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In a previous report, we described the presence, in pituitary tissue, of an alternatively processed species of
bovine growth hormone mRNA from which the last intron (intron D) has not been removed by splicing (R. K.
Hampson and F. M. Rottman, Proc. NatI. Acad. Sci. USA 84:2673-2677, 1987). Using transient expression of
the bovine growth hormone gene in Cos I cells, we observed that splicing of intron D was affected by sequences
within the downstream exon (exon 5). Deletion of a 115-base-pair FspI-PvuII restriction fragment in exon 5
beginning 73 base pairs downstream of the intron 4-exon 5 junction resulted in cytoplasmic bovine growth
hormone mRNA, more than 95% of which retained intron D. This contrasted with less than 5% of the growth
hormone mRNA retaining intron D observed with expression of the unaltered gene. Insertion of a 10-base-pair
inverted repeat sequence, CTTCCGGAAG, which was located in the middle of this deleted segment, partially
reversed this pattern, resulting in cytosolic mRNA from which intron D was predominantly removed. More
detailed deletion analysis of this region indicated that multiple sequence elements within the exon 5, in addition
to the 10-base-pair inverted repeat sequence, are capable of influencing splicing of intron D. The effect of these
exon sequences on splicing of bovine growth hormone precursor mRNA appeared to be specific for the growth
hormone intron D. Deletions in exon 5 which resulted in marked alterations in splicing of growth hormone
intron D had no effect on splicing when exon 5 of bovine growth hormone was placed downstream of the
heterologous bovine prolactin intron D. The results of this study suggest a unique interaction between
sequences located near the center of exon 5 and splicing of the adjacent intron D.

The structural region of the gene that encodes bovine
growth hormone spans approximately 1.8 kilobases and
consists of five exons interrupted by four introns (34). The
mature, fully spliced mRNA is 814 nucleotides long (ex-
cluding polyadenylation); the sequence contains 58 and 105
nucleotides of 5' and 3' untranslated regions, respectively.
We reported previously the presence in bovine pituitary of
an alternatively processed species of bovine growth hor-
mone mRNA from which the last intervening sequence
(intron D) is not removed by splicing (13). The retained
intron D includes an additional 274 nucleotides in the
mRNA, with maintenance of an open reading frame across
the intron. A termination codon is encountered 50 nucleo-
tides into exon 5, which is shifted from the normal reading
frame in this alternatively processed mRNA. Subsequent
translation would result in a growth hormone-related poly-
peptide with 125 amino-terminal amino acids identical to
those of wild-type growth hormone, followed by an alternate
carboxyl terminus of 108 amino acids. This alternate form of
growth hormone would be 42 amino acids longer than
wild-type bovine growth hormone, or approximately 5,000
greater in molecular weight. We demonstrated that intron
D-containing bovine growth hormone mRNA is found on
polysomes, which suggested that this mRNA species is
translated into a polypeptide. Subsequently, identical alter-
native processing (i.e., retention of intron 4) was reported
with mRNA of the human growth hormone variant gene (6);
these findings also predicted a similar high-molecular-weight
variant species of human growth hormone. Of the four
introns of the bovine and human growth hormone genes,
intron D is unique in that there exists a considerable degree

* Corresponding author.

of similarity between the respective intron D sequences of
the two genes (12).

In an investigation initiated to examine the polyadenyla-
tion signal of bovine growth hormone pre-mRNA via pro-
gressive deletion of the region around the polyadenylation
site (E. C. Goodwin and F. M. Rottman, J. Cell. Biochem.
10(Suppl.)D:170, 1986), it was observed that several con-
structs containing deletions in exon 5 resulted in cytosolic
mRNA of larger than expected size. We then determined
that this increase in size resulted from retention of intron D.
With transient expression of the normal, wild-type gene in
Cos I cells, intron D is retained in approximately 2% of the
total cytosolic mRNA, similar to observations with stably
transfected Chinese hamster ovary cells (13). Exon 5 of the
bovine growth hormone gene is 303 nucleotides long. Dele-
tions in exon 5 beginning at a SmaI site 23 nucleotides
downstream of the splice acceptor site and ranging from
approximately 150 to 246 base pairs (bp) dramatically altered
splicing such that greater than 95% of the polysomal growth
hormone mRNA retained intron D. The objective of the
investigation presented here was to more closely examine
the role of sequences within exon 5 of the bovine growth
hormone precursor mRNA in influencing the efficiency of
splicing of intron D and to determine the degree to which this
observed influence of sequences within exon 5 on splicing
also is dependent on sequences with intron D.

MATERIALS AND METHODS
Construction of bovine growth hormone deletion clones.

The parent expression plasmid, pSVB3/Ba (35), contains the
entire structural region of the bovine growth hormone gene
plus 438 bp of 3'-flanking sequence driven by the simian
virus 40 late-region promoter. All deletions in exon 5 de-
scribed herein are denoted by a A followed by an indication
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of the region deleted (see Fig. 1A and 2A). Region A extends
from a SmaI site at position 22 to an FspI site at position 73,
region B extends from the FspI site to a PvuII site at position
188, and region C extends from the PvuII site to a deletion
point 34 nucleotides from the polyadenylation site (see
below). The plasmid containing the large deletion of exon 5
(AABC) was constructed by nuclease BAL 31 digestion from
the SmaI site 22 bp downstream of the intron-exon junction
in exon 5 to within 34 nucleotides of the polyadenylation site
(Goodwin and Rottman, J. Cell. Biochem. 1O(Suppl.)D:170,
1986). This plasmid also contains a major deletion of the
3'-flanking region to within 18 nucleotides of the polyade-
nylation site. All other deletions were constructed by stan-
dard methods (20), using convenient restriction sites. The
plasmid containlng deletion of region C (AC) was con-
structed by insertion of the SmaI-PvuII fragment (i.e.,
regions A and B) into the clone containing the large deletion
(AABC) by virtue of SmiaI linkers used to construct this
plasmid. As a result, there is a 4-bp remnant of the SmaI
linkers, GGGC, located at the site of this deletion.

Selective deletion and insertion of the inverted repeat se-
quence CTTCCGGAAG. The 10-nucleotide inverted repeat
sequence CTTCCGGAAG was deleted specifically by using
oligonucleotide-directed mutagenesis as described by Zoller
and Smith (36) except that bacteriophage T4 polymerase was
used instead of the Klenow fragment ofDNA polymerase I.
The sequence of the region around the inverted repeat and
the resulting sequence following this deletion are illustrated
in Fig. 3; This resulting sequence, which resembled the
original inverted repeat, was deleted in an identical manner,
along with an extra 2 nucleotides, such that no other inverted
repeat sequences resulted. Insertion of the inverted repeat
CTTCqGGAAG was accomplished by the linker tailing
technique (16). These clones are represented schematically
in Fig. 4.

Construction of bovine growth hormone-prolactin chimeric
genes. The growth hormone exon 5-prolactin intron D chi-
meric genes were constructed from a prolactin minigene
construct (provided by S. M. Carroll) containing exons 1
through 4, intron D, and exon 5. The prolactin gene was
truncated at a BanII site which, after conversion to a blunt
end with T4 polymerase (20), left the first 25 bp of prolactin
exon 5. Exon 5 of growth hormone was ligated to this
truncated prolactin gene by using a SmaI site located 22
nucleotides downstream of the intron D-exon 5 junction.
DNA transfection of Cos I cells. Cos I cells were maintained

in Dulbecco modified Eagle medium supplemented with 10o
fetal bovine serum and antibiotics (penicillin and streptomy-
cin; GIBCO Laboratories, Grand Island, N.Y.) and trans-
fected by a modified DEAE-dextran procedure as described
previously (4). Cells were harvested, and polysomal RNA
was prepared 48 h after transfection.

Preparation of polysomal mRNA. Polysomal mRNA was
prepared by a modification of a procedure described else-
where (23). The translation elongation inhibitor emetine was
added to the medium at a final concentration of 100 ug/rnl for
10 min before harvesting of the cells to prevent ribosomal
runoff during the isolation procedure. Briefly, the cells were
washed three times with phosphate-buffered saline and de-
tached via a 10-min incubation with 2 mM EDTA in phos-
phate-buffered saline. The cells were sedimented, and the
pellet was lysed at room temperature in 1 ml of 10 mM Tris
chloride (pH 7.4), 10 mM NaCl, 1 mM MgCl2, 0.5% Nonidet
P-40, and 10 mM vanadyl ribonucleoside complexes (2).
After chilling on ice, the nuclei and other particulate material
were sedimented at 8,000 x g for 10 min; the resulting

supernatant was layered on a cushion (4 ml) of 30% sucrose
in the lysis buffer (minus vanadyl complexes and Nonidet P-
40). The polysomes were sedimented at 45,000 rpm for 2 h at
4°C in a 50.3Ti rotor, using heat seal tubes. Polyadenylated
RNA was prepared by oligo(dT)-cellulose chromatography
(20).

Nuclease S1 mapping of RNA. Probes for nuclease Si
protection experiments were 3' end labeled with T4 DNA
polymerase and [a-32P]dCTP. The vector was digested
briefly with the 3'-exonuclease activity of T4 polymerase
before addition of nucleotides (20). The probes used for
mapping bovine growth hormone and prolactin are indicated
in Fig. 1 and 5, respectively. Approximately 5 ng of probe
was coprecipitated with 10% of the poly(A)+ RNA isolated
from a single 10-cm-diameter dish of transfected cells. The
samples were redissolved in 80% formamide, 0.4 M NaCl, 10
mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH
6.4), and 1 mM EDTA, heated to 75°C for 10 min, and then
transferred to 57.5 and 53°C for the growth hormone and
prolactin probes, respectively. After hybridization over-
night, the samples were digested at 42°C with 80 Vogt units
of S1 nuclease (Boehringer Mannheim Biochemicals, Indi-
anapolis, Ind.) in 90 ,lI of 0.25 M NaCl, 0.03 M sodium
acetate (pH 4.6), and 1.0 mM ZnSO4. After incubation for 1
h, the samples were precipitated with 200 ,ul of ethanol and
analyzed on a 6% polyacrylamide-urea sequencing gel.

RESULTS

Deletion of exon 5 sequences alter efficiency of splicing of
intron D. As a first step to delineate the region(s) within exon
5 that might be involved in this altered splicing of intron D,
convenient restriction sites were used to introduce various
deletions into exon 5, which for ease of discussion will be
referred to as regions A, B, and C (Fig. 1A). The original
plasmid containing the large deletion of exon 5 (AABC),
extending from bases 23 through 269 out of a total exon
length of 303 bases, also contains a large deletion of the
3'-flanking region to within 18 nucleotides of the polyad-
enylation site. Deletion of the 3'-flanking region was found to
have no effect on splicing of intron D (data not shown).
These constructs were expressed transiently in Cos I cells,
and the resulting polysomal poly(A)+ mRNA was analyzed
for splicing of intron D by S1 nuclease protection mapping
(Fig. 1B). The results of these experiments (Fig. 1C) indi-
cated that deletion of region B (AB) influenced splicing of
intron D identically to that observed with the large deletion
(AABC); i.e., there was greater than 95% retention of intron
D. In contrast, deletion of region A (AA) or region C (AC) did
not result in any increase in retention of intron D. In fact,
deletion of region A consistently resulted in a slight increase
in the efficiency of removal of intron D. Simultaneous
deletion of regions A and C (AAC) also did not result in
increased retention of intron D (Fig. 2, clone AAC).
The responsible sequence is position independent and is

effective in both orientations. To further demonstrate a pos-
itive influence of sequence(s) within region B on the effi-
ciency of intron D splicing, the region B fragment was
reinserted into the clones from which this sequence had been
deleted (AABC and AB) (Fig. 2A). As would be expected if
a sequence(s) within region B were necessary for efficient
splicing of intron D, ligation of the FspI-PvuII fragment into
clones from which region B had been deleted restored the
efficiency of intron D splicing to that observed with the
wild-type exon 5 (Fig. 2, clones AAC and BAC). Unexpect-
edly, insertion of the FspI-PvuII fragment into the SmaI site
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FIG. 1. Deletion of an internal region within exon 5 of the bovine
growth hormone gene, resulting in retention of intron D in polyso-
mal mRNA transiently expressed in Cos I cells. (A) Schematic
representations of the bovine growth hormone gene and deletions
introduced into exon 5 by using convenient restriction sites. Restric-
tion sites used are as indicated; regions between the sites are
designated A, B, and C. *, Endpoint of a nuclease BAL 31 deletion
used in construction of clones AABC and AC (see Materials and
Methods). Removal of intron D from these constructs is summarized
at the left (W.T., wild type, or greater than 95% removal of intron D;
V., variant or alternatively processed, indicating greater than 95%
retention of intron D). (B) Nuclease S1 mapping strategy to deter-
mine splicing or retention of intron D. The probe was a CfoI-CfoI
fragment 3' end labeled with T4 DNA polymerase and [a-32P]dCTP
(see Materials and Methods). The shaded boxes, heavy line, and
thin line represent exon, intron, and vector sequences, respectively.
(C) Nuclease Si mapping of polysomal mRNA isolated from Cos I
cells transiently expressing the constructs depicted in panel A.
Species of mRNA corresponding to fully spliced and intron D-
containing mRNA are indicated by the bands at 274 and 572
nucleotides, respectively. Size markers at the left (in base pairs) are
pBR322 restricted with HpaII and labeled with [a-32P]dCTP and
Klenow fragment of DNA polymerase I.
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of these clones in orientation reverse of that in the wild-type
exon 5 also restored the efficiency of splicing of intron D to
that observed with the wild-type exon (Fig. 2, clones AAC/
invB and invBAC). Unlike the case with typical promoter
enhancers, which retain the original sequence while func-
tioning in either orientation, reversal of a sequence tran-
scribed into RNA results in a completely new sequence. This
result might argue a possible position or exon size require-
ment for efficient splicing. However, we observed no corre-

lation between exon length and splicing. The total length of
exon 5 containing the deletion of region B (Fig. 1, AB) was

188 bases and intron D was not spliced, whereas the clones
in which region B was inserted into the large deletion had
shorter exon lengths of 176 nucleotides (Fig. 2, AAC and
AAC/invB), and intron D was spliced with the same effi-
ciency as was the wild-type gene. An alternative explanation
for this observation would be the presence of a sequence
within region B which would be transcribed in either orien-
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FIG. 2. Restoration of splicing of intron D by insertion of the
115-bp FspI-to-PvuII fragment (region B) into the SmaI site of the
AABC and AB deletion clones. (A) Schematic representations of
constructs containing insertion of the region B fragment. Regions
and shading are as described in the legend to Fig. 1; arrows indicate
orientation of the region B fragment relative to normal orientation in
the gene. (B) Nuclease S1 mapping of polysomal mRNA isolated
from Cos I cells transiently transfected with the constructs depicted
in panel A. The autoradiogram is from the same experiment, with
identical exposure time, as that shown in Fig. 1. Size markers on the
left are indicated in base pairs.
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FIG. 3. Schematic representation of the bovine growth hormone
gene indicating various sequence features within region B of exon 5.
Locations of the 10-bp inverted repeat sequence and the similar
sequence at the 3' end of region B (region B3') are indicated.
Deletion of the 10-base inverted repeat sequence (AP1) and subse-
quent deletion of the resulting 7-bp sequence (AP2) resembling the
central portion of the original sequence were done by oligonucle-
otide-directed mutagenesis. The resulting 7-bp sequence resembling
the core of the 10-bp inverted repeat sequence is indicated below.
The box indicates the sequence similar to that of a splice acceptor
within this region (see Discussion).

tation. Analysis of this region revealed the presence of a

10-base inverted repeat, CTTCCGGAAG, beginning 44 nu-

cleotides downstream of the center of the FspI site (Fig. 3).
Effects of exon 5 sequences on splicing of intron D involves

multiple sequence elements. To test the hypothesis that the
inverted repeat, CTTCCGGAAG, exerted a positive influ-
ence on splicing of intron D, the sequence was synthesized
as a 10-bp linker and placed within exon 5 of the clone from
which region B had been deleted (Fig. 4A, clone AB/Pal).
Analysis of the resulting mRNA indicated that insertion of
these 10 bp reversed the efficiency of intron D removal such
that intron D was now predominantly spliced.

In the parallel experiment, site-directed mutagenesis was

used to specifically delete the 10-bp inverted repeat (Fig. 4,
clone AP1). The result of this experiment indicated only a

mo4est increase in intron D retention. However, upon
further examiqation of the sequence of region B, we noted
that deletion of the 10-bp inverted repeat resulted in the new
sequence, TCCTGGA, which resembled the core sequence
of the inverted repeat CTCCGGjAAG (Fig. 3). In addition,
there was a sequeqce located near the 3' end of region B,
CTTIGCGGG, which matched 8 of 10 bp of the inverted
repeat (Fig. 3). To examine the potential involvement of
these homologous sequences, clones containing deletions of
these sequences also were constructed, the former by site-
directed mutagenesis and the latter by deletion of an RsaI-
PvuII restriction fragment. The retention of intron D in
cytosolic mRNA upon expression of these clones (Fig. 4) is
consistent with the hypothesis 'that these homologous se-

quences also play a role in influenping the splicing of intron
D. Deletion of the region at the 3' end of region B that
contained the sequence 80% homologous with the inverted
repeat significantly altered intron retention such that approx-
imately 50% of polysomal mRNA possessed unspliced intron
D (Fig. 4, clone AB3'). When this deletion of region B3' was

made in conjunction with deletion of the inverted repeat and

G AB/Pal

B ,o4s<^;$sN*SEg

624 3 -_ _ -572
529

406

311

- _m~4~IU_ _^-274

242

FIG. 4. Insertion and deletion of the 10-bp inverted repeat and
sequences homologous to the inverted repeat, indicating that mul-
tiple sequence elements within region B of exon 5 are capable of
influencing splicing of bovine growth hormone intron D. (A) Sche-
matic representations of constructs containing the 10-base inverted
repeat sequence inserted into the region B deletion and various
deletions within region B, including the inverted repeat sequence
and related sequences (see text). (B) Nuclease S1 mapping of
polysomal mRNA isolated from Cos I cells transiently transfected
With the constructs depicted in panel A. All conditions and the S1
mapping strategy are as described in the legend to Fig. 1. Size
markers shown on the left are indicated in base pairs.

the sequence resembling the core of the inverted repeat (Fig.
4, clone AP2,B3'), retention of intron D in polysomal mRNA
approached that observed with deletion of the entire region
B. The results of these experiments suggest that the ob-
served influence of exon 5 sequences on splicing of intron D
is more complex than the simple presence or absence of a
discrete sequence such as the 10-bp inverted repeat but
likely involves multiple sequences within region B that are
capable of influencing splicing of intron D.

Influence of bovine growth hormone exon 5 sequences on
splicing are specific for the bovine growth hormone intron D.
To determine whether sequences within exon 5 that influ-
ence splicing of intron D interact specifically with the
adjacent intron D of the bovine growth hormone precursor
mRNA or whether this exon might influence splicing of
heterologous introns, several chimeric genes were con-
structed. Deletions in exon 5 which markedly increased
retention of intron D in bovine growth hormone mRNA were
placed downstream of intron D of the bovine prolactin gene.
These chimeric constructions were made by using a prolac-
tin minigene construct containing exons 1 through 4, intron
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D, and exon 5 of the prolactin gene (S. M. Carroll, P.
Narayan, and F. M. Rottman, manuscript in preparation).
The prolactin minigene was truncated at a BanII site, leaving
the first 25 bp of prolactin exon 5. Exon 5 of the growth
hormone constructs was then ligated to the prolactin se-
quence beginning at the SmaI site 22 nucleotides down-
stream of the intron-exon junction (Fig. SA). Deletions of
growth hormone exon 5 (i.e., AABC and AB) that altered
markedly the splicing of growth hormone intron D had no
effect on splicing of the heterologous intron of the prolactin
gene (Fig. 5C) even though these sequences were situated at
a nearly identical position downstream of the intron-exon
junction.

A
/ ~~Prl-mini

Prl-GHE5
Z Prl-GHE5AB

2 Pri-GHE5AABC
bPRL FE bGH

B
DISCUSSION

Analysis of the alternative splicing pattern of bovine
growth hormone pre-mRNA upon expression of the gene in
Cos I cells has revealed that the efficiency of splicing of the
last intron is influenced markedly by sequences within the
downstream exon. Deletion of a 115-nucleotide FspI-PvuII
fragment (region B) located 73 nucleotides 3' of the splice
acceptor site results in polysomal mRNA, more than 95% of
which retains intron D. With the unaltered gene, approxi-
mately 1 to 2% of the resulting cytoplasmic mRNA retains
the intron. The resulting exon length of 188 nucleotides and
the location of the FspI-PvuII deletion 73 nucleotides down-
stream of the splice acceptor site would preclude the alter-
ation of any of the known consensus sequence requirements
for splicing of eucaryotic introns (1, 33) or any minimal size
requirement for the 3' exon (25, 27). Efficiency of splicing in
vitro has been reported to increase with increasing 3' exon
length but reaches a plateau at approximately 100 nucleo-
tides (10). Moreover, we observed no correlation between
exon size and intron retention in these studies.
A striking aspect of this study was the observation that the

pattern of intron retention upon deletion of the FspI-PvuII
fragment (region B) was substantially reversed by insertion
of only a 10-bp inverted repeat (CTTCCGGAAG) from the
middle of this region. The mechanism by which this se-
quence or other, similar sequences positively influence splic-
ing while located at a considerable distance from the splice
acceptor site is not immediately obvious. Mutational analy-
sis of these 10 bp will provide a means to assess the essential
features of this sequence in influencing splicing of intron D.
The results of these analyses will likely be complex, as
further deletion analyses of the FspI-PvuII region suggested
that multiple sequence elements within this region are capa-
ble of influencing splicing efficiency. Therefore, it will be
necessary to determine not only the essential features of the
inverted repeat sequence or similar sequences but also the
number and relative importance of the sequences. The
effects of these sequences on splicing are largely position
independent. However, the observation that deletion of
region A (see also Fig. 2, clones /AC, AAC/invl3, BAC, and
invBAC) results in an increase in efficiency of intron D
removal suggests that the proximity to intron D of important
sequences also may be of importance.
One possible mechanism by which the inverted repeat

sequence or similar sequences influences splicing efficiency
may be by providing a binding site for one or more trans-
acting factors which mediate access to or binding of splicing
components to intron sequences. Evidence for the involve-
ment of specific trans-acting factors in the regulation of
alternative processing includes genes encoding calcitonin (7,
18), the ,u chain of immunoglobulin M (17), and troponin T
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FIG. 5. Evidence that deletions of sequences within exon 5 of
bovine growth hormone do not alter splicing when located down-
stream of the heterologous prolactin intron D. (A) Schematic
representations of the growth hormone (bGH)-prolactin (bPRL)
chimeric genes. The prolactin portion of the genes is derived from a
minigene construct that lacks introns A, B, and C but contains
intron D. The clones retain the first 25 nucleotides of prolactin exon
5 and begin at nucleotide 23 of growth hormone exon 5. (B)
Nuclease S1 mapping strategy for determining efficiency of splicing
of the prolactin intron D. The probe consisted of a PvuII-PvuII
fragment 3' end labeled identically to the probe used to analyze
splicing of the growth hormone intron D. The boxes, heavy line, and
thin line represent exon, intron, and vector sequences, respectively.
(C) Nuclease Si mapping of polysomal mRNA isolated from Cos I
cells transiently expressing the growth hormone-prolactin chimeric
gene constructs depicted in panel B. Species ofmRNA correspond-
ing to fully spliced and intron D-containing mRNA are indicated by
the bands at 40 and 425 nucleotides, respectively. The expected
position of the band corresponding to the intron D-containing form,
along with hybridization conditions (see Materials and Methods),
was verified by using in vitro-synthesized transcripts (data not
shown). Size markers shown on the left are indicated in base pairs.
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(3). This hypothesis is supported by the fact that the steady-
state level of mRNA resulting from expression of clones
yielding primarily unspliced intron D was not measurably
less than that observed upon expression of the wild-type
gene even though the mRNA possessed an intact and pre-
sumably functional intron. Ordinarily, mRNAs containing
introns are not transported to the cytosol, ostensibly be-
cause binding of the small nuclear ribonucleoproteins or
other factors in formation of the splicing complex commits
the intron to removal (28). This implies that the splice donor
and acceptor sites of intron D are not behaving indepen-
dently and that in the absence of appropriate sequences
within the exon, formation of the splicing complex does not
occur. It may be that sequences within exon 5 of bovine
growth hormone pre-RNA, through a trans-acting factor,
serve to mediate the access of splicing components to their
respective binding sites within the intron. These might
include Ul or U2 small nuclear ribonucleoproteins, which
are involved in the early steps of splicing complex formation
(for reviews, see references 21 and 28), other protein factors
that bind to regions within the intron (11, 31), or perhaps a
factor similar to the splice commitment factor described in
yeast cells (19).

Alternatively, this sequence might influence splicing com-
plex formation via RNA intramolecular secondary-structure
interactions. It has been demonstrated in vitro that alterna-
tive mRNA processing can be influenced by synthetically
introduced RNA secondary structure (29), although this
secondary structure had little effect on processing in vivo. A
computer-assisted RNA folding algorithm (37) does not
reveal any prominent interactions of sequences within exon
5 of bovine growth hormone mRNA with other regions of the
molecule or any striking changes in the predicted secondary
structure of intron D upon deletion of the region B or
insertion of the 10-bp inverted repeat. However, this finding
is not definitive evidence that important structures do not
exist. Clearly, RNA secondary structure can be important
for splicing, as evidenced by the group I and group II introns
(for review, see reference 5); hence, the involvement of
RNA secondary structure in alternative mRNA processing
cannot be summarily dismissed. The sequence CUUCGG is
often associated with particularly stable RNA stem-loop
structures (32), and this sequence bears a noticeable resem-
blance to the initial portion of the 10-nucleotide inverted
repeat (CUUCCGG) which substantially reversed the splic-
ing pattern of the FspI-PvuII deletion. Moreover, the RsaI-
PvuII fragment, deletion of which results in retention of
intron D in approximately 50% of cytosolic mRNA, contains
a perfect copy of this sequence. In bovine growth hormone
mRNA, however, there is no evidence suggesting that these
sequences are associated with stem-loop structures, and
whether they can be involved in stabilization of secondary
structure remains to be determined.
A similar effect of exon sequences on alternative process-

ing, in which a deletion of an internal 81 bp out of 270 bp of
the EDIIIA alternatively spliced exon of fibronectin mRNA
results in 100% exclusion of the exon in the mature mRNA,
has been reported (22). There also is a report demonstrating
that mutation of exon sequences alters the relative ratios of
splice site usage in processing of the simian virus 40 late
transcripts (30). There is an example in which exon se-
quences influence removal of a single specific intron. Inser-
tion of a sequence resembling the polypyrimidine tract and
branch point sequences into exon 2 of the P-globin gene
poisoned splicing in in vitro extracts (10). It is worth noting
that the FspI-PvuII fragment (region B) contains a sequence

that is very similar to a splice acceptor site, possessing
considerable similarity to the natural splice acceptor site
located at the end of intron D (Fig. 3). However, it would be
difficult to explain the results with alternative processing of
bovine growth hormone mRNA by a poison hypothesis.
Inhibition of splicing was observed after deletion rather than
insertion of sequences, including one that resembled a splice
acceptor, and no obvious common sequence was created by
the deletions that resulted in retention of intron D.
The apparent specificity of the sequences within exon 5 of

growth hormone to influence removal of only the growth
hormone intron and not the heterologous prolactin intron D
suggests strongly that sequences within the growth hormone
intron also are important in retention of this intron. There is
precedence for the importance of intron sequences in con-
trolling alternative processing. A "relatively poor" 3' splice
acceptor site appears to be involved in determining the
steady-state level of spliced versus unspliced NS1 (nonstruc-
tural protein) mRNA of influenza virus (26). Also, the
relative ratio of the simian virus 40 large and small T antigens
is controlled at the level of lariat branch site utilization (9,
24). Examination of the sequence of the bovine growth
hormone intron D reveals nothing apparently unusual, al-
though there is minor departure from the consensus se-
quence at the splice donor site, which matches in only four
of the eight positions. The first adenosine residue is 39
nucleotides upstream of the splice acceptor site. This dis-
tance may be near the upper limit of the consensus 20 to 40
nucleotides, although it has been established that the lariat
branch site is not always an adenosine residue (8, 14, 15).
The homologous adenosine 39 nucleotides upstream of the
splice acceptor site has been demonstrated to be the nucle-
otide used as the lariat branch site in splicing of the human
intron D (14). As mentioned previously, introns D of the
bovine and human genes possess a considerable degree of
similarity (12). Finally, there are two predicted perfect
hairpin structures of 9 and 7 bp beginning 49 and 137
nucleotides, respectively, downstream of the splice donor
site. The second of these hairpins is predicted by the
above-mentioned secondary-structure prediction algorithm
(37) to be closely associated with the splice acceptor site,
and the 5' side of the stem bears some similarity (assuming
G- U base pairing) to the inverted repeat and other se-
quences within exon 5 of growth hormone implicated in this
study. Whether any of these features, either individually or
collectively, contribute to the retention of intron D remains
to be determined.

In conclusion, the observation that splicing of intron D
from bovine growth hormone mRNA is markedly influenced
by sequences within exon 5, and that these influences are
specific for intron D of bovine growth hormone, suggests a
possible role for this exon-intron interdependence in main-
taining a particular steady-state level of intron D-containing
mRNA. As discussed previously (13), the translated poly-
peptide resulting from retention of intron D likely would
possess properties differing significantly from those of wild-
type growth hormone. At this time there is no known tissue-
or develop-specific expression of this alternatively pro-
cessed growth hormone mRNA. Nonetheless, if it is as-
sumed that the polypeptide resulting from retention of intron
D has a physiological function, regulation of alternative
processing may still be required to provide appropriate
steady-state levels of the protein. This may be an intrinsi-
cally regulated mechanism in which the relative ratio of the
spliced versus unspliced mRNAs is determined kinetically,
reflecting the relative effectiveness of the intron and exon
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sequences as a substrate for the splicing machinery. Alter-
natively, there may be yet undetermined tissues in which
growth hormone is expressed in predominantly the form that
retains intron D.
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