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ABSTRACT The first step in splicing of pre-mRNA in-
volves an intermediate lariat structure, in which a 2'-5' phos-
phodiester bond between the 5' terminal guanosine residue of
the intron and a specific adenosine residue near the 3' end of
the intron is formed. A mammalian enzyme that generates 2'-5'
phosphodiester bonds is (2'-5')oligoadenylate synthetase [(2'-
5')OASE]. Although the expression of this enzyme is induced
by interferon, low constitutive levels can be detected in un-
treated cells and tissues. The structural similarity between the
lariat branch point and the 2'-5' phosphodiester bond gener-
ated by (2'-5')OASE prompted the experiments described here
which suggest that this enzyme is involved in pre-mRNA
splicing. (i) We show that a (2'-5')OASE activity is associated
with 60S spliceosomes in an ATP- and RNA-dependent manner
and that it can be indirectly immunoprecipitated by anti-Sm
antibodies. (ii) Antibodies against (2'-5')OASE inhibit the
lariat formation in the first step of splicing when added directly
to a splicing reaction in vitro. (iii) HeLa cell nuclear extracts
immunodepleted of (2'-5')OASE activity were also deficient in
splicing activity.

Splicing of pre-mRNA occurs in a multicomponent ribonu-
cleoprotein (RNP) complex, designated the spliceosome, in
an apparent two-step mechanism. The first event is cleavage
at the 5' splice site with concomitant formation of a lariat
structure involving the intron and the 3' exon. In the second
step, the two exons are ligated and the intron is released in
a lariat form (for reviews, see refs. 1-3).

In the lariat configuration, the 5'-terminal guanosine resi-
due of the intron is covalently joined by a 2'-5' phosphodi-
ester bond to a specific and highly conserved adenosine
residue near the 3' end of the intron (1-3). The discovery of
several catalytically active RNA molecules, particularly
those involved in the self-splicing of group II introns, has led
to the hypothesis that mammalian nuclear pre-mRNA splic-
ing is also a reaction catalyzed by RNA (for review, see ref.
4). Nonetheless, no evidence has yet been provided to
support this proposal. On the other hand, no protein-
mediated catalytic activity has yet been implicated in splicing
of pre-mRNA. A mammalian enzyme that generates 2'-5'
phosphodiester bonds is (2'-5')oligoadenylate synthetase
[(2'-5')OASE] (5-7). The expression of (2'-5')OASE is en-
hanced in cells treated with interferon (IFN) (5, 8, 9);
however, low constitutive levels of the enzyme can be
detected in untreated cells and tissues (10, 11). The structural
similarity between the lariat branch point and the (2'-
5')oligoadenylate molecule, with respect to occurrence of a
2'-5' phosphodiester bond in both, raised the possibility that
a (2'-5')OASE activity is involved in pre-mRNA splicing.
Here we provide experimental evidence to support this
hypothesis.

MATERIALS AND METHODS
Antibodies. Anti-(2'-5')OASE antibodies used were as fol-

lows. Anti-peptide B antibody was elicited in rabbits against a
synthetic peptide (peptide B) that is common to the 40- and
46-kDa forms of (2'-5')OASE (12) but also recognizes the 69-
and 100-kDa forms of the enzyme in protein blots (12, 13).
Anti-peptide C antibody was elicited in rabbits by immuniza-
tion with a synthetic peptide (peptide C) derived from the
carboxyl terminus of the 40-kDa (2'-5')OASE species (12).
Antibodies to 2,2,7-trimethylguanosine (14) were provided by
R. Luhrmann (Institute fir Molekularbiologie und Tumorfor-
schung, Philipps Universitat, Marburg, F.R.G.). Human an-
ti-Sm autoantibodies were from a systemic lupus erythema-
tosus patient (L.B.; see ref. 15). Normal human antibodies
were from combined sera of 10 healthy individuals. Immuno-
globulin fractions of the immune or preimmune sera were
purified by chromatography on protein A-Sepharose (Phar-
macia).

(2'-5')OASE Activity. Assays in solution were carried out
in a total volume of 20 p.1 of 20 mM Hepes, pH 7.6/20 mM
Mg(OAc)2/2 mM ATP/2 ,uCi of [a-32P]ATP (1 Ci = 37
GBq)/1 mM dithiothreitol/10% (vol/vol) glycerol/poly(I-C)
(0.1 mg/ml). Reaction mixtures were incubated for 2 hr at
30°C and reactions were terminated by the addition of bac-
terial alkaline phosphatase (25 units/ml) and incubation for 30
min at 37°C. The (2'-5')adenylate oligomers were separated
by high-voltage paper electrophoresis at pH 3.5. The specific
activity of (2'-5')OASE was determined by measuring the
amount of [a-32P]ATP incorporated into adenylate oligomers
(dimers to hexamers) per 1 ,ug of total proteins and is ex-
pressed in pmol hr-1 ,ug-1.
For the analyses of immunoprecipitated (2'-5')OASE ac-

tivity, the washed Sepharose beads (see below) were resus-
pended in 20 ,ul of the above assay buffer containing poly(I-C)
(50 ,ug/ml) and incubated for 12 hr at 30°C. Analysis of
(2'-5')oligo(A) products was as described above.

Spliceosome Fractionation, Splicing, and RNA Analysis.
32P-labeled pSP64HIA6 (3-globin pre-mRNA (1.2 x 105 cpm;
3 ng) (16) was incubated under standard splicing conditions
(16) with 90 p1l of HeLa nuclear extract (17) in a total volume
of 150 ,ul for 75 min. The reaction mixture was then loaded on
a 5-ml 15-35% glycerol gradient (18) in 20 mM Hepes, pH
7.6/60 mM KCI/2 mM MgCl2 and centrifuged for 2 hr at
48,000 rpm (Beckman SW 50.1 rotor) and 4°C. The gradient
was collected in 20 fractions of 250 Il. RNA from 100 ,td of
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each fraction was prepared and analyzed by electrophoresis
on 10% polyacrylamide/7 M urea gel in 45 mM Tris borate,
pH 8.3/2 mM EDTA and autoradiography.

Indirect Immunoprecipitation of (2'-5')OASE Activity. Pre-
cipitation from HeLa nuclear extract (see Table 1). Each of
the indicated antisera (10 pkl) was incubated with 5 mg of
protein A-Sepharose in phosphate-buffered saline (PBS) con-
taining 3% (wt/vol) bovine serum albumin for 30 min at 40C
and antibody-coated beads were washed with 1% bovine
serum albumin in PBS. HeLa nuclear extract (10 ILI, 50 gg of
total proteins) that had been preincubated for 15 min at 370C
and complemented with 0.7 mM ATP/4.3 mM MgCl2/27 mM
creatine phosphate/1.7% (vol/vol) poly(vinyl alcohol) was
added to each antibody-coated bead preparation and incu-
bated for 12 hr at 40C. The beads were washed three times
with 1 ml of buffer A [20 mM Hepes, pH 7.5/5 mM
Mg(OAc)2/100 ,uM phenylmethylsulfonyl fluoride/i mM di-
thiothreitol/1 mM EDTA/10% glycerol] containing 50 mM
KCI and once with buffer A without KCl and assayed for
bound (2'-5')OASE activity as described above.

Precipitation from gradient-fractionated spliceosomes
(see Fig. 3). A 100-pA sample of each fraction was incubated
with 5 mg of protein A-Sepharose beads coated with anti-Sm
antiserum for 12 hr at 4°C. The beads were washed and
analyzed as described above.
Antibody Inhibition of Splicing. Splicing reaction mixtures,

in a total volume of 28.5 pl, contained 12 .il of HeLa nuclear
extract, 1.1% poly(vinyl alcohol), 0.5 mM ATP, 3.2 mM
MgCl2, 20 mM creatine phosphate, 25 units of RNasin
(Amersham), 0.5 ng (2 x 104 cpm) of 32P-labeled .3-globin
pre-mRNA, and 6 pA of 20 mM potassium/sodium phosphate
(pH 8.0) containing the indicated amounts of purified immu-
noglobulin fractions of antibodies against (2'-5')OASE or
preimmune rabbit serum. The mixtures were incubated for 30
min at 4°C and then for 60 min at 30°C, and RNA was
analyzed as describe'.
Immunodepletion of (2'-5')OASE. Protein A-Sepharose

beads were thoroughly washed with 20 mM Hepes, pH
7.9/500 mM NaCl, incubated for 4 hr at room temperature
with an equal bed volume of anti-peptide C antiserum or with
nonimmune rabbit serum as control, and washed five times as
above. The pelleted beads (packed bed volume, 150 pA) were
incubated for 1 hr with 100 plA of HeLa nuclear extract (17)
that had been adjusted to 0.42 M NaCl/KCI. The supernatant
was dialyzed at 4°C against four changes of buffer D (see ref.
17) and tested in a standard splicing reaction (16). Samples of
the depleted extracts were also analyzed for their (2'-
5')OASE activity as described.

RESULTS
A (2'-5')OASE Activity Is Constitutively Expressed in HeLa

Cells Nuclei. In accordance with previous reports (11-13), we
first show that non-IFN-treated HeLa cells express (2'-
5')OASE constitutively. The immunoblot analyses with the
anti-peptide B antibodies to (2'-5')OASE (Fig. 1) and direct
assays of the enzyme's activity show that the (2'-5')OASE
proteins (12, 13) and activity (19, 20) reside in both the
nuclear and cytoplasmic preparations of non-IFN-induced
HeLa cells. The immunoblots reveal the presence of (2'-
5')OASE species of 40 and 100 kDa in HeLa nuclear extracts
(lane 7) and in nuclear RNP extracts of HeLa nuclei enriched
with large nuclear RNP particles (21-23) (lane 5). Similar
amounts of the proteins are present in the corresponding
cytoplasmic fractions (lanes 4 and 6). Immunoblot analysis
with anti-peptide C antibodies to (2'-5')OASE gave similar
results-except that the signal of the 100-kDa species was
more predominant than that of the 40-kDa species (data not
shown). The in vitro liquid assays show that the various
extracts contain (2'-5')OASE activity. Notably, the splicing-
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FIG. 1. (2'-5')OASE is constitutively present in HeLa cell nu-
clear extracts. Total proteins of untreated HeLa nuclear extracts
(lanes N-) and of various cellular and cytoplasmic preparations of
IFN-induced and noninduced cells (lanes C+ and C-, respectively)
were separated on a 10o polyacrylamide gel containing SDS. Im-
munoblot analysis was performed with antibodies to (2'-5')OASE
diluted 1:100 (lanes 2-7) or with anti-Sm antiserum diluted 1:100
(lanes 8-10). Binding of antibodies was revealed with 1251-labeled
protein A and autoradiography. Lanes: 2 and 3, cellular extracts of
non-IFN-, and IFN-induced HeLa cells, respectively, prepared from
Nonidet P-40-treated cells as described (12) (10 ,ug of protein); 4 and
5, cytoplasmic and nuclear RNP fractions, respectively, ofnon-IFN-
induced HeLa cells prepared by Triton X-100 treatment and soni-
cation of nuclei as described (21, 22) (50 ,ug of protein); 6 and 7,
cytoplasmic (S100) and nuclear extract preparations, respectively, of
non-IFN-induced HeLa cells, prepared as described (50 Ag of
protein); 8, same as in lane 7 (30 jug of protein); 9 and 10, same as in
lanes 3 and 2, respectively (75 Zg of protein). The specific activity of
(2'-5')OASE in the preparations used in lanes 2-7 is expressed in
pmol per hr per ug of protein as follows. Lanes: 2, 1.7; 3, 1%; 4, 16;
5, 44; 6, 59; 7, 70. Molecular masses are to the left in kDa.

active nuclear extract of non-IFN-treated HeLa cells con-
tained a significant (2'-5')OASE activity (70 pmol hr-17l.g-1).

Fig. 1 also shows that the 40- and 100-kDa (2'-5')OASE
species are indeed induced by IFN (compare lanes 2 and 3;
prolonged exposure of lane 3 revealed also the 69-kDa
species in the IFN-induced cells). The amount of the 28- to
29-kDa Sm antigen did not change upon IFN induction (Fig.
1, lanes 9 and 10)-as expected for a protein that is not
induced by IFN.

Indirect Immunoprecipitation of (2'-5')OASE Activity by
Antibodies to Small Nuclear (sn) RNP Constituents. To test the
possibility that (2'-5')OASE is associated with nuclear com-
ponents that are involved in pre-mRNA splicing, we per-
formed immunoprecipitation experiments from HeLa nuclear
extract with anti-Sm antibodies that recognize common com-
ponents of the U snRNPs (for reviews, see refs. 24 and 25) and
antibodies to trimethylguanosine that recognize the unique cap
ofmost U snRNAs (for review, see ref. 14). Table 1 shows that
these antibodies immunoprecipitated 6-10%o of the total (2'-
5')OASE activity, and anti-(2'-5')OASE antibodies precip-
itated 20%o of that activity. In comparison, the controls of
normal human, and preimmune rabbit sera immunoprecipi-
tated only background levels of the (2'-5')OASE activity.

Immunoprecipitation of (2'-5')OASE by anti-Sm antibod-
ies was reduced to background levels when nuclear extracts
were RNase-treated prior to immunoprecipitation or when
the immunoprecipitates were treated with 0.5M KCl in buffer
A before the final wash with buffer A. In contrast, such
RNase and high salt treatments decreased by only -20%o the
precipitation of active (2'-5')OASE by the specific anti-
(2'-5')OASE antibodies. These observations indicate that a
fraction of (2'-5')OASE is associated with a complex con-
taining U snRNPs in the HeLa nuclear extract.

Proc. Natl. Acad. Sci. USA 88 (1991)
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Table 1. Immunoprecipitation of (2'-5')OASE

Precipitated (2'-5')OASE activity,
Antibody Treatment % of total

Anti-Sm 6.0*
Normal human 0.35*
Anti-m3G - 10.4*
Preimmune rabbit 1.7*
Anti-Sm RNase 0.3
Anti-Sm Salt <0.1
Anti-(2'-5')OASEt 22.6*

Nuclear extracts were treated prior to immunoprecipitation with
pancreatic RNase (1 ng/ml). The immunoprecipitate was treated
with 0.5 M KCI in buffer A before the final wash with buffer A (salt).
Total (2'-5')OASE activity in the nuclear extract was 70 pmol per hr
per ;g of protein. m3G, trimethylguanosine.
*Average of four experiments.
tAnti-peptide C.

Analysis of (2'-5')OASE Activity in the Spliceosome. Assays
for (2'-5')OASE activity in glycerol-gradient-fractionated
spliceosomes show that (2'-5')OASE is associated with a
RNP complex active in splicing. In a typical experiment (Fig.
2), a scaled-up in vitro splicing reaction mixture containing
,-globin pre-mRNA was subjected to fractionation in a
15-35% glycerol gradient. A peak of the spliceosomes at
about 60S, containing free exon 1 and the intron-exon 2 lariat
species, can be seen in Fig. 2A, centered around fractions
3-5. Direct liquid enzymatic assays revealed a peak of
(2'-5')OASE activity in the spliceosome fractions, constitut-
ing 17% of the total activity recovered in the gradient and
additional activity at the top of the gradient (Fig. 2B). In a
similar experiment omitting ATP (Fig. 2B) and in experiments
in the absence of the RNA substrate with, and without ATP
(Fig. 2C), the combined (2'-5')OASE activity sedimenting at
the spliceosome region is lower by a factor of 3-4 than that
sedimenting in the spliceosome peak of the experiment with
RNA substrate and ATP. The residual activity recovered in
the bottom fractions may be attributed to (i) trailing of the top
peaks, (ii) traces of endogenous ATP present in the nuclear
extract, or (iii) to residual levels of (2'-5')OASE associated
with spliceosomes assembled on endogenous pre-mRNA (26,
27). In any event, it can be concluded that the residence of the
major portion of the (2'-5')OASE activity in the peak sedi-
menting at the spliceosome region is correlated with the
assembly of an exogenous pre-mRNA into spliceosomes, in
a pre-mRNA- and ATP-dependent manner.
To demonstrate further the specific association of (2'-5')-

OASE activity with an active splicing complex, we compared
the efficiencies with which this activity was indirectly im-
munoprecipitated by anti-Sm antibodies from each fraction
across the glycerol gradient (Fig. 3). A peak of the spliceo-
some at about 60S can be seen in Fig. 3A centered around
fractions 5 and 6. Direct liquid enzymatic assay revealed, as
before, a peak of (2'-5')OASE activity cosedimenting with
spliceosomes at about 60S and another peak at the top of the
gradient (data not shown). In parallel, we assayed the (2'-
5')OASE activity that was indirectly immunoprecipitated
from each fraction by anti-Sm antibodies. This analysis
revealed again peaks of (2'-5')OASE activity (Fig. 3B): one at
about 60S, indicating association of (2'-5')OASE activity
with active spliceosomes, and another at the top of the
gradient where prespliceosomes, nonspecific complexes, and
free proteins migrate. A plot of the relative yield of immu-
noprecipitation (Fig. 3B; fraction 4 was taken as unity) shows
that the efficiency of immunoprecipitation from the spliceo-
some peak is significantly higher than that from the top peak.
Typically, 10-20% (21% in the example shown) of the activity
recovered in the 60S peak was immunoprecipitated by an-
ti-Sm antibodies, whereas only 2-4% (3.5% in the example
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FIG. 2. Activity of (2'-5')OASE cosediments with spliceosomes
in an ATP- and pre-mRNA-dependent fashion. (A) Distribution of
RNA species in glycerol-gradient-fractionated products from a stan-
dard in vitro splicing reaction. Structures of the pre-mRNA, splicing
intermediates, and products are indicated (boxes 1 and 2, exons 1 and
2, respectively; line, the intron; looped line, the lariat structure). (B
and C) Distribution of (2'-5')OASE activity in the presence (e) or
absence (o) of ATP in fractionated nuclear extracts incubated under
splicing reaction conditions with (B) or without (C) added pre-
mRNA. (2'-5')OASE activity is expressed in pmol of [a-32P]ATP
incorporated into (2'-5')oligo(A).

shown) of the activity recovered in the top peak was precip-
itated by the same antibodies. The significantly higher activ-
ity precipitated from the 50-60S region of the gradient
indicates that one, or more, of the (2'-5')OASE species is
specifically associated with spliceosomes.

Protein blot analyses, using anti-(2'-5')OASE antibodies as
a probe, revealed the predominant presence in the spliceo-
some fractions of a 100-kDa (2'-5')OASE species (Fig. 3C).
While fractions at the top of the gradient contained both the
100- and the 40-kDa species in relative quantities similar to
those present in the nuclear extract (see Fig. 1, lane 7), the
40-kDa protein was not detected in the spliceosome frac-
tions-even after prolonged exposure of the autoradiogram.
When we assayed for the enzymatic activity in the presence
of poly(I-C) (0.1 ,ug/ml)-conditions in which the 40- and
69-kDa (2'-5')OASE are inactive while the 100-kDa enzyme
retains its activity (12, 29)-the integrated activity sediment-
ing at the spliceosome region did not change, while the
activity of the top fractions was reduced to about 35% of its
initial level. Thus these results suggest that the (2'-5')OASE
activity found associated with the spliceosome fractions
might be attributed to the 100-kDa polypeptide. However, the
possibility that other (2'-5')OASE species, whose quantity in

Biochemistry: Sperling et al.
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FIG. 3. Activity of (2'-5')OASE is immunoprecipitated by anti-Sm
antibodies from the active spliceosome region of glycerol-gradient-
fractionated products from a splicing reaction. Splicing and sedimen-
tation were carried out as described, using HeLa nuclear extract that
had been treated for 10 min at 450C to inhibit the cleavage at the 3'
splice site and exon ligation (28). (A) Distribution ofRNA species. The
RNA in each gradient fraction was analyzed by gel electrophoresis and
autoradiography. (B) Relative efficiency of immunoprecipitation of
(2'-5')OASE activity by anti-Sm antibodies. A sample from each
fraction was immunoprecipitated with anti-Sm antibodies and the
bound (2'-5')OASE activity was assayed as described (0). In parallel,
the distribution of (2'-5')OASE activity was assayed directly in 5 pl
taken from each fraction (data not shown). The calculated relative
efficiency of immunoprecipitation is plotted assuming that of fraction
4 (11.3%) as unity (o). (C) Distribution of (2'-5')OASE polypeptides
as revealed by immunoblot analysis. Products from a standard splicing
reaction were fractionated by sedimentation in a glycerol gradient as
described above. A 100-idl sample from each fraction was precipitated
in 1o (wt/vol) trichloroacetic acid and analyzed by gel electropho-
resis and on an immunoblot using anti-peptide B antibodies and
125I-labeled protein A as probes. Similar results, demonstrating over-
lapping peaks of spliceosomes, (2'-5')OASE activity, and 100-kDa
polypeptide, were obtained also by using extracts that had been
treated at 450C.

these fractions is below the detection limit of the antibody,
bear the (2'-5') synthetase activity, cannot be fully excluded.

Anti-(2'-5')OASE Antibodies Inhibit Splicing in Vitro. Evi-
dence for the involvement of (2'-5')OASE activity in splicing
is provided by demonstrating the inhibition of splicing in vitro
by direct addition of two specific antibodies to (2'-5')OASE
(Fig. 4). Anti-peptide B immunoglobulin at 1.8, 3.6, and 5.4
,4g per reaction mixture partially inhibited the formation of
free exon 1 and the intron-exon 2 lariat (Fig. 4, lanes 1-3
compared to lane 9), whereas addition of 5.4 ug of heat-
inactivated antibody did not affect the reaction (Fig. 4, lane
4 compared to lane 9). Anti-peptide C partially inhibited the
splicing reaction at 0.7 Aug (Fig. 4, lane 5) and completely
inhibited it at 1.4 and 2.8 pug (Fig. 4, lanes 6 and 7). Again,
heat-inactivated antibody had no effect on splicing (Fig. 4,
lane 8). As a control we show that preimmune rabbit immu-
noglobulin, either native or denatured, did not affect the
splicing reaction (Fig. 4, lanes 10 and 11, respectively).
HeLa Nuclear Extracts Immunodepleted of (2'-5')OASE Are

Deficient in Splicing Activity. The requirement for splicing of

FIG. 4. Inhibition of splicing in vitro by antibodies against
(2'-5')OASE. RNA from splicing reactions carried out in the pres-
ence of the indicated amounts of antibodies was analyzed by gel
electrophoresis and autoradiography as described. Lanes: 1-3, in-
cubation with 1.8, 3.6, or 5.4 ,ug, respectively, ofthe immunoglobulin
fraction of anti-peptide B antibodies; 4, incubation with 5.4 ,.g of the
heat-denatured immunoglobulin; 5-7, incubation with 0.7, 1.4, or 2.8
,tg, respectively, of the immunoglobulin fraction of anti-peptide C
antibodies; 8, incubation with 2.8 j.g of the heat-denatured anti-
peptide C immunoglobulin; 9, no antibody added; 10 and 11, incu-
bation with 60 jyg of the respective native or heat-denatured immu-
noglobulin of preimmune rabbit serum (NRS); 12, pSP64HPI6 RNA
transcript linearized with BamHI; 13, pSP64H,8A6-IVS RNA tran-
script linearized with BamHI.

(2'-5')OASE was also demonstrated by immunodepletion
experiments. HeLa nuclear extract was incubated under
dissociating conditions (30) with protein A-Sepharose beads
coated with anti-(2'-5')OASE antibodies (anti-peptide C) or
with nonimmune rabbit serum and analyzed in a splicing
reaction. Fig. 5 shows that the splicing activity of untreated
extract (lane 1) was completely depleted after treatment with
immobilized anti-(2'-5')OASE antibodies (lane 2) as neither
the free exon 1 nor the intron-exon 2 lariat accumulated. As
a control we show that an extract mock-depleted by nonim-
mune rabbit serum retained its splicing activity (lane 3). The
splicing activity of an extract immunodepleted by using 1:3
diluted antibody-bound beads was partially depleted (lane 4).
Yet, the remaining activity was significantly lower than that

2 3 45

FIG. 5. Immunodepletion of splicing activity by immobilized
anti-(2'-5')OASE antibodies. RNA from splicing reactions carried
out with extracts that had been treated with serum-coated protein
A-Sepharose was analyzed by gel electrophoresis and autoradiog-
raphy. Lanes: 1, standard splicing reaction mixture with untreated
extract; 2, extract treated with immobilized anti-(2'-5')OASE anti-
bodies; 3, extract treated with immobilized nonimmune rabbit serum;
4, same as in lane 2 but decreasing by 3-fold the concentration of the
antibody-bound beads; 5, same as in lane 4 but decreasing by 3-fold
the concentration of beads coated with nonimmune rabbit serum.

A I -

.H'-2! -

2|F -
:.- I

6C: ;;
.. ..

&D;{,j;_-A

Proc. Natl. Acad. Sci. USA 88 (1991)

a. Hi i . o



Proc. Natl. Acad. Sci. USA 88 (1991) 10381

of an extract mock-depleted under the same conditions (lane
5). Results similar to those shown in Fig. 5 were obtained in
four experiments. In the partial-depletion experiment re-
ported here, the synthetase activity of the mock-depleted
extract remained practically unchanged (84 pmol per hr per
,ug of protein) whereas that of the antibody-depleted extract
was reduced to about 50o (39 pmol per hr per pug of protein).
This immunodepletion was accompanied by binding to the
antibody-coated beads of(2'-5')OASE activity and of 40- and
100-kDa polypeptides, as revealed by immunoblot analysis
with anti-peptide B antibodies. In the control experiments,
neither synthetase activity nor any of the above polypeptides
were bound to the beads coated by the nonimmune serum.

DISCUSSION
In the studies reported here we have demonstrated that a
fraction of the constitutive (2'-5')OASE activity present in
HeLa cell nuclei is associated with spliceosomes. This as-
sociation appears to be functional in pre-mRNA splicing as
inferred from two observations. (i) Splicing in vitro was
inhibited in the presence of anti-(2'-5')OASE antibodies. (it)
Nuclear extracts immunodepleted of their (2'-5')OASE ac-
tivity were also deficient in splicing activity.
Although a protein-mediated enzymatic activity has not yet

been implied in splicing of pre-mRNA, our results are not
completely unexpected. Ruskin and Green (31) have reported
that a 2'-5' phosphodiesterase activity in HeLa cells converts
RNA lariats into linear RNA molecules by specific cleavage
at the branch point. This debranching may represent the
backward reaction of lariat formation that would involve
synthesis of a 2'-5' phosphodiester bond by (2'-5')OASE. In
support of this supposition it should be pointed out that,
unlike most nucleic acid polymerases, (2'-5')OASE forms
(2'-5')oligomers of ATP in a distributive rather than a pro-
cessive manner (6, 7). Also, the enzyme can link ATP with
other nucleotides through 2'-5' bonds-GTP being the most
efficient donor for these reactions (6). The latter reaction
indicated an obligatory requirement for ATP or an oligoad-
enylate primer for the incorporation of guanosine, thus
strongly suggesting that only an adenylate moiety can fit the
acceptor site of the enzyme. This is consistent with reports
indicating that an adenylate moiety is the predominant ac-
ceptor at the branched RNA structures found in nuclearRNA
in vivo (32) and in vitro (1-3) and that a guanylate moiety is
most often at the donor site.

Cells treated with IFN express several polypeptides that
have (2'-5')OASE activity (12, 33). Interestingly, however,
the activity of the 100-kDa form was detected in the absence
of IFN treatment in all the cell lines tested (13). This
observation is consistent with our results that suggest that the
activity responsible for the 2'-5' phosphodiester bond for-
mation in the first step of the splicing reaction may reside in
this polypeptide. In any event, the alteration of the (2'-
5')OASE specificity from a 2'-5' ATP polymerase to a
(2'-5')A-G ligase may be attributed to interactions with other
proteins or RNA molecules in the multicomponent splicing
complex-the U snRNPs being possible candidates for such
interactions.

This study indicates that a protein enzyme is involved in
the splicing of RNA polymerase II transcripts. More direct
support for this supposition should be provided when splicing
systems containing purified and characterized splicing fac-
tors are available.
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