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Lariat RNA’s as Intermediates and
Products in the Splicing of Messenger

RNA Precursors

Richard A. Padgett, Maria M. Konarska, Paula J. Grabowski
Steven F. Hardy, Phillip A. Sharp

Elucidation of the mechanism of splic-
ing of messenger RNA (mRNA) precur-
sors has become possible with the recent
development of in vitro systems that
process exogenously added RNA sub-
strates (/-3). This has led to a systematic
exploration of the substrate and cofactor
requirements, as well as of the interme-
diates and products of the splicing pro-
cess.

action (Table 1). We demonstrated by
hybridization and direct sequence analy-
sis that the potential intermediate, IVS-
L2(A) RNA, resulted from cleavage at
the 5’ splice site of precursor RNA. The
migration of IVS-L2(A) RNA on poly-
acrylamide gels of different porosity was
aberrant relative to the migration of lin-
ear molecular size standards, an indica-
tion of an unusual topological structure

Abstract. The splicing of messenger RNA precursors in vitro proceeds through an
intermediate that has the 5' end of the intervening sequence joined to a site near the
3’ splice site. This lariat structure, which has been characterized for an adenovirus 2
major late transcript, has a branch point, with 2'-5' and 3'-5' phosphodiester bonds
emanating from a single adenosine residue. The excised intervening sequence
retains the branch site and terminates in a guanosine residue with a 3' hydroxyl
group. The phosphate group at the splice junction between the two exons originates

from the 3’ splice site at the precursor.

In earlier work, we used a precursor
RNA derived from the major late tran-
scription unit of adenovirus 2 and a
whole cell extract of uninfected Hela
cells to show that splicing requires Mg?*
and ATP (/) and that the reaction is
inhibited by antisera that recognize small
nuclear ribonucleoprotein particles con-
taining Ul RNA (4). Splicing of substrate
RNA in our system depends on recogni-
tion of a 5’ cap structure since, for
example, the addition of cap analogs
inhibits the reaction (5).

Two RNA species with an unusual
structure have been isolated from the
reaction and characterized (6). One of
these species, IVS(A), is the excised
intervening sequence that accumulates
in molar yield with the spliced product.
The other RNA species, IVS-L2(A), is a
probable intermediate in the splicing re-

(Table 1). IVS-L2(A) RNA also con-
tained a modification of an oligonucleo-
tide (46) produced by ribonuclease T,
digestion and located within the inter-
vening sequence near the 3’ splice site
(Fig. 1A). The excised intervening se-
quence, IVS(A) RNA, shared the unusu-
al electrophoretic behavior and modifi-
cation of oligonucleotide 46 with the
intermediate, IVS-L2(A) RNA. In a two-
dimensional electrophoretic and chro-
matographic analysis (fingerprinting),
the 3’ terminal oligonucleotide (48) pro-
duced by ribonuclease T; digestion of
IVS(A) RNA migrated to a location dif-
ferent from that of the equivalent oligo-
nucleotide from the precursor RNA.
Limited ribonuclease digestion of
IVS(A) RNA resulted in the conversion
of this species to a discrete faster migrat-
ing form, suggesting that a significant
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portion of the RNA molecule was circu-
lar. We interpreted these results as evi-
dence of a lariat RNA; that is, a tailed
circular structure containing an RNA
branch point.

We now provide further evidence for
the branched lariat structure. Specifical-
ly we show (i) that the excised interven-
irig sequence has a 3’ terminal hydroxyl
group; (i) that both IVS(A) and IVS-
L2(A) RNA’s contain an unusual nucle-
ase-resistant product that appears to
have a branched trinucleotide structure
containing both a 2’-5" and a 3'-5" phos-
phodiester bond emanating from a single
adenosine residue; (iii) that the branch is
formed by joining the 5’ end of the
intervening sequence to a position near
the 3’ splice site; and (iv) that the phos-
phate group in the newly formed 3'-5'
phosphodiester bond in the spliced RNA
is derived from the 3’ splice site.

Intervening Sequence Terminates in

Guanosine 3’ Hydroxyl Group

In a two-dimensional fingerprint anal-
ysis of ribonuclease T; oligonucleotides
from IVS(A) and IVS-L2(A) RNA’s (6),
the migration of oligonucleotides 46 and
48, the two ribonuclease T; products
from the intervening sequence adjacent
to the 3’ splice site (see Fig. 1A), was
different from that in digests of precursor
RNA. Both of these large oligonucleo-
tides can also be readily resolved by
polyacrylamide gel electrophoresis. Oli-
gonucleotides 46 and 48 are two of the
three most slowly migrating RNA’s re-
leased after digestion of precursor RNA
with ribonuclease T; (lane 1 in Fig. 1B).
A similar digest of IVS(A) RNA (lane 3
in Fig. 1B) yielded more slowly migrat-
ing forms of oligonucleotides 46 and 48,
denoted 46’ and 48’, respectively. Diges-
tion of IVS-L2(A) RNA by ribonuclease
T, (lane 2 in Fig. 1B) yielded a normal
oligonucleotide 48 and a modified form
of oligonucleotide 46 that comigrated
with the corresponding species from
IVS(A) RNA. Thus oligonucleotide 46 is
probably identically modified in both
RNA'’s, whereas oligonucleotide 48 has a
different structure from that of the pre-
cursor only in IVS(A) RNA.

Oligonucleotide 48 is generated by ri-
bonuclease T, cleavage at the G (guano-
sine) residue at the 3’ splice site (Fig.
1A). The slower migration of oligonucle-
otide 48’ from IVS(A) RNA could be
caused by excision of the intervening
sequence in a form lacking the 3’ termi-
nal phosphate. To test this possibility,
we treated the ribonuclease T products
of precursor, IVS(A), and IVS-L2(A)
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RNA’s with phosphatase to remove 3’
terminal phosphate moieties and ana-
lyzed them by electrophoresis in a poly-

Table 1. Properties of RNA’s produced by the in vitro splicing reaction. Intermediates and
splicing products contain subsets of the sequences in precursor RNA. L1 is the first leader
exon, IVS-1 is the first intervening sequence, L2 is the second leader exon, and IVS-2 is a
portion of the second intervening sequence. The sequence of the RNA is shown in Fig. 1A.

acrylamide gel (Fig. 1C). After phospha-
tase treatment, oligonucleotide 48 from

Apparent
molecular size*

the precursor RNA (lane 2 .in Fig. 1C) (nucleotides) I\:l%‘;ffd
comigrated with oligonucleotide 48’ from RNA PR Nucleo- S et Seaei
IVS(A) RNA (lane 3). This is consistent . tides : A4 oligonu-
with the above hypothesis. Furthermore, s:;t g:rrn cleotides
phosphatase treatment of oligonucleo- gel gel
tide 48’ from IVS(A) RNA did not shift B ¢ S50 150 N
th bilit . : : . Precursor L1¢1IVS-1 ¢ L2 ¢ IVS- 37 one
it Ogttﬁ's Spﬁc'es.bwmlelalte";g IVS-L2A)  IVS-10L201VS2 331 300" 7 1800 e

e mobility of the other ri onuclease T, jyga) IVS-1 231 270 900 46, 48+
products (lane 4 in Fig. 1C). This further  1-2(A) L1 o L2 ¢ IVS-2 141 140 150 None

suggests that the 3’ terminal G of IVS(A)
RNA did not have a phosphate moiety.  yrea.
In total, these results strongly indicate
that processing at the 3’ splice site fol-
lows the ‘‘Chambon rule’’ (7) of cleavage A

after the AG dinucleotide (A, adenosine) 7m
and that the terminal G residue has a 3' 1>
hydroxyl group. 47

GpppACUCUCUUCCG CAUCG CUG UCUG CG AG G G CCAG CUG UUG G G :

*Relative to single-stranded DNA markers in polyacrylamide gels of the indicated percentage containing 8M
tOligonucleotide 48 from IVS(A) RNA lacks a 3’ phosphate and hence migrates differently from the
analogous ribonuclease T; product from precursor RNA.

G UG
<L1 IVS-1>

AG UACUCCCUCUCAAAAG CG G G CAUG ACUUCUG CG CUAAG AUUG UCAG

Origin of the Phosphate at the

Splice Junction

UUUCCAAAAACG AG G AG G AUUUG AUAUUCACCUG G CCCG CG G UG AUG ccuuUG

AG G G UG G CCG CG UCCAUCUG G UCAG AAAAG ACAAUCUUUUUG UUG UCAAG

The particular phosphate bond formed
during splicing of the L1 and L2 exons
cannot be simply identified by compari-
son of the sequences of precursor and
product because of the presence of a G
residue before both splice sites (see Fig.
2A). However, the above finding that the

46

AACG :
<L2 TVS=2>

Fig. 1. (A) Sequence of the precursor RNA
transcribed from the adenovirus 2 major late promoter. The sequence
is separated into the various ribonuclease T, oligonucleotides. L1 is
the first leader exon, IVS-1 is a deleted form of the first intervening
sequence (6), L2 is the second leader exon, and IVS-2 is a portion of
the second intervening sequence. The splice sites are denoted by the
colons. The ribonuclease T, oligonucleotides referred to in the text
are numbered. The conserved sequence found in yeast mRNA introns
(19) is shown below oligonucleotide 46. (B) Separation by electropho-
resis on a 15 percent polyacrylamide gel of the ribonuclease T,
digestion products of (lane 1) precursor RNA; (lane 2) IVS-L2(A)
RNA; and (lane 3) IVS(A) RNA. The oligonucleotides and their
variants referred to in the text are indicated. (C) Separation of
ribonuclease T, digestion products before or after treatment with
bacterial alkaline phosphatase (BAP) to remove 3’ terminal phos-
phates. (Lane 1) Precursor RNA digested with ribonuclease T; (lane
2) precursor RNA digested with ribonuclease T, followed by BAP;
(lane 3) IVS(A) RNA digested with ribonuclease T,; (lane 4) IVS(A)
RNA digested with ribonuclease T, followed by BAP; (lane 5) IVS-
L2(A) RNA digested with ribonuclease T;; (lane 6) 1VS-L2(A) RNA
digested with ribonuclease T, followed by BAP; (lane 7) precursor
RNA digested with ribonuclease T, followed by BAP; (lane 8)
precursor RNA digested with ribonuclease T,;. Methods: Precursor
RNA was transcribed from pIVS-1 DNA cleaved with Bgl I ina HeLa
whole cell extract in the presence of [a-**P]JUTP and purified by
preparative polyacrylamide gel electrophoresis. The RNA was spliced
by incubation in HeLa whole cell extract, and the resulting IVS-
L2(A), IVS(A), and unspliced precursor RNA’s were purified by
preparative polyacrylamide gel electrophoresis (6). The purified
RNA’s were digested with 1 unit of ribonuclease T, in 20 pl of 10 mM
tris (pH 7.5) and 1 mM EDTA for 4 hours at 37°C. The digests were
loaded onto a 15 percent polyacrylamide, 8M urea gel in 90 mM tris-
borate (pH 8.3) and 1 mM EDTA. For phosphatase treatment, the
ribonuclease T,—digested RNA was treated with 0.008 unit of bacteri-
al alkaline phosphatase for 30 minutes at 55°C in the presence of 0.1
percent sodium dodecyl sulfate.

31 AUGUST 1984

AUG UCAUACUUAUCCUG UCCCUUUUUUUUCCACAG
(UACUAACA)

CUUG CUG CACG UCUAG G G CG CAG UAG UCAAG G G UUUCCUUG AUG

48
: CUCG CG G UUG AG G
<INS+1 L2>

ACAAACUCUUCG CG G UCUUUCCAG UACUCUUG G AUCG G AAACCCG UCG G ccucce

G UAAG AG CCUAG CAUG UAG AACUG G UUG ACG G CCUG G U

B (o}
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48 —
47 —
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excised intervening sequence terminates
in a G residue indicates that the phos-
phodiester bond formed during splicing
is the -GpC- (C, cytidine) at the bound-
ary of the two exons (see Fig. 2A). This
newly formed phosphodiester bond is
contained in the unique ribonuclease A
oligonucleotide GpGpGpCp (* denotes
the phosphate group at the junction).
As shown in Fig. 2A, if the splicing of
[a-*?P]CTP (CTP, cytidine triphosphate)
labeled precursor RNA vyields radioac-
tivity in this ribonuclease A oligonucleo-
tide, then the junction phosphate linking
the two exons must have been retained
from the a-phosphate on the C residue at
the 3’ splice site. Figure 2, B and C,
shows the fingerprint analysis of ribonu-
clease A digestions of [a-*’P]JCTP-la-
beled L1 and L2 RNA’s, and LI1-2
spliced RNA, respectively. Clearly, the
junction oligonucleotide GpGpGpCp
(indicated by the arrow in Fig. 2C) is
labeled in the two-dimensional analysis
of L1-2 RNA but is absent from the
mixture of L1 and L2 RNA’s. Thus,
the phosphate moiety in the bond joining
the two exons originated from the a

position of C of the L2 exon. This con-
clusion is consistent with the presence of
a 3'-terminal hydroxyl group on the ex-
cised intervening sequence, IVS(A)
RNA.

IVS(A) and IVS-L2(A) RNA’s

Contain a Branched Structure

We suggested earlier (6) that both
IVS(A) and IVS-L2(A) RNA’s contained
a branched RNA structyre similar to that
described by Wallace and Edmonds (8).
When ribonuclease T, digests of uni-
formly 3*P-labeled precursor, IVS-L2(A)
and IVS(A) RNA’s were resolved by
two-dimensional thin-layer chromatogra-
phy, a novel oligonucleotide species was
observed in both IVS-L2(A) and IVS(A)
RNA'’s (Fig. 3, A and B, respectively).
Digestion of IVS(A) and IVS-L2(A)
RNA'’s with nuclease P, also produced a
novel oligonucleotide species that mi-
grated more slowly than the nucleoside
monophosphates. The ribonuclease T>—
and nuclease P,-resistant products were
eluted from the cellulose plates and fur-

Fig. 2. (A) Strategy A 5' Splice site 3" Splice site
for the determination *
of the origin of the Ll ...UpGpGpG[p]GpUpApG... IVS-1 ...ApCpApG[p]CpUpCpG... L2
phosphate group at
the splice junction.
The top line shows *
L1-2 ...UpGpGpG[p]CpUpCpG---~

the sequences at the
5’ and 3’ splice sites,
with the splice sites
denoted by the bracketed phosphates. The
phosphate group at the 3’ splice site that is
labeled by [a-*°P]CTP is marked with an
asterisk. The middle line shows the sequence
of the spliced L1-2 RNA at the splice junc-
tion. The bracketed phosphate group is the
newly formed 3'-5' phosphodiester bond. The
last line shows the unique oligonucleotide
released by digestion of the spliced L1-2 RNA
with ribonuclease A, which cleaves after py-
rimidine residues. This oligonucleotide will be
labeled in spliced RNA from [a-**P]CTP la-
beled precursor RNA only if the phosphate
group at the 3' splice site is retained in the
splice junction. (B) Two-dimensional finger-
print analysis of the ribonuclease A digestion
products of a mixture of purified L1 and L2
exons labeled with [a-*?P]CTP. (C) Two-di-
mensional fingerprint analysis of the ribonu-
clease A digestion products of spliced L.1-2
RNA labeled with [a-*P]JCTP. The arrow
shows the position of GpGpGpCp. Methods:
RNA was transcribed in the presence of [a-
2P]CTP from Bam Hl-cleaved pAd2 Bal IE
DNA and spliced in a coupled reaction (23).
The RNA was extracted and hybridized to an
MI13 complementary DNA recombinant (M13
pJAW43) containing the L1 and L2 exons in
their spliced configuration. The hybrids were
digested with ribonuclease T, to produce pro-
tected L1 and L2 exons from unspliced RNA
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and protected L1-2 spliced RNA. These RNA’s were released from the DNA and separated by
preparative polyacrylamide gel electrophoresis (23). The purified spliced L1-2 RNA and a
mixture of unspliced L1 and L2 exons were digested with 0.6 pg of ribonuclease A for 1 hour at
37°C. The oligonucleotides were separated in two dimensions by electrophoresis at pH 3.5
followed by homochromatography on DEAE cellulose plates (24, 25).

ther analyzed by DEAE-thin-layer chro-
matography to determine their net
charges (Fig. 4A). The ribonuclease T,
product (lane 3) had a net charge of —6
as predicted for a branched structure
containing two phosphodiester bonds
and two 3’ phosphomonoesters (Fig.
4A). The net charge on the nuclease P,
product (lane 4) was —4 as predicted for
the 5’ phosphate containing structure
(Fig. 4A). All of the phosphates con-
tained in these structures participate in
phosphodiester bonds in the intact RNA
molecule, as no change in the nuclease-
resistant products is seen when the RNA
is treated with bacterial alkaline phos-
phatase before nuclease digestion. The
fact that the ribonuclease T, and nucle-
ase P, products have different net
charges is strong evidence for a structure
with a different number of 3' ends as
compared to 5’ ends—hence a branched
structure.

To further establish that the nuclease-
resistant product is a branched trinucleo-
tide, we treated the nuclease P\-resistant
product with sodium periodate and then
with aniline to remove the 2' and 3’
nucleosides by B-elimination. This
should yield a 2’,3',5' nucleoside tri-
phosphate. The products of such a reac-
tion were analyzed by two-dimensional
thin-layer chromatography in the pres-
ence of unlabeled markers (Fig. 4B). The
labeled species comigrated with the
2',3',5' adenosine triphosphate marker
(9) (obtained from U. L. RajBhandary).
The chromatography system used can
discriminate between nucleotides phos-
phorylated on the 2’ versus the 3’ posi-
tion (/0). This system will also distin-
guish 2',3',5' nucleoside triphosphates
containing different bases, and thus the
nuclease P,-resistant product is a
branched trinucleotide with an A residue
at the base of the branch.

Both two-dimensional fingerprint (6)
and one-dimensional gel electrophoretic
analyses of ribonuclease T, digests indi-
cated that oligonucleotide 46’ of IVS(A)
RNA was modified as compared to the
equivalent oligonucleotide in precursor
RNA (see Fig. 1B). Secondary ribonu-
clease T, digestion of purified oligonu-
cleotide 46’ from IVS(A) RNA released
the branched oligonucleotide in antici-
pated amounts as shown in Fig. 3C. In
parallel control experiments, secondary
ribonuclease T, digestion of other large
oligonucleotides from IVS(A) RNA and
oligonucleotide 46 from precursor RNA
produced only the expected nucleoside
monophosphates. Oligonucleotide 46
contains sequences from —19 to —32
nucleotides from the 3’ splice site, and
thus the branched structure must lie
within these limits.



The 5’ End of the Intervening Sequence
Is Linked to Oligonucleotide 46

Limited ribonuclease digestion
showed that a significant portion of the
IVS(A) RNA molecule has a circular
topology (6). As concluded above,
IVS(A) RNA also has a free 3' terminus
and contains a branched structure.
Therefore, it is reasonable to postulate
that the 5’ end of the intervening se-
quence is joined by a 2'-5' phosphodies-
ter bond to a nucleotide within oligonu-
cleotide 46’ to produce a lariat type of
structure. Furthermore, since IVS-
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L2(A) and IVS(A) RNA’s (i) both con-
tain the same branched structure in oli-
gonucleotide 46, (ii) both show unusual
electrophoretic mobilities, and (iii) both
lack the L1 exon, it is probable that both
RNA'’s have a lariat structure differing
only in the length of the 3’ tail. To test
whether oligonucleotide 46’ was joined
to the 5’ end of the intervening sequence,
we hybridized IVS-L2(A) and IVS(A)
RNA'’s to a single-stranded M13 recom-
binant (XH11) that was complementary
to sequences in the L1 exon and 151
nucleotides at the 5’ end of the interven-
ing sequence (Fig. SA). The hybrids

B
Ap
'Cp
X
1
t
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were then treated with ribonuclease T,
to degrade single-stranded RNA. The
protected RNA was released from the
hybrid, gel-purified, and digested to
completion with ribonuclease T,. The
products of the final ribonuclease T,
digestion were resolved on a polyacryl-
amide gel and assayed for the retention
of oligonucleotide 46’. The M13 DNA
should protect from ribonuclease T, di-
gestion the 5’ end of the intervening
sequence and any RNA linked to it in a
ribonuclease Tj-resistant bond (Fig.
5A). If the lariat model is correct, oligo-
nucleotide 46’ from the 3’ part of the

C
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u
Gp 09

1
t

—2

Fig. 3. Two-dimensional thin-layer chromatographic analysis of ribonuclease T, digestions of (A) IVS(A) RNA; (B) IVS-L2(A) RNA; (C)
ribonuclease T, oligonucleotide 46’ from IVS(A) RNA. The positions of the nucleoside 3' monophosphates and the ribonuclease T,-resistant
structure (X) are marked. Methods: IVS(A) and IVS-L2(A) RNAs labeled with all four a-**P nucleoside triphosphates were prepared as in Fig. 1.
Oligonucleotide 46’ was eluted with 1M triethanolamine bicarbonate from a two-dimensional fingerprint of ribonuclease T,~digested IVS(A)
RNA. The RNA’s were digested with 1 unit of ribonuclease T, for 16 hours at 37°C in 20 ul of 20 mM ammonium acetate (pH 4.5) and separated
on cellulose plates in a mixture of isobutyric acid, concentrated NH,OH, and H,O (45:3:30) in the first dimension and -butyl alcohol,
concentrated HCI, and H,O (70:15:15) in the second dimension (24).
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Fig. 4. (A) Determination of the net charge of
ribonuclease T,— and nuclease P,-resistant
products from IVS(A) RNA. To control for
the effects of base composition on migration,
two sets of charge markers were prepared.
(Lane 1) Ribonuclease A digestion of uniform-
ly labeled precursor RNA; (lane 2) a ribonu-
clease T, digestion of uniformly labeled pre-
cursor RNA: (lane 3) the ribonuclease T,—
resistant product eluted from a two-dimen-
sional thin-layer chromatography plate devel-
oped as described in Fig. 3; (lane 4) the
nuclease P,-resistant product eluted from a
two-dimensional thin-layer chromatography
plate developed as described in Fig. 3. (B)
Two-dimensional chromatography of B-elimi-
nated nuclease P,-resistant product. The po-
sitions of the unlabeled markers are indicated.
2'.5'-Adenosine diphosphate, 3'.5' -adenosine
diphosphate, and 2',3',5'-adenosine triphos-
phate markers (9) were obtained from U. L.

RajBhandary. The structure of the adenosine triphosphate marker was confirmed by charge
analysis and analysis of partial phosphatase digestion products. Methods: IVS(A) RNA labeled
with all four o-**P nucleoside triphosphates was prepared as described in Fig. | and digested with
ribonuclease T, as described in Fig. 3 or with 1 pg of nuclease P, for 1 hour at 50°C in 20 pl of 20
mM ammonium acetate (pH 4.5). The products were separated by two-dimensional thin-layer
chromatography as described in Fig. 3. The ribonuclease T,- or nuclease P,-resistant oligonucleo-

tides were eluted and chromatographed on a DEAE-cellulose thin-layer plate developed in 0.2M
ammonium formate, 9M urea, and | mM Na,-EDTA (26). For the analysis shown in (B), the
nuclease P, product was treated with sodium periodate followed by B-elimination with aniline at pH 5.0 (27). The sample was mixed with
unlabeled markers and separated by two-dimensional thin-layer chromatography on a cellulose plate in a mixture of isobutyric acid, concentrated
NH,OH, and H,O (45:3:30) in the first dimension and a mixture of saturated ammonium sulfate, 1M sodium acetate, and isopropanol (80:18:2) in

the second dimension (/0).



intervening sequence should be present
in protected fragments of IVS-L2(A) and
IVS(A) RNA'’s but absent from the pro-
tected fragment of the precursor RNA.
As shown in Fig. 5B, this is the case.
Oligonucleotide 46’ was protected in
IVS(A) RNA (lane 6) and IVS-L2(A)
RNA (lane 9) but was not protected in
precursor RNA (lane 3). As an internal
control, oligonucleotide 48 or 48' was
not protected by hybridization to the
M13 recombinant. These results clearly
establish that the 5’ end of the interven-
ing sequence in both IVS(A) and IVS-
L2(A) RNA’s is attached to a sequence
in oligonucleotide 46, almost certainly
through a branched structure. At the
moment, the results do not reveal the
distribution of nucleotides at the branch,
but the simplest hypothesis would be
that the 5' terminal G of the intervening
sequence is covalently linked by a 2'-5’
phosphodiester bond to an A residue in
oligonucleotide 46. This is supported by
preliminary analysis suggesting that the
branched trinucleotide has a composi-
tion of A, G, and U (U, uridine).

Scheme for Messenger RNA Splicing

A general scheme for the splicing of
mRNA precursors is suggested by these
results (Fig. 6). This scheme is primarily
based upon studies in vitro but is fully
consistent with results obtained in vivo.
The precursor RNA is first probably
organized into an RN A-protein structure

A IVS(A) RNA

Ribonuclease

i
i 46":

XH11 DNA

48" —
48 —
AT
46'—
46 —

that is currently ill-defined but most like-
ly has U, ribonucleoprotein bound to the
5" splice site (/1). We propose that for-
mation of this complex in vitro accounts
for both the pronounced lag in the reac-
tion (/) and the requirement for cap
recognition (5). A number of in vivo
studies suggest that the structure formed
by this complex selects both the 5’ and 3’
splice sites before cleavage at the former
site [see, for example, (12)].

The metastable intermediate produced
by reaction 1 of Fig. 6 contains a free 5’
exon (L1) and a second RNA with the 5’
end of the intervening sequence joined
through a 2'-5' phosphodiester bond to a
site adjacent to the 3’ splice site. The 2’-
5’ phosphodiester bond produces a ribo-
nuclease T,—- and nuclease P;-resistant
trinucleotide, which constitutes the
branch point of a lariat structure. Wheth-
er formation of the 2'-5’ phosphodiester
bond and cleavage at the 5’ splice site are
concerted reactions is not clear. It is
possible that the 2’ hydroxyl group di-
rectly participates in a transesterification
reaction producing the RNA’s dia-
grammed in Fig. 6B. Alternatively,
cleavage at the 5’ splice site and ligation
to the 2’ position could occur through a
series of reactions too rapid to produce
detectable intermediates. The accumula-
tion of an intermediate composed of two
RNA'’s is surprising. These two RNA’s
must be tightly held in a complex for
subsequent efficient joining of the exons.
The nature of this structure would be
compatible with the reaction of the free

5’ exon with a 3’ splice site on another
precursor RNA in a rare transplicing
reaction. Two reservations should be
stated concerning this portion of the
scheme: (i) only Kkinetic evidence sug-
gests that the RNA species diagrammed
in Fig. 6B are intermediates and (ii) the
rate-limiting step in the splicing reaction
in vivo may be different from that in
vitro.

The second step diagrammed in Fig. 6,
which joins the two exons, is the forma-
tion of a bond between the 3’ hydroxyl
group of the first exon and the phosphate
group at the 3’ splice site. This step
could also consist of either a series of
reactions or a concerted transesterifica-
tion reaction. The fact that the spliced
product contains the phosphate group
from the 3’ splice site distinguishes this
reaction from the transfer RNA splicing
processes (13-15), but is consistent with
the ribosomal RNA self-catalyzed splic-
ing process seen in Tetrahymena (16). In
this latter process, the 3’ hydroxyl group
from the 5’ exon attacks the phosphate
group at the 3’ splice site in a transesteri-
fication reaction to produce the spliced
exons and the excised intervening se-
quence. This reaction is similar to the
second step in Fig. 6. Alternatively, step
2 of Fig. 6 could be catalyzed by en-
zymes similar to those characterized in
bacterial systems.

The excised intervening sequence
RNA homogeneously terminates in
-AGoy, and thus splicing occurs by
cleavage and joining at the precise

XH11 DNA

Fig. 5. Attachment of oligonucleotide 46’ to the 5' end of the
intervening sequence in IVS(A) and IVS-L2(A) RNA’s. (A) Schemat-
ic showing the hybrid formed between IVS(A) and the XH11 M13
DNA recombinant. The locations of oligonucleotides 46’ and 48’ are
marked. After ribonuclease T, digestion, oligonucleotide 46’ should
be retained on the protected RNA fragment since the DNA covers the
G residue nearest the branch point in oligonucleotide 46’. The
presence of oligonucleotide 46’ in the purified protected RNA frag-
ment can be demonstrated by releasing the RNA from the DNA,
digesting with ribonuclease T,, and separating the oligonucleotides by
polyacrylamide gel electrophoresis. (B) Analysis of the RNA oligonu-
cleotides protected from nuclease digestion by hybridization to XH11
DNA. The positions of the oligonucleotides are indicated. (Lanes 1, 4,
and 7) Total precursor RNA digested with ribonuclease T,; (lanes 2, S,
and 8) total IVS(A) RNA digested with ribonuclease T,; (lane 3) the
protected RNA fragment from precursor RNA digested with ribonu-
clease T,; (lane 6) the protected RNA fragment from IVS(A) RNA
digested with ribonuclease T,; and (lane 9) the protected RNA
fragment from IVS-L2(A) RNA digested with ribonuclease T,. The
position of oligonucleotide 46’ is indicated by the arrows. Methods:
Purified precursor, IVS(A), and IVS-L2(A) RNA’s were prepared as
in Fig. 1, hybridized to XH11 DNA, and treated with ribonuclease T,
to digest single-stranded RN A (23). The protected RNA was released
from the hybrid and purified by preparative polyacrylamide gel
electrophoresis. The purified RNA was then digested to completion
with ribonuclease T, and analyzed by polyacrylamide gel electropho-
resis as in Fig. 1.



boundaries of the intervening sequence
as defined by the ‘“‘Chambon rule’’ (7) of
:GU and AG: (colons indicate cleavage
sites). The significance of the lariat
structure of the intervening sequence is
unclear. Since intervening sequences are
rapidly degraded in vivo, whereas exon
sequences are comparatively stable, it is
possible that the branched structure in
the released intervening sequence repre-
sents a signal for degradation. However,
other features such as nonpolyadenylat-
ed 3’ termini or release from an RNA-
protein complex could also trigger degra-
dation.

The finding that the 5’ end of the
intervening sequence is linked to an oli-
gonucleotide near its 3’ end indicates
that the sequences specifying a function-
al 3’ splice site may be larger than the
stretch of 18 pyrimidines followed by
CAG, determined by sequence compari-
sons (/7, 18). In splicing of yeast mRNA
precursors, a required sequence, UA-
CUAACA, is found upstream from the 3’
splice site (/9). Pikielny et al. (20) have
shown that yeast nuclear RNA is modi-
fied at this site as assayed by blockage of
reverse transcriptase. It is possible that
this sequence is the site of branch forma-
tion in yeast precursors. Recently homo-
logs of the yeast sequence have been
recognized in mRNA precursors from
other eukaryotes (27). Similar sequences
are found in the branch-containing oligo-
nucleotide identified in this study (Fig.
1A). The sequence specificity of this site
in mammalian cells must be rather loose.
Wieringa et al. (22) have generated 3-
globin constructions with intron dele-
tions up to 16 nucleotides from the 3’
splice site; these constructions remain
active for splicing. All sequences up-
stream from the pyrimidine-rich tract are
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IVS(A)

L1-2

Fig. 6. Proposed scheme for mRNA splicing.
L1 and L2 are the first and second leader
exons, respectively. L1-2 is the spliced form
of the two leader exons. The reactions and
structures of the RNA’s are described in the
text.

deleted and an Xba I linker sequence is
placed at the point of deletion. It is
possible that an alternative site for
branch formation is used in these mu-
tants or that branch formation is not a
strict requirement for splicing. However,
the quantitative production of the
branched intervening sequence in the in
vitro reaction suggests that branch for-
mation is required for splicing. If the site
of branch formation is not sequence spe-
cific then it must be structure specific.
The structure of the complex formed by
the precursor RNA and other compo-
nents in the system may play a critical
role in determining the specificity of
splicing. This hypothetical complex
could also specify the site of branch
formation.
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