C. It is noteworthy that 2-fold less 5¢ exon intermediate was
detected in complex B/C compared with the total RNA
extracted from the unfractionated reaction, possibly due to a
lower binding af®nity of 5¢ exon intermediate to these
complexes. Complex H, detected in the initial stages without
1,10-phe and in all stages when incubated with 1,10-phe, was
con®rmed to have various degraded RNA and possibly mRNA

products (Fig. 2B, lane 5) (49). Figure 2C illustrates the
relative intensity of complex B/C in the absence and presence
of 1,10-phe as a function of time. These results indicate that
inhibition of the second step of splicing leads to accumulation
of complex B/C containing splicing intermediates paused after
completion of the ®rst step of splicing, and that the second-
step inhibition effect is not caused by degradation of the
mRNA products.

The snRNAs are not degraded by 1,10-phe±copper
complexes

Several reports demonstrate that 1,10-phe can interact with
copper to form a DNA/RNA chemical±nuclease complex
(50,51) with the ability to speci®cally degrade RNA molecules
at the single-stranded regions (51). We were concerned

Figure 2. Analysis of spliceosomal complexes following the addition of 1,10-phe to the splicing reaction. (A) A radiolabeled Adeno transcript was incubated
with nuclear extract under splicing conditions for the indicated duration at 30°C in the absence (±) or presence (+) of 6 mM 1,10-phe. Splicing complexes
were fractionated in a 4% non-denaturing gel. (B) Analysis of the labeled mRNA contents in the B/C and H complexes. RNA from a splicing reaction
incubated in the presence of 6 mM 1,10-phe for 60 min [(A), +1,10-phe; 60 min; B/C] was eluted from the gel, and the labeled RNA was extracted and
separated in 8% denaturing gel. Complex B/C was divided into upper (B/C up) and lower (B/C low) parts according to the location in the gel. The RNA from
complex B/C of the upper and lower parts was analyzed together with total RNA from a splicing reaction incubated in the absence (±) or presence (+) of
6 mM 1,10-phe. RNA intermediates and products are schematically represented to the left of the gel. (C) The relative intensity of the splicing complex B/C
formed in the absence (squares) or presence (circles) of 1,10-phe as a function of time. Minimum and maximum intensities were normalized to zero and 100,
respectively.
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that degradation of one or several of the snRNAs led to the
second-step inhibition effect in these experiments, although
the optimal conditions for chemical±nuclease activity differed
considerably from those in the splicing reaction with H2O2 and
ascorbate (52), and no degradation of the pre-mRNA, splicing
intermediates and products was detected when up to 10 mM
1,10-phe was added (see Fig. 1B and data not shown), or even
in the puri®ed spliceosomal complex (Fig. 2B). To clarify this
we examined whether the snRNAs in the splicing reaction
remained intact following incubation with 1,10-phe and
copper. The splicing reaction was incubated with an increas-
ing concentration of 1,10-phe, or both 1,10-phe and copper, at
ratios required to degrade DNA (52); the RNA was puri®ed
and the snRNAs were examined by northern blotting. The
addition of up to 8 mM 1,10-phe to the splicing reaction did
not induce snRNA degradation (Fig. 3, lanes 1±6). However,
when 1,10-phe and copper were added to the splicing reaction,
snRNA degradation was detected at 0.9 and 1.8 mM copper
(Fig. 3, lanes 9 and 10, respectively). These results indicate
that the inhibition of the second step of mRNA splicing is not
due to the formation of a DNA/RNA chemical±nuclease
complex between 1,10-phe and copper, and the copper
concentration in the nuclear extract is not suf®cient to induce
nuclease degradation.

NC and BC inhibit the second step of splicing

To extend our understanding of 1,10-phe's effect on splicing,
we analyzed dose-dependent splicing reactions in the presence
of two copper-speci®c chelators, NC and BC, which share a

high degree of structural similarity with 1,10-phe (see Fig. 4A
for molecular structure). NC and BC are primarily copper
chelators, with a 5.2 pKi of NC for copper compared with 4.1

Figure 3. The snRNAs are not degraded by the addition of 1,10-phe.
Nuclear extract was incubated in in vitro splicing conditions for 60 min at
30°C with the indicated concentration of 1,10-phe and CuSO4. RNA was
extracted, separated by electrophoresis in a 10% polyacrylamide gel, and
transferred to a nylon membrane. Following hybridization with U1, U2, U4,
U5 and U6 complementary labeled antisense riboprobes, the membrane was
washed and exposed to X-ray ®lm. The snRNAs were identi®ed according
to size and are marked on the left.

Figure 4. NC and BC can ef®ciently inhibit the second step of mRNA
splicing. (A) The molecular structure of NC and BC. Copper is schematic-
ally added at its potential binding site. (B) A radiolabeled transcript of
Adeno was incubated in an in vitro splicing reaction with the indicated
concentration of NC and BC. RNA was extracted and separated in 8%
denaturing gel. RNA intermediates and products are schematically presented
on the left.
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for zinc (53), that form a complex with divalent cations
similarly to 1,10-phe (52,54). The addition of NC to the
splicing reaction led to a similar second-step inhibition pattern
as that seen with 1,10-phe. The addition of 6 mM NC led to
accumulation of ®rst-step splicing products and inhibition of
the second step, while 8 mM inhibited formation of all splicing
products (Fig. 4B, lanes 5 and 6, respectively; also see Fig. 5C,
lane 4). Interestingly, the addition of 1.5 mM BC caused
accumulation of ®rst-step splicing products and decreased
second-step products (Fig. 4B, lane 8). Increasing BC
concentration to 2 mM inhibits the second step by 70% and
increases accumulation of ®rst-step splicing products (Fig. 4B,
lane 9). At 2.5 mM BC, the ®rst splicing step was inhibited by
90% and the entire second step (Fig. 4B, lane 10). However,
BC caused pre-mRNA degradation when 2.5 mM or more was
added to the splicing reaction. We concluded that the addition
of 6 mM NC and 2.5 mM BC to this nuclear extract inhibited
the second step of splicing. Raising the NC concentration to
8 mM and the BC to 3 mM inhibited both steps of splicing.

These results suggest that the inhibition is through chelation of
a divalent cation, most likely copper.

The inhibition effect is speci®c to zinc and is reversible

Since all three chelators tested inhibited splicing, we under-
took to determine which divalent cation was involved in the
inhibition. An add-back experiment was performed to exam-
ine the speci®city of inhibition and to test whether the
inhibition is due to the chelation of zinc or copper. Labeled
Adeno was incubated in a splicing reaction in the presence or
absence of 6 mM 1,10-phe. RNA was extracted and separated
in 8% denaturing gel. The addition of 6 mM 1,10-phe led to an
accumulation of intermediates of the ®rst step of splicing and a
decrease in products of the second step (Fig. 5A, lanes 1 and 2,
respectively). To determine whether the inhibitory effect on
the second step of splicing was reversible, 6 mM 1,10-phe was
added to the nuclear extract, followed by increasing concen-
trations of zinc, and then the labeled Adeno transcript (Fig. 5A,
lanes 3±14). The addition of 1±5 mM zinc restored the second
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step of splicing in a dose-dependent manner (seen clearly in
the mRNA product); the addition of 5±12.5 mM zinc
completely restored the second step; the addition of 15 mM
zinc presents a stepwise reduction in the splicing reaction
(seen in this exposure in the 3¢ exon-lariat intermediate);
20±50 mM zinc completely inhibited the splicing activity. This
indicates that the inhibition effect was speci®c to the zinc, and
similar to other add-back studies demonstrating that an excess
of zinc inhibits the enzymatic activity (55). The addition of up
to 10 mM zinc (without 1,10-phe) to the splicing reaction had
no effect on splicing activity (data not shown). Remarkably,

add-back of zinc to the splicing reaction to which 10 mM 1,10-
phe (which completely inhibited the reaction) had been added,
led to a complete non-reversible inhibition effect on the
splicing activity (data not shown). This implied that a different
zinc-binding protein(s) essential for the ®rst step of splicing
was brought into play when the concentration of 1,10-phe was
increased from 6 to 10 mM in the splicing reaction. It is also
possible that a reversible complex formed between a zinc-
binding protein, zinc, and 1,10-phe at 6 mM 1,10-phe, while
the chelation irreversibly removed the zinc from the
metalloprotein(s) at 10 mM 1,10-phe, and the binding site

Figure 5. (Opposite and above) Relieving the inhibitory effect of 1,10-phe on the second step of splicing. (A) Zinc add-back effect on 1,10-phe-inhibited
mRNA splicing. A radiolabeled Adeno transcript was incubated for 90 min at 30°C in nuclear extract under standard splicing conditions in the absence
(lane 1) or presence (lanes 2±14) of 6 mM 1,10-phe and the indicated concentration of zinc (lanes 3±14). (B) The inhibition is speci®c to the zinc atoms and
not to the magnesium atoms. Pre-incubated 1,10-phe with zinc (Zn) or magnesium (MgCl2) were added to the splicing reaction as indicated (lanes 1±4), and
RNA was puri®ed and separated in 8% denaturing gel. (C) Zinc, copper and manganese add-back effect on NC-inhibited mRNA splicing. A radiolabeled
Adeno transcript was incubated in the splicing conditions mentioned above in the absence (lane 1) or presence (lanes 4±15) of 6 mM NC and the indicated
concentration of zinc (Zn, lanes 2±6), copper (Cu, lanes 7±11), and manganese (Mn, lanes 12±15). RNA products were puri®ed and separated in 8%
denaturing gel. (D) The addition of zinc after completion of the ®rst step of splicing cannot recover the second step. A radiolabeled Adeno transcript was
incubated for 60 min at 30°C in nuclear extract under standard splicing conditions in the absence (lane 1) or presence (lanes 2±5) of 6 mM 1,10-phe. Zinc at
10 mM concentration was added at the beginning of the incubation (lane 3), or after 60 min of incubation (lanes 4 and 5), and all the reactions were incubated
for another 60 min. A 250 times molar excess of non-radioactive Adeno RNA was added after 60 min of incubation (lane 5), or from the beginning of the
incubation (lane 6). RNA was puri®ed and separated in 8% denaturing gel.

Nucleic Acids Research, 2002, Vol. 30 No. 19 4133



became occupied by another divalent cation that affected the
structure and/or function of the metalloprotein(s). The
addition of a pre-mixed complex of 6 mM 1,10-phe and
6 mM MgCl2 to the splicing reaction led to the accumulation
of intermediate products paused after completion of the ®rst
step of splicing (Fig. 5B, lane 1). These results point to the
speci®city of the inhibition to the zinc atoms and not to the
magnesium atoms, which are also essential for the splicing
activity (56). They also show that zinc is required for the
second step of mRNA splicing, presumably within a putative
zinc-dependent metalloprotein.

To further con®rm that the chelation of zinc was responsible
for the effect on the second step of splicing, we carried out a
similar add-back experiment using NC, which showed a
similar dose-dependent inhibition effect on the second step of
splicing as 1,10-phe. This time the inhibited reaction was
supplemented with various other metals. Again, an identical
release of the second-step inhibition was seen when 5 mM zinc
was added to a splicing reaction incubated with 6 mM
1,10-phe or NC (Fig. 5C, compare lanes 2 and 3 with lanes 4
and 5). The second-step splicing inhibition could not be
released by 1 mM copper, and both steps of splicing were
inhibited by 5 mM to 1 mM copper (Fig. 5C, lanes 7±11). The
addition of 1±10 mM manganese could not release the second-
step inhibition, and 100 mM manganese inhibited the splicing

activity (Fig. 5C, lanes 12±15). This suggests that the
inhibition effect is due to the chelation of zinc and not copper
(see Discussion).

We next undertook to determine whether zinc add-back can
restore the second step of splicing after completion of the ®rst
step. The addition of 6 mM 1,10-phe inhibited the second step
of splicing and led to the accumulation of ®rst-step inter-
mediates, while addition of 6 mM 1,10-phe and 10 mM zinc,
and then the labeled pre-mRNA, restored the second step of
splicing (Fig. 5D, lanes 2 and 3, respectively). To examine the
ability of zinc to restore second-step activity after step two had
been inhibited and step one had been carried out, we incubated
the splicing reaction with 6 mM 1,10-phe for 1 h, added 10 mM
zinc and incubated for another hour (Fig. 5D, lane 4). This
restored the second-step activity by only 5%, suggesting that
the addition of zinc to the majority of the spliceosomes that
paused after completion of the ®rst step does not release the
inhibition. However, the lower percentages of mRNA recov-
ery might be due to zinc entering certain spliceosomes paused
before the second step, thus restoring the second-step activity.
It might also be because pre-mRNAs that were not assembled
into the spliceosome during the ®rst hour of incubation were
assembled and spliced during the second hour of incubation,
as recently demonstrated (6). To test these two possibilities,
we added a 250 molar excess of unlabeled Adeno (used as a
competitor) and 10 mM zinc after 1 h of incubation with 6 mM
1,10-phe, and incubated the reaction for another hour (Fig. 5D,
lane 5). However, when labeled Adeno pre-mRNA was
incubated with a 250 molar excess of unlabeled Adeno from
the beginning of the incubation, it completely eliminated the
splicing activity, indicating that an excess of unlabeled Adeno
inhibited splicing activity on newly assembled spliceosomes,
as previously seen (57). The comparable level of restoration of
second-step splicing activity detected with or without the
addition of unlabeled competitor suggests that zinc can
penetrate a small fraction of the spliceosomes that paused
after completion of the ®rst step, reverse the inhibition, and
allow these spliceosomes to complete the reaction (Fig. 5D,
compare lanes 4 and 5, respectively). But, addition of zinc to
the majority of the spliceosomes that paused after completion
of the ®rst step by 1,10-phe did not restore the second step. We
concluded that the addition of zinc to 1,10-phe prior to the
beginning of the reaction can reverse the inhibition effect,
while the addition of zinc to assembled spliceosomes that
completed the ®rst step renders the zinc incapable of restoring
the second-step activity, presumably because of an inability to
enter the spliceosomes.

To follow up these observations, we examined whether the
inhibition effect could be released by dialyzing the 1,10-phe
from the splicing reaction. Labeled Adeno transcript was
incubated under splicing conditions in the absence (Fig. 6,
lanes 1 and 2), or presence (Fig. 6, lanes 3 and 4) of 6 mM
1,10-phe. Following a 90 min incubation at 30°C, one part of
the reaction was removed, and dialyzed for 12 h against the
nuclear extract buffer (Buffer D) (48) to remove the free 1,10-
phe from the splicing reaction. The reactions were removed
from the dialysis tube, a new set of splicing cofactors was
added (ATP, MgCl2 and creatine phosphate), and the reactions
were incubated for another 90 min. The addition of 6 mM
1,10-phe led to the accumulation of a splicing intermediate
paused after completion of the ®rst step of splicing (Fig. 6,

Figure 6. Removal of 1,10-phe restores the second step of splicing. A
radiolabeled Adeno transcript was incubated in nuclear extract under
standard splicing conditions in the absence (lanes 1 and 2) or presence
(lanes 3 and 4) of 6 mM 1,10-phe. Following 90 min at 30°C, the reactions
were dialyzed against the nuclear extract buffer (Buffer D) (48) for 12 h.
ATP, creatine phosphate and MgCl2 were then added, followed by
incubation for another 90 min at 30°C. RNA was puri®ed and separated in
8% denaturing gel.
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lane 3). The dialysis process and the re-incubation of the
splicing reaction restored the second step of splicing to the
reaction inhibited by 6 mM 1,10-phe (Fig. 6, lane 4). Also, a
250 molar excess of unlabeled Adeno (used as a competitor)
was added to the reaction inhibited by 6 mM 1,10-phe, which
eliminated re-assembly of new spliceosomal complexes on the
labeled Adeno following the dialysis (57). This restored the
second step of splicing to the same level as splicing incubated
without the competitor indicating that the dialysis removes the
1,10-phe from the spliceosomes paused before the second
step, thus restoring to these spliceosomes the second-step
activity (data not shown).

The restoration of splicing activity following inhibition by
6 mM 1,10-phe reduced the likelihood that free chelator,
remaining in the reaction after the dialysis, inhibited the
second step by interaction with the 3¢ end of the ®rst exon
following the ®rst step of splicing (the nucleophyl required
to attack the 3¢-splice site during the second step). The
double-distilled water used in this experiment contained
~10 p.p.b. zinc, which probably restored the required zinc to
the nuclear extract treated with 1,10-phe (Shamryahu
Blumberg, personal communication; 58). Most importantly,
this indicated that the inhibition can be reversed by a 12 h
dialysis, and served as further proof that the inhibition is due
neither to steric interference at the RNA's 5¢-splice site nor to
formation of a complex between the 3¢ end of the ®rst exon
and 1,10-phe following the ®rst step of splicing.

DISCUSSION

We have demonstrated the ®rst known effect of zinc chelation
on mRNA splicing: the addition of 6 mM of the zinc-speci®c
chelator 1,10-phe inhibits the second step of splicing, and
raising the concentration of 1,10-phe to 8 mM or higher blocks
both steps of splicing. The inhibition leads to accumulation of
spliceosomal complexes paused after completion of the ®rst
step of splicing. The add-back of zinc but not other divalent
cations from the beginning of the reaction reverses the
inhibition effect, and prolonged dialysis restores the second
step of splicing, indicating the speci®city of the inhibition to
the chelation of the zinc. These results suggest that chelation
of zinc with 1,10-phe either removes the zinc from the active
site of a metalloprotein(s) involved in the second step of
mRNA splicing, or leads to the formation of a complex with
the zinc still attached to the protein, which blocks the function
of the metalloprotein(s). The chelation of zinc might also
interfere with the structural integrity of a metalloprotein(s)
involved in the second step of mRNA splicing. A possible
candidate for the chelating effect is Slu7, which has a zinc-
knuckle motif near the N-terminal and is required for the
second step of mRNA splicing (21; ref. 38 for the human
homolog). However, we cannot rule out that the chelation
affects other proteins that are essential for the second step of
splicing, especially those in which the zinc-®nger or -knuckle
motif is involved in protein±nucleic acid or protein±protein
interactions. We also note that mutations in the yeast Slu7
zinc-knuckle motif caused only a moderate decrease in yeast
splicing (21) (see Note Added in Proof).

It is possible that 1,10-phe chelates the magnesium required
for the second step of mRNA splicing (56). However, since the
pKi of 1,10-phe for zinc is 6.36 and for magnesium is 1.2 (53),

1,10-phe will interact with magnesium only if the concentra-
tion of magnesium is >1 M. The magnesium concentration in
the splicing reaction is 2.4 mM. The high-binding constant to
magnesium, and the inability of magnesium to restore second
step of mRNA splicing in the add-back assay (Fig. 5B), argue
against the inhibition effect on the second step of mRNA
splicing by magnesium and for zinc. Caution must be
exercised in the use of af®nity constant values, as they are
for de®ned conditions, usually incubated with puri®ed
proteins rather than with extracts, and do not take into
consideration the formation of ternary complexes between
chelates and bimolecules (54).

We were surprised to ®nd that NC and BC, which are
commonly used as copper chelators (54,59), exerted a similar
effect on splicing inhibition as the zinc chelator (Fig. 4B). One
possible explanation is that NC and BC chelate zinc rather
than copper in the nuclear extract. Another explanation is that
NC and BC chelate copper from binding sites of other factors
not involved in the second-step inhibition. The stripping of
copper from proteins in the nuclear extract causes them to
become potential competitors for the zinc metals in the
reaction. As a result, a zinc-dependent metalloprotein
involved in the second step of splicing might be depleted of
its metal even if it does not involve a direct interaction with a
chelator (Nigel Robinson, personal communication). This
assumption remains to be tested, but could also account for the
irreversibility of the inhibition at high concentrations (10 mM
1,10-phe). In other words, zinc is removed from a metallo-
protein involved in the second step of splicing, other divalent
cations are free to interact with the protein, and its activity is
impaired. The zinc chelation assay can be used as a new
method to speci®cally and ef®ciently inhibit the second step of
mRNA splicing, which can subsequently be released by
prolonged dialysis.

Support for the notion that the inhibition is not due to the
formation of a 1,10-phe complex with the 3¢ end of the ®rst
exon or its intercalation into the RNA comes from a number of
our ®ndings: the release of the second-step inhibition follow-
ing dialysis (Fig. 6); the accumulation of a lariat intron in the
reactions in which the second step was inhibited; and the
inability of 1,7-phe and a strong cis-diol-forming reagent to
inhibit splicing (3-aminophenylboronic acid; data not shown).

It is intriguing that the inhibitory effect on the splicing
reaction commences at millimolar concentrations that are in
great excess of the spliceosomal component's concentration
(60), assuming that the 1,10-phe distribution in the nuclear
extract is homogenous. Nevertheless, this inhibition is rather
speci®c since it is reversible upon zinc addition and is carried
out within a range of concentrations similar to that used in
many other studies: e.g. the dialysis against 5 mM 1,10-phe for
50 h necessary to remove zinc ion from T7 RNA polymerase
(61), and the 5 mM 1,10-phe required to inhibit the mussel
matrix metalloproteinases (62±65). Similarly, the half-life for
the removal of zinc ion by 0.8 mM 1,10-phe is ~30 h for
Escherichia coli polymerase I (66). These reports support the
relatively high concentration required to exert splicing
inhibition reported here, especially at the moderately short
intervals used in our experiments.

The observation that on the one hand a concentration of
6 mM 1,10-phe is required to inhibit the second step, but on
the other that this block is rescued by the addition of 5 mM
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zinc, is intriguing. However, the reaction mixture is complex
with a substantial number of low-af®nity metal-binding sites.
The chelating agent scavenges from these ®rst. Only when
these are depleted does it remove metal from higher af®nity
sites on the metalloprotein(s) involved in the second step.
Conversely, the sites on the metalloprotein(s) will be the ®rst
to be repopulated when zinc is added back. Thus, a lot of
chelator is needed to be added to inactivate the second step,
but not much metal to restore activity. The Supplementary
Material describes the calculations carried out to semi-
quantify the concentration of zinc that binds the metallopro-
tein(s) with af®nity similar to the metalloprotein(s) required
for the second step of splicing. The solution to these
calculations, presented in Figure 7, indicates that the af®nity
of zinc to the metalloprotein(s) is 10 000 times stronger than
1,10-phe, and that 5±15 mM zinc can restore 90±100% binding
of the metalloprotein:zinc complex.

NOTE ADDED IN PROOF

While this manuscript was in press the following paper was
published indicating that single mutations in Slu7's
zinc-knuckle had no effect on cellular growth in yeast
(Shelley-Ann,J., Turner,W. and Schwer,B. (2002) RNA, 8,
1068±1077).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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