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ABSTRACT
The Calcitonin/CGRP-I (CALC-I) gene is known to be expressed in a tissue
specific fashion resulting in the production of Calcitonin mRNA in thyroid C-
cells and CGRP-I mRNA in particular nerve cells. The alternative RNA proces-
sing reactions include splicing of exons 1,2 and 3 to exon 4 and poly (A)
addition at exon 4 (Calcitonin mRNA) or splicing of exons 1, 2 and 3 to exons
5 and 6 and poly (A) addition at exon 6 (CGRP-I mRNA). Using a model precur-
sor RNA containing the exon 3 to exon 5 region of the human CALC-I gene we
have investigated the Calcitonin- and CGRP-I mRNA-specific processing
reactions in vitro, in nuclear extracts of Hela, PC12 and Ewing-lB cells,
respectively. Extracts of PC12- and Ewing-lB cells were expected to perform
CGRP mRNA-specific splicing, whereas Calcitonin mRNA specific processing was
expected to occur in Hela cell extracts. Surprisingly, CGRP mRNA-specific
splicing of exon 3 to exon 5 was the predominant reaction in all three
extracts. Significant Calcitonin mRNA- specific splicing of exon 3 to exon 4
only took place upon elimination of the dominant downstream 3' splice site
used in CGRP mRNA-specific splicing. This elimination occurs most definiti-
vely by cleavage at the Calcitonin mRNA specific poly(A) site at exon 4 which
may then be the major regulatory mechanism for tissue-specific expression of
the CALC-I gene.

INTRODUCTION
The rat Calcitonin/CGRP gene was one of the first examples of a cellular gene
exhibiting alternative RNA processing in a tissue specific fashion (1,2).
Expression of the gene in thyroid C cells results predominantly in the forma-
tion of Calcitonin (CT) mRNA containing the exons I to 4 with a poly(A) tail
at exon 4 (3,4). Exons I to 3 are also present in CGRP mRNA which further
consists of the CGRP-encoding exon 5 and the non-coding, polyadenylated exon
6. The CT-encoding exon 4 is excluded from CGRP mRNA by splicing of exon 3 to

exon 5. CGRP mRNA is the exclusive product of RNA processing in particular
cells in the central and peripheral nervous system (1,5). The human Calcito-
nin/CGRP-I (CALC-I) gene is completely analogous to its rat counterpart in

structure and mode of alternative RNA processing (6-12). In man the CGRP-I

polypeptide was detected in several neural cells in the brain, in pituitary
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gland cells, the spinal cord and in medullary thyroid carcinoma (MTC), a

tumor of the thyroid C cell (8, 13-15).

In a previous report we have analyzed processing of CALC-I RNA in vivo,

in human MTC (16). The results indicated that RNA processing of the primary

transcript leads to the accumulation of a 3.3 kilobases (kb) RNA intermediate

which can still be processed into either CT or CGRP-I mRNA. This 3.3 kb RNA

is polyadenylated at exon 6 and contains the spliced exons 1,2 and 3, the

complete intron 3- exon 4- intron 4 region and the spliced exons 5 and 6.

These observations suggest that this RNA is the main target for putative

regulatory factors involved in the tissue specific processing patterns. CT

mRNA is formed by splicing of intron 3 and poly(A) addition at exon 4.

Alternatively, the whole intron 3- exon 4- intron 4 region is spliced from

the 3.3 kb RNA yielding CGRP-I mRNA.

To analyze the alternative RNA processing reactions at the molecular

level a model CALC-I precursor RNA was engineered which contains all regula-

tory sequences of the 3.3 kb RNA precursor. This precursor RNA was processed

in vitro, in nuclear extracts of Hela, PC12 and Ewing-IB cells (for recent

reviews see 17,18). The rat PC12 and human Ewing-IB cell lines are both

attractive candidates for studying CGRP-I mRNA-specific processing. Trans-

fection of the rat Calcitonin/CGRP gene into PC12 cells results in the

expression of CGRP mRNA (19). In Ewing-IB cells the endogenous CALC-II gene,

which is closely related to the CALC-I gene, is expressed into CGRP-II mRNA

(20). Surprisingly, CGRP mRNA-specific splicing of exon 3 to exon 5 is

strongly favored over CT mRNA- specific splicing of exon 3 to exon 4, not

only in PC12 and Ewing-IB extracts but also in nuclear extracts of Hela

cells, which are not of neural origin (21). These observations indicate that

there are strong differences in strength between the two alternative 3'

splice sites and suggest a model for alternative RNA processing which will be

presented.

MATERIALS AND METHODS
Materials
SP6 RNA polymerase, RNAsin, DNAse I (RNAse free) and AMV Reverse transcrip-
tase were purchased from Promoga Biotec. Restriction endonucleases, nucleo-
tides and the cap dinucleotide GpppG were from Pharmacia. Oligonuclootides
were synthesized on a Biosearch 8600 DNA synthesizer. [y-32P]-ATP (3000
Ci/mmol), [a-32P]-CTP (800 Ci/mmol) and [a-32P]-dCTP (800 Ci/mmol) were from
Amersham.
DNA templates and in vitro transcription
The BssHII-NarI restricted DNA fragment of the human CALC-I gene containing
the 3' half of exon 3, intron3- exon 4- intron4- and 5' half of exon 5 (12)
was purified, blunt-ended by T4 DNA polymerase and cloned in SmaI digested
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pSP64. Deletions in intron 3 and intron 4 were obtained by oligonuclootide
directed mutagenesis after introduction of the cloned insert into M13mpll
(22). Oligonucleotides of a length of 24 nucleotides were synthesized
complementary in sequence to the 12 consecutive nuclootides immediate
upstream and downstream of the point of deletion. The insert carrying both
the intron 3 and intron 4 deletions was reintroduced in pSP64: pSP64CALCI-
dI3I4.

Template DNA pSP64CALCI-dI3I4 was cleaved with EcoRI or BclI, extracted
with phenol/chloroform/isoamyl alcohol (25:24:1) and then precipitated with
ethanol. Capped transcripts were synthesized in vitro using a cap/priming
protocol (23). Standard in vitro transcription reactions contained: 1.5-2 pg
template DNA, 40 mM Tris.HCl, pH 7.5, 6 mM MgC12, 2 mM spermidine, 10 mM
NaCl, 10 mM DTT, 500 pM ATP, 500 pM UTP, 50 pM GTP, 1 mM GpppG, 50 pM CTP, 20
pci [a-32P]-CTP (800 Ci/mmol), 50 U RNasin and 7.5 U SP6 RNA polymerase in a
total volume of 50 p1. RNAs of higher specific activity were synthesized when
secondary analysis, like debranching, were performed. Transcription reactions
were performed for one hour at 40'C . Template DNA was then degraded by RNAse
free DNase I. Transcripts were purified by extraction with phenol/chloroform-
/isoamylalcohol (25:24:1). After precipitation with ethanol, transcripts were
further purified by electrophoresis on 4% (30:1) cross-linked 8.3 M acryl-
amide-urea gels (24). Full length precursor RNA was subsequently isolated
from the gel by electroolution. Transcripts were stored under 75% ethanol at
20 C.
Nuclear extracts and in vitro splicing
Hela cell nuclear extracts were prepared by extraction of nuclei with 0.2,
0.4 and 0.6 M NaCl as described by Dignam (25). Following the same procedure
Hela nuclear extracts were also prepared by extraction of nuclei with 0.6 M
KC1 (26). Nuclear extracts from rat PC12 and human Ewing-IB cell lines were
prepared by extraction with 0.4 M NaCl (25). Splicing reactions were essen-
tially performed as described by Krainer (27) and contained, in a total
volume of 25 p1: 10 p1 nuclear extract In Dignam buffer D, 20 mM creatine
phosphate, 0.5 mM ATP, 1-2 mM MgC12, 2.7% polyvinyl alcohol and 0.2 nM [32p]-
labelled precursor RNA. Reactions were performed at 30'C. Splicing reactions
were stopped by the addition of 175 p1 proteinase K solution (50 mM Tris-HCl,
pH 8.0, 10 mM NaCl, 0.2% SDS, 10 mM EDTA, 5 pg/ml tRNA and, freshly added,
0.25 mg/ml proteinase K). After an incubation of 20 minutes at 30'C the
reaction mixtures were extracted once with phenol/chloroform/isoamylalcohol
(25:24:1) and then precipitated with ethanol. Splicing reactions were scaled
up twenty fold to obtain sufficient material for secondary analysis in
debranching and primer extension experiments.
Acrylamide gel analyses of RNA
[34P]-RNA from analytical splicing reactions was analyzed routinely on thin
4%, 30:1 cross-linked, 8.3 M acrylamide-urea gels (24). [32P]-RNA was
detected after electrophoresis by autoradiography on X-ray films. Occasio-
nally, the percentage of acrylamide or the amount of cross-linking was
increased to identify putative lariat RNAs. [32P]-RNA from preparative
splicing experiments was analyzed on similar 1 mm thick acrylamide-urea gels.
Debranching experiments
Presumptive lariat RNAs were purified by acrylamide gel electrophoresis,
located by autoradiography, and isolated by electroolution from the gel.
Debranching was performed as described (28), using Hola cell S100 fractions.
After proteinase K treatment as described above and extraction with phenol/-
chloroform/isoamylalcohol (25:24:1) RNA was precipitated with ethanol.
Analysis of [32P]-RNA was on acrylamide-urea gels as described above.
Primer extension analyses
Primer extension was performed using two synthetic primers: primer I4 (5'
CTGATTTGCAGGATGGAG 3') complementary to the 3' end of intron 4 in pro-mRNA,
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and primer E5 (5' AGGCTCTCTTCTGGGCAATG 3') complementary to nucleotides 3 to
24 of exon 5. Primers were 5' end-labeled with ["y-32P]-ATP and T4-polynucleo-
tide kinase (24). RNA species of interest were purified by acrylamide-urea
gel electrophoresis and isolated as described above. Primer extension was
performed essentially as described by Solnick (29). In a slight modification
of this procedure primer extension was performed in the presence of 0.25 pM
[a-32P]-dCTP (800 Ci/mmol) for the first 15 minutes at 42'C, followed by a
chase of 30 minutes, at the same temperature, with excess dCTP. In some
experiments with precursor RNA dI3I4-E as the template RNA, ddTTP was
included in the reaction to obtain a partial sequence of adenosine residues
in the precursor RNA. After cDNA synthesis, [32P]-RNA was degraded by the
addition of NaOH to the reaction mixture and incubation for 30 minutes at
55sC. After neutralization the cDNA products were precipitated with ethanol
and finally analyzed on 10%, 20:1 cross-linked, 8.3 M acrylamide-urea gels.
Detection of t32P] cDNA was done by autoradiography.

RESULTS

Model precursor RNA

To study the tissue-specific splice site selection in human CALC-I RNA in

vitro, we first constructed a model precursor RNA appropriate for in vitro

splicing analyses (Figure 1). To that end the BssHII-NarI fragment, spanning

exon 3 to exon 5, of the human CALC-I gene (12) was cloned in SP64 (30). In a

second step we deleted approximately 860 nucleotides from intron 3 ( the size

and sequence of intron 3 has not been determined completely) and 479 nucleo-

tides from intron 4. The deletions were introduced to enhance the efficiency

of the in vitro splicing reaction (31,32). They do not affect the sequences

which are directly involved in the alternative processing reactions: the 5'

splice site (33) of intron 3, the 3' splice site (33) and branch point region

(34,35) of intron 3, the sequences necessary for poly(A) addition (36) at

exon 4 and the 3' splice site and branch point region preceding exon 5. In

vitro transcription of EcoRI cleaved template DNA by SP6 RNA polymerase (30)

generates a precursor RNA, dI3I4-E, with a length of 1096 nucleotides which

contains the 3' 88 nucleotides of exon 3, a 142 nucleotides long truncated
form of intron 3, the complete exon 4 sequence (498 nucleotides ), a trun-

cated form of intron 4 (178 nucleotides ) and the 5' 138 nucleotides of exon

5. The presence of vector derived nucleotides in the transcript increases the

size of exon 3 and exon 5 to 129 and 149 nucleotides, respectively.
In vitro splicing of precursor RNA dI314-E
We first analyzed the fate of precursor RNA dI3I4-E in nuclear extracts of

Hela cells (expected to perform CT-specific processing) on the one hand, and

in nuclear extracts of PC12 and Ewing-IB cells (expected to perform CGRP-I
specific processing) on the other hand. Surprisingly, similar results were

obtained in the different extracts. The highest efficiency of the splicing
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Figure 1. Schematic representation (not drawn to scale) of the structure of
SP64CALCI-dI3I4 which contains the genomic CALC-I sequence from the BssHII
site in exon 3 to the NarI site in exon 5 with truncated forms of intron 3
and intron 4 (above). CALC-I and vector sequences are represpnted by open
numbered boxes (CALC-I exon sequences), straight lines (CALC-I intron
sequences) and dashed lower case boxes (vector sequences) respectively. The
size of the different exon-, intron- and vector regions is indicated in
nucleotides. The intron 3-(dI3) and intron 4-(dI4) deletions are represented
by triangles. The number of nucleotides removed by the deletions and the
number of remaining 5' and 3' intron nucleotides in the introns are indica-
ted. The position of the hybridization of the two synthetic deoxyoligonucleo-
tides (both 24-mers) used to generate these deletions is represented by a
solid line, located symmetrically around the point deletion. The site of
transcription initiation is indicated (') as well as the position of the
recognition sequences of the BclI and EcoRI restriction enzymes (arrows). In
vitro transcription of EcoRI or BclI cleaved SP64CALCI-dI314 template DNA
with SP6 RNA polymerase results in capped (4) run-off transcripts RNA dI3I4-E
of 1096 nucleotides (middle) and RNA dI3I4-B of 734 nuclootides (below)
respectively. The arrow indicates the position of the exon 4 poly(A) signal
sequence in RNA dI3I4-E. The total length of the exon and intron regions in
the two precursor RNAs is indicated in nucleotides.

reactions was observed using Hela nuclear extracts. A representative example

of a time course experiment is shown (Figure 2A). During the time course

two prominent RNA species are generated (RNA 1 and RNA 2 in Figure 2A) which

display the characteristic anomalous mobility of lariat RNAs on denaturing

acrylamide gels (31,35). The appearance of RNA 1 is preceded by a lag period

of 30 minutes (lanes 1-2) which is characteristic for in vitro splicing (27).

RNA 1 accumulates after 1 hour of incubation and decreases in concentration

with longer incubation times (lanes 3-4). Its kinetics and retarded mobility

suggests that RNA 1 is a lariat intermediate in a splicing reaction (34,35).

RNA 2 appears only after 1 hour of incubation as a single RNA species (lane

3) and accumulates after three hours of incubation as a series of bands (lane

4). This suggests that RNA 2 is the corresponding free intron lariat of the

same splicing reaction (31,35). The conversion of a discrete product lariat

7871



Nucleic Acids Research

RNA into multiple bands after prolonged incubation times might be due to the

action of an 3' exonuclease which removes the linear tail from the lariat

molecules. Similar observations were made by others (36). Further analysis

(see below) showed that RNA 1 and RNA 2 are the lariat molecules involved in

the splicing reaction of exon 3 to exon 5. The spliced product of this

reaction, RNA 8, was detected with the expected size and kinetics (lanes 3-

4). The accuracy of the splicing reaction was confirmed by a partial sequence

spanning the splice junction obtained by primer extension analyses on gel

Figure 2. In vitro splicing of uniformly [32P]-labeled precursor RNA dI3I4-E.
(A) Individual splicing reactions were incubated for 0, 0.5, 1 and 3 hours
(lanes 1-6) in the presence (+) or absence (-) of ATP and creatine phosphate
in nuclear extracts of Hela cells at 30'C. Samples were prepared for analysis
on 4% denaturing acrylamide gels as described in the materials and methods
section. After electrophoresis, [32P]-RNA was detected by autoradiography.
The position of 5'end-labeled HaeIII restriction fragments of 0x174 RF DNA in
the gel is indicated. RNAs I to 12, described in the text, are indicated.
RNAs 9 and 10 are obscured in this exposure time by the signal of unreacted
precursor RNA which is present in excess. The structure of RNA 1, 2, 5, 8 and
precursor (pre)RNA is schematically represented. CALC-I exons 3, 4 and 5 are
indicated by open numbered boxes. In an independent experiment (lane 6) the
free exon 3 intermediate formed in the E3-E4 and E3-E5 splicing reactions is
detected.
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-NA 1 2 5 B (B) Lariat RNAs 1, 2 and 5 were
RNA 1 2 5 isolated from a splicing reaction

debranching r -i on a preparative scale by
denaturing acrylamide gel

__- electrophoresis. The purified
lariat RNAs (-) (lanes 2, 4, 6)

- were debranched (+) (lanes 3, 5,
7) in SIO fractions of Hela
cells. 32P RNA was extracted and

1353- analyzed on 4% denaturingacrylamide gels as described1078- * above. DNA size markers (lanes 1,
872- _ 8) are the same as in Figure 2A.

- The asterix in lane 7 indicates
the position of precursor RNA

603- dI3I4-E which is present as a
contaminant in the RNA 5 prepara-

lane 1 2 3 4 5 6 7 8 tion.

purified RNA 8 (not shown). The linear intermediate from this splicing

reaction, free exon 3, is run of the gel in this particular experiment but

was readily observed in other experiments using shorter running times (lane

6). Splicing was not observed in the absence of ATP (lane 5).

The notion that RNAs 1 and 2 are in lariat configuration was confirmed by

the observation that the mobility of these RNAs was specifically and dramati-

cally reduced on gels containing higher percentages of acrylamide (not

shown). To characterize the putative lariat RNAs I and 2 in more detail

debranching experiments (28) were performed (Figure 2B). After debranching

RNA 1 has the mobility of a linear RNA species of approximately 980 nucleo-

tides (lane 3). The size of this linear RNA corresponds very well with the

expected size for the debranched intermediate lariat from the exon 3 to exon

5 (E3-E5) splicing reaction (954 nucleotides). RNA 2 is debranched into a

linear RNA of approximately 800 nucleotides (lane 5), which is in good

agreement with the expected size for the debranched product intron lariat

from the E3-E5 splice (818 nucleotides).

Additional lariat RNAs, RNAs 3,4 and 5, are indicated in Figure 2A. RNA 5

is only detected as a faint band late in the time-course (lane 4). This RNA

was also debranched into a linear RNA of approximately 980 nucleotides

(Figure 2B, lane 7) suggesting that RNA 5 is the intermediate lariat in the

splicing reaction of exon 3 to exon 4 (E3-E4). This observation is consistent

with the notion that E3-E5 and E3-E4 splicing would result in different

lariat intermediate RNAs which can be debranched into identical linear RNAs.

The lariat formed in E3-E5 splicing consists of a large loop and a small tail

whereas a small loop-large tail lariat is formed in E3-E4 splicing. These

differences in lariat structure explain for the different mobility of these
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RNAs on denaturing acrylamide gels. The two products of this splicing

reaction, free intron 3 in lariat form and spliced E3-E4, still linked to

intron 4 and exon 5, could not be detected in this particular experiment.

They could be detected, however, in other experiments (not shown). RNA 3 and

RNA 4 show the typical kinetics of a lariat intermediate- and a lariat

product RNA respectively, of a splicing reaction. The corresponding linear

intermediate- and product RNAs of this splicing reaction were also detected

(RNAs 7 and 6 in Figure 2A). These RNA molecules are derived from a splicing

reaction using a cryptic 5' splice site in exon 4. This reaction will be

described in detail elsewhere.
Finally, several RNA species (RNAs 9-12 in Figure 2A) were observed that

appeared early in the time course, (lane 2) preceding the appearance of

lariat RNAs. Although we did not attempt to identify these RNAs in detail

several indications were obtained that these RNAs are the result of a 5'

exonuclease activity in the nuclear extract. Specific blocks for degradation

are presumably caused by splicing factors bound to precursor RNA (37).

Interestingly, the most prominent of these RNA species, RNA 12, is only

formed under splicing conditions. RNA 12 should correspond to a protected RNA

fragment containing exon 5 and approximately 50 nucleotides of intron 4

encompassing the intron 4 3' splice site and branch point region. After

incubation under splicing conditions of Ad2 ML pre-mRNA and 0-globin pre-

mRNA, comparable intron fragments were found to be resistent to degradation

in RNAse protection experiments (37, 38-40). This observation suggests that

rapid complex formation occurs on the intron 4 3' splice site. Protected

fragments corresponding to putative blocks to this exonuclease activity at

the intron 3 5' splice site, the intron 3 3' splice site and the cryptic 5'

splice site in exon 4 were also detected (RNAs 9-11), albeit at much lower

concentrations.
We conclude from the time course and debranching experiments that the 818

nuclootides long intron separating exon 3 from exon 5 is efficiently spliced
in vitro in nuclear extracts of Hela cells. In vitro splicing of the much

smaller sized (142 nuclootides long) intron 3 on the other hand is very

inefficient.

Localization of the branch point in the splicing reaction of exon 3 to exon 5

To localize the branch point in intron 4 used in the splicing of exon 3 to

exon 5, precursor RNA dI3I4-E was spliced in Hela nuclear extracts on a

preparative scale. The two lariat RNAs generated in this splicing reaction

(RNAs 1 and 2 in Figure 2A) were isolated. Primer I4, a synthetic 18-mer, was
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Figure 3. Determination of the nucleotide at the
branch in the splicing reaction of exon 3 to
exon 5. The 18 nucleotides long synthetic primer
I4 (see below) was used to prime reverse
transcription on gel purified RNA 2, the product
lariat of the E3-E5 splicing reaction (lane 2).
The position of the adenosine residues in the
intron 4 sequence in the vicinity of the branch
point was deduced from the specific stops
occurring when the same I4 primer was used to
prime reverse transcription on gel purified
precursor RNA dI3I4-E in the presence of ddTTP

(-40)A- (lane 1). The complete nucleotide sequence from
the adenosine residue at -40 to the AG dinucleo-

(-36)A- tide at the 3' splice site in intron 4 is:
-34)A-
(-32)A- 5' ACTCACAGATCTTCTCTTCTTTCTCCATCCTGCAAATCAG 3'.

The nucleotide at the branch is indicated with
an asterix in this sequence. The intron 4
sequence complementary to the I4 primer is
underlined. Extra bands are visible in lane 1
which do not correspond to stops at adenosine
residues in the intron 4 sequence. They are
caused by contamination of the I4 primer with an
intron 3 specific primer (13). The presence of
primer I3 did not affect the branch point

lane -1 2 determination.

hybridized to the 3' end of the free intron lariat (RNA 2) and extended by

transcription by reverse transcriptase. It is known that primer extension on

branched RNA systematically stops at the residue preceding the branch point

(35). A strong stop for reverse transcription was observed (Figure 3, lane

2). In lane 1 the I4 primer was extended on precursor RNA dI3I4-E in the

presence of ddTTP to identify the adenosine residues in intron 4. Reverse

transcriptase terminates the elongation reaction on RNA 2 at the nucleotide
preceding the adenosine residue at position -36 (lane 2). This localizes the

branch point to the adenosine residue 36 nucleotides upstream of the intron 4

3' splice site. In an independent experiment we determined the nuclootide at

the branch of the lariat intermediate RNA (RNA 1), which still contains oxon

5, using an exon 5 primer for reverse transcription. This experiment confir-
med the branch point at A -36 in the sequence CUCAC (not shown).

Effect of variations of the reaction conditions on Calcitonin-mRNA specific

E3-E4 and CGRP-mRNA specific E3-E5 splicing

Several variations in splicing conditions were studied to address the

question whether the predominance of splicing of exon 3 to exon 5 over

splicing of exon 3 to exon 4 could be influenced. The ratio of the two lariat
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IB

Figure 4. Effect of variations of the
reaction conditions on E3-E4 and E3-E5
sglicing. In vitro splicing of uniformly
(2pJ-labeled precursor RNA dI3I4-E was

done for two hours at 30'C in extracts
prepared according to the procedure of
Dignam unless indicated otherwise. Analysis
of the splicing reactions was performed as
described in the legend to Figure 2. RNAs I
to 5 correspond to the RNAs designated I
to 5 in Figure 2A. The precursor RNA dI3I4-
E is also indicated (pre). (A) In vitro
splicing in a Hela nuclear extract with
varying amounts of exogenous MgCl2 added to
the reaction. The final concentration of
Mg2+ (mM) in the reaction is indicated
above the lanes (lane 1-6). (B) In vitro
splicing in a Hela nuclear extract using
several dilutions of this extract in Dignam
buffer D. The amount of undiluted extract

added to the reactions was so varied from 60% to 10% of the total reaction
volume (lanes 1-5). (C) In vitro splicing in nuclear extracts prepared from
two independently maintained Hela cell lines (lanes 1 and 2), the rat PC12
cell line (lane 4) and the human Ewing-IB cell line (lane 5). These extracts
were all prepared by extraction of the nuclei with 0.4 M NaCl (25). In vitro
splicing in a Hela nuclear extract prepared by extraction of the nuclei with
0.6 M KCl (26) is also shown (lane 3). Different exposure times of the same
autoradiograph are shown in lanes 1-5 because the efficiency of the splicing
reactions differed between the different extracts.

intermediate RNAs, RNA 1 and RNA 5 for E3-E5 and E3-E4 splicing respectively,
was used to determine the ratio of E3-E5 to E3-E4 splicing. Firstly, RNAs I

and 5 are diagnostic for splicing of exon 3 to exon 5 and exon 4 respecti-
vely. Secondly, they are easily monitored because they can be separated from

each other, from precursor RNA and RNA breakdown products. Finally, when

uniformly labeled precursor RNA is used the relative intensities of the two
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Figure 5. In vitro splicing of
310- uniformly [34P]-labeled precursor

281. RNA dI3I4-B in Hela nuclear
271- extracts for the times indicated

above the lanes (in hours) in the
234- presence (+) (lanes 1-4) or

absence (-) (lane 5) of ATP and
creatine phosphate. The position

194- of t32P] 5'end-labeled HaeIII
restriction fragments of 0x174 RF

-c61i

DNA is indicated. RNAs labeled a
-C to d correspond to the RNAs a to

d mentioned in the text. A
schematic representation of their

C structure is shown. Open,
numbered boxes indicate CALC-I

18- exon 3 and 4 respectively. The
position of the precursor RNA in

lane 1 2 3 4 5 the gel is also indicated (pre).

signals can be directly compared as a consequence of their uniform length and

sequence.

Variation of the free Mg2+ concentration in the reaction from 0-5 mM

(Figure 4A) did not result in a significant change of the ratio of E3-E5 to

E3-E4 splicing. Both E3-E5 and E3-E4 splicing proceed optimally between 1-2

mM Mg2+ (lanes 2-3) and with higher levels of Mg2+ both reactions gradually

extinguish (lanes 4-6).
The concentration of nuclear extract in the reaction did affect the ratio

of the two reactions (Figure 4B). At a nuclear extract concentration of 10%

only the E3-E5 splice is detected (lane 5). The level of E3-E5 splicing is

drastically increased when the nuclear extract concentration in the reaction

is increased to 20% (lane 4). The E3-E4 splice can now be detected as well.

Further increase of the nuclear extract concentration to 40% shows that the

level of E3-E5 splicing does not change significantly whereas E3-E4 splicing
is slightly increased (lanes 2-3). At 60% nuclear extract the level of RNA I
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does not further increase. Concomitantly, the concentration of RNA 2 is

increased indicating that the second step of the splicing reaction occurs

more efficiently. Also at 60% extract concentration a higher level of E3-E4

splicing is obtained reflected by the increased concentration of RNA 5 (lane

1). This observation shows that at limiting extract concentrations the intron

4 3' splice site efficiently competes with the intron 3 3' splice site for

splicing factors.

We finally tested different nuclear extracts to determine whether the

preferred E3-E5 splicing was extract dependent. Five different nuclear

extracts of Hela cells were prepared by extraction of the nuclei with 0.4 M

NaCl according to the procedure of Dignam (25). In addition, Hela nuclear

extracts were prepared employing various salt concentrations (0.2, 0.4, 0.6 M

NaCl, 0.6 M KC1) during nuclear extract preparation. We also prepared Dignam

nuclear extracts of an independently maintained Hela cell line. Splicing was

assayed as described above. Typical results are shown in Figure 4C. The

results show that E3-E5 splicing is strongly favored over E3-E4 splicing in

all nuclear extracts tested sofar.

In vitro splicing of precursor RNA dI3I4-B

To determine whether efficient splicing of exon 3 to exon 4 could be achieved

in vitro we used precursor RNA dI3I4-B. This precursor RNA lacks the poly(A)
addition signal of exon 4 and the downstream intron 4 and exon 5 but is

otherwise identical to precursor RNA dI3I4-E (Figure. 1).
In a time course experiment with uniformly [32P]-labeled dI3I4-B RNA

(Figure 5) both intermediates of the exon 3 to exon 4 splicing reaction

appear after a lag period of 30 minutes: a linear RNA (RNA d) with the

expected size of free exon 3 and a lariat RNA (RNA a) with a slightly lower

mobility than precursor RNA which is indicative for a small loop-large tail

structure in this gel system (see above, Figure 2A). The products of the

splicing reaction, RNA b (exon 3-exon 4) and RNA c (free lariat intron 3 )
accumulate after three hours of incubation. Similar results were obtained

(data not shown) with several other substrate RNAs containing exon 3 and

different truncated portions of exon 4 and a substrate RNA containing a

deletion of the central portion of exon 4. The efficiency of E3-E4 splicing

was not influenced either by the presence of the exon 4 poly (A) signal and

the 5' portion of intron 4. From these experiments we conclude that exon 4

sequences do not play an important role in splicing of exon 3 to exon 4.

The results show that coupling between exon 3 and exon 4 is a poor

reaction in vitro, which takes place more efficiently in Hela nuclear

extracts using a RNA substrate lacking the 3' splice site of exon 5.
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DISCUSSION

CGRP specific splicing in vitro
Using a model precursor RNA (dI3I4-E) and nuclear extracts from different

cell lines we have investigated the alternative RNA processing reactions

which occur during the expression of the human CALC-I gene. Splicing of this

precursor RNA was observed in different Hela nuclear extracts, a PC12 and an

Ewing-lB nuclear extract. CGRP mRNA specific splicing of exon 3 to exon 5 was

the predominant reaction in all extracts tested. Only a small amount of CT

mRNA-specific splicing of exon 3 to exon 4 could be detected. The amount of

CT mRNA-specific splicing increased at higher nuclear extract concentrations

but never approximated CGRP mRNA-specific splicing. Variation of other

reaction parameters (i.e.: temperature, monovalent cation concentration,
preincubation of the extracts) did not change significantly the ratio of CGRP

to CT-mRNA specific splicing.

The branch point used in CGRP mRNA splicing was mapped to an adenosine

residue, 36 nucleotides upstream of the 3' splice site. The flanking sequence

CACUCAC resembles the highly conserved yeast branch point sequence UACUAMC

(41) where branching occurs on the underlined A residue. In mammalian pre-

mRNA introns there is only a loosely defined branch point consensus sequence

PyXPyUPuAPy (42-44). The overall sequence of the intron 4 branch point fits

well to this consensus sequence. It is striking, however, that the purine

residue which precedes the branch point in most introns is not conserved in

the intron 4 branch point sequence. Two other typical features of branch

points are also displayed by the intron 4 branch point: its position, which

is in agreement with the observed constraint on the distance of branch points
relative to the AG dinucleotide of the 3' splice site (44,45), and the fact

that branching occurs on an adenosine residue, which is a common feature of
the authentic branch points mapped sofar (with the exception of the first

intron of the human growth hormone gene, (46))

Selection of 3' splice sites in CALC-I RNA dI3I4-E

We conclude from the results presented in this paper that there is a strong

selection during spliceosome formation (47,48) for the intron 4 3' splice
site in precursor RNA which contains both the intron 3 3' splice site and the
intron 4 3' splice site. The prevalence for the intron 4 3' splice site was

not affected by the variation of reaction parameters or by the usage of

nuclear extracts of different cell origins. The ratio of CGRP to CT mRNA-

specific splicing seems to be determined by the intrinsic properties of the

intron 3 and intron 4 3' splice sites. This conclusion is at variance with

the notion that a neuron specific splice commitment factor is necessary for
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splicing of exon 3 to exon 5 (19,49). More complex explanations, such as the

possibility that (a) factor(s) which are involved in the inhibition of CGRP

mRNA-specific splicing or the regulation of the poly(A) reaction at exon 4

are lost during the preparation of nuclear extracts, could also account for

the observed reaction patterns. The deletions introduced in intron 3 and

intron 4 do affect the efficiency of splicing but not the ratio of Calciton-

in- to CGRP-I mRNA specific splicing (R.A.L. Bovenberg, in preparation). The

effect of the absence of exon 1, exon 2 and exon 6 sequences on Calcitonin/-

CGRP mRNA-specific splicing in vitro is not clear yet.

Splicing of exon 3 to exon 4 occurs more efficiently at higher nuclear

extract concentrations and occurs when intron 4 and exon 5 are artificially

removed from the precursor RNA. These observations further support the idea

that the intron 3 3' splice site is not easily recognized in vitro. The

sequence of the intron 3 3' splice site GUGUUUUCCCUGCAG, is in agreement with

the consensus sequence for 3' splice sites (33) although the tract of

pyrimidine residues is rather short, especially when compared with the tract

of pyrimidine residues in the intron 4 3' splice site: ACAGAUCUUCUCUUCUUUCUC-

CAUCCUGCAAAUCAG (the underlined A denotes the branch point). The significance

of this observation is not clear at present. It is interesting to note

however that one of the earliest steps in 3' splice site complex formation

seems to be the recognition of the branch point and the polypyrimidine tract

by protein factors (50-52). It is tempting to speculate that the length of

the polypyrimidine tract influences the efficiency of binding of these

factors and hence influences the efficiency of spliceosome formation.

Furthermore, the notion that splicing of exon 3 to exon 4 is poor in

vitro is further substantiated by the observation that the major branch point

used in this reaction is an uracil residue (G.J. Adema, in preparation).

Branching on uracil is unusual and it is known that branching on uracil

lowers the efficiency of the in vitro splicing reaction (45).

Model for alternative CALC-I RNA processing

The following model for alternative processing of CALC-I pre-mRNA in vitro

can be envisaged from the results presented in this paper. In precursor RNA

containing exon 3- intron 3- exon 4- intron 4- exon 5 both the intron 3 and

intron 4 3' splice site can be recognized by splicing factors albeit with

different efficiencies: the intron 4 3' splice site is a high-affinity splice

site, the intron 3 3' splice site is a low-affinity splice site. The high

affinity intron 4 3' splice site competes efficiently, but not entirely for

splicing with the low-affinity intron 3 3' splice site which results in a
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high ratio of CGRP mRNA-specific versus CT mRNA-specific splicing. To change

this ratio in favor of CT mRNA specific splicing it is necessary to inacti-

vate the intron 4 3' splice site. This could be achieved most definitively by

the poly(A) reaction at exon 4 which removes the intron 4 3' splice site from

the transcript.

A comparable splicing/poly(A) cleavage competition model has been

proposed for the switch in immunoglobulin p heavy chain RNA processing from

membrane bound (pm) to secreted form (ps) mRNA during B-cell development

(53).
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